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Introduction


Synthetic membrane-based separation systems are very
attractive because of their convenience and low energy costs.
Separation occurs by simply flowing a mixture past a
membrane and collecting a per-
meate that contains primarily
one component of the mixture.
In spite of the appeal of these
separations, development of
highly selective membranes
that allow practical fluxes is an
ongoing challenge. This is par-
ticularly true because flux is
often inversely proportional to
selectivity.[1]


The tradeoff between flux
and selectivity generally requires that practical membrane
systems consist of an ultrathin skin on a highly permeable
support.[2] The minimal thickness of the selective layer allows
a reasonable flux, while the support provides needed me-
chanical strength. Such membranes are often prepared by
phase-inversion processes that result in a polymeric material
with a dense surface layer and a highly porous bulk.[3]


Composite membranes provide an appealing alternative to


phase inversion, because deposition of a thin, selective layer
on an inexpensive support allows use of more expensive, and
potentially more discriminating, skin materials.[2]


As one might expect, development of convenient methods
for depositing ever-thinner selective skins on permeable
supports is an active area of research. In spite of many
successes, fabrication of selective, versatile membrane skins
with thicknesses less than 50 nm is still difficult.[4, 5] The recent
development of alternating polyelectrolyte deposition (APD)
provides a new tool for addressing this challenge.[6, 7] In this
procedure, film deposition occurs by alternating adsorption of
polycations and polyanions on a charged substrate as shown in
Figure 1. This ™dip-and-rinse∫ method is extremely conven-
ient and versatile, affording control of film thickness on the
nanometer scale by simply varying the number of layers
deposited. Additionally, nearly any polyelectrolyte can be a
constituent of these films.


Although APD is a relatively new technique, fabrication or
modification of membranes with single polyelectrolytes is


already well established. Membranes prepared by casting a
polyelectrolyte, such as poly(diallyldimethylammonium fluo-
ride), often have unique separation properties due to their
hydrophilicity or charge.[8] Sata and co-workers showed that
adsorption of a ™monolayer∫ of polyelectrolyte onto ion-
exchange membranes can greatly enhance ion-transport
selectivity.[9] Perhaps most related to this paper, complexes
of polycations and polyanions formed in solution or at
interfaces can form membranes that are selective for perva-
poration or ion permeation.[10, 11] Compared with these
methods, layer-by-layer APD provides much greater versa-
tility for forming and modifying membrane skins, because
multilayer structures can be formed and complicated archi-
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Figure 1. Schematic diagram of the deposition of a polyelectrolyte bilayer on a porous support. Repetition of this
procedure yields multilayer films. For clarity, intertwining of neighboring polyelectrolytes is not shown. The
cartoon on the rights shows the structure of a composite membrane.
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tectures can be prepared by depositing several different
polyelectrolytes in the same film. Additionally, deposition
conditions, such as pH and supporting electrolyte concen-
tration, are easy to change, and these variables can have
dramatic effects on membrane structure.[12±14]


This article focuses primarily on enhancing the ion-trans-
port selectivity of multilayer polyelectrolyte membranes
(MPMs) by controlling their composition and structure. The
first section addresses the issue of whether multilayer poly-
electrolyte films (MPFs) are capable of forming defect-free
coatings on porous supports. Subsequent sections discuss
methods to enhance transport selectivity through variation of
constituent polyelectrolytes, post-deposition reactions within
films, and control over net membrane charge. By using these
methods, Cl�/SO4


2�-transport selectivities can reach values as
high as 1000. The final section discusses future research
directions with these membranes.


Formation and Structure of Composite MPMs


One of our initial questions regarding MPMs was whether
polyelectrolyte films are actually capable of covering a highly
permeable support without filling underlying pores. This issue
is especially important for gas-separation membranes, be-
cause MPFs will not be swollen by solvents in this case, and
even a few defects can negate selectivities.[15] Gas-separation
studies with MPFs deposited on continuous, but relatively
permeable supports, such as poly(4-methyl-1-pentene),[16]


silicone,[17] and poly(ethylene terephthalate),[18] showed in-
creased gas selectivity relative to the support. However, when
deposited on highly porous supports such as CelgardTM


(porous polypropylene), MPFs showed little gas-transport
selectivity.[17, 19] This might be due to the inability of such films
to cover large, underlying pores.


To assess the extent of coverage of porous supports by
MPFs, we performed field-emission scanning electron micros-
copy (FESEM) studies of films deposited on porous alumina.
Porous alumina is an especially attractive support for these
investigations, because its high porosity and regular pore
structure facilitate visualization of surface coverage.[20] Top-
view images of MPFs on alumina show that four or five
bilayers of poly(styrene sulfonate) (PSS)/poly(allylamine
hydrochloride) (PAH) are required to cover substrate pores
0.02 �m in diameter, and cross-sectional views (Figure 2, for
example) show that PSS/PAH films do not fill underlying
pores.[21]


Figure 2. Cross-sectional field-emission SEM image of a porous alumina
support coated with a ten-bilayer PAH/PSS film. Reproduced by permis-
sion from reference [21]. Copyright (2000) American Chemical Society.


Although SEM images suggest full coverage of porous
alumina by MPFs, only transport studies can demonstrate
whether films are free of small defects. In diffusion dialysis
experiments with PSS/PAH, the onset of Cl�/SO4


2� selectivity
occurs after deposition of four PSS/PAH bilayers on porous
alumina; this is consistent with FESEM images.[21] Pervapo-
ration studies show water/propan-2-ol transport selectivities
as high as 10000 with only six bilayers of poly(ethylenimine)/
alginic acid deposited on a nylon support, prepared by phase
inversion to contain a dense surface layer.[22] Deposition of
polyvinylamine/polyvinylsulfate films on porous supports
(20 ± 200 nm pores) yields similar selectivities when 60 bilay-
ers are adsorbed.[23] However, as mentioned above, gas
separations would be more demonstrative of defect-free
coverage of a support. We recently prepared poly(amic
acid)/PAH films on porous alumina, and heated them to form
polyimides. With an appropriate choice of a poly(amic acid)
precursor, O2/N2 selectivities reach values of over six for nine-
bilayer films, showing that these polyimide films are indeed
free of defects.[24] The high selectivity of these membranes
clearly shows that MPFs are capable of forming ultrathin,
defect-free films on porous substrates. We note that annealing
during heat-induced imidization may help to achieve com-
plete substrate coverage. Annealing also increases pervapo-
ration selectivity in some cases.[25]


Ion Transport through Typical MPMs and Hybrid
Structures


MPMs are attractive for separating monovalent and divalent
ions because they contain a net, fixed charge at their surface.
The presence of fixed charge yields unbalanced concentra-
tions of mobile anions and cations, and a Donnan potential
develops.[26] This potential results in strong exclusion of
multivalent ions whose charge is of the same sign as the fixed
charge. Monovalent ions are only minimally excluded, and
thus selective ion transport occurs. Krasemann and Tieke first
reported monovalent/divalent ion-transport selectivity
through MPMs and suggested that this selectivity is due to
Donnan exclusion.[27] Membranes prepared from polyelectro-
lytes with high charge densities exhibit especially high
monovalent/divalent ion-transport selectivities as would be
expected.[27] PSS/PAH films exhibit Cl�/SO4


2� selectivities
that range from 4 ± 45, depending on preparation conditions,
while Cl�/Fe(CN)63� selectivities reach values as high as
1000.[21, 27, 28] Ion-transport selectivities of poly(acrylic acid)
(PAA)/PAH membranes are similar to those of PSS/PAH,
although flux through these membranes is about 30% of that
through PSS/PAH, presumably due to lower hydration of
PAA.[21, 28] The very high Cl�/Fe(CN)63� selectivity of MPMs is
likely due to both the high charge and large size (lower
diffusion coefficient) of Fe(CN)63�. Farhat and Schlenoff
recently showed that the rate of anion diffusion throughMPFs
decreases dramatically with anion charge.[29]


Because most of the net charge in MPMs resides at the
surface, control over the top layer in these membranes should
have a large effect on ion transport. Addition of a PAA layer
to a five-bilayer PSS/PAH membrane increases selectivity by
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a factor of five relative to either PSS/PAH membranes
terminated with PSS or pure PAA/PAH membranes termi-
nated with PAA. Additionally, because these hybrid PSS/
PAH/PAA membranes are composed primarily of PSS/PAH,
flux is three times higher than for PAA/PAH membranes.
Thus hybrid membrane structures offer the possibility of both
high flux and high selectivity. Deposition of 2.5 bilayers of
PAA/PAH on a five-bilayer PSS/PAH membrane further
increases Cl�/SO4


2� selectivity to a value of 120 (a 20 ± 30-fold
increase over similar pure PSS/PAH or PAA/PAH mem-
branes.)[28] These selectivity increases suggest that adsorption
of PAA/PAH on PSS/PAH yields a more highly charged
surface than does deposition of PAA on pure PAA/PAH. The
role of surface charge becomes especially clear when compar-
ing five-bilayer PSS/PAH films capped with 2.5 bilayers of
PAA/PAH with similar films capped with three bilayers of
PAA/PAH (changing the surface layer from a polyanion to a
polycation). The selectivity for Cl� over SO4


2� decreases from
150 to 2.2 in this case.


The FESEM images in Figure 3 confirm that PAA surface
layers deposited on PSS/PAH have a different structure than
PAA on PAA/PAH, but as yet we are unable to give a physical
interpretation of these images. We suspect that the hybrid
membranes have a denser surface and, hence, a higher surface
charge density. The denser surface could also result in
selective diffusion of ions, but as changing the surface from
a polycation to a polyanion showed, selectivity is primarily
due to electrostatic exclusion of sulfate.


Figure 3. Top-view FESEM images of porous alumina coated with A) a
five-bilayer PSS/PAH film capped with 1.5 bilayers of PAA/PAH and B) a
4.5-bilayer film of PAA/PAH. Image B reproduced by permission from
reference [28]. Copyright (2000) American Chemical Society.


Control of Membrane Permeability Through Post-
deposition Reactions


MPFs are reasonably hydrophilic and, thus, they swell in
water. In water-saturated air, PAH/PSS films can swell by 20 ±
40%.[12, 30] To prepare less swollen films that have higher
diffusional selectivity and/or charge density, we employed
cross-linking or imidization of MPMs. Cross-linking occurs by
heat-induced amide formation from carboxylate ± ammonium
pairs in PAA/PAH films, and reflectance FTIR spectra show
that heating in a N2 atmosphere at temperatures above 180 �C
results in virtually quantitative amide formation.[31] However,
after complete amide formation, flux through PAA/PAH
membranes is unacceptably low. Therefore, we heated films at
lower temperatures to partially cross-link films, and found
that the optimal cross-linking temperature for Cl�/SO4


2�


transport selectivity is around 115 �C. The limited amidation
at this temperature increases selectivity by a factor of four and
still allows flux that is 50% of that through an unheated PAA/
PAH film.[28] When combined with templating of films with
Cu2�, cross-linking has an even more beneficial effect on
selectivity (see below).


For MPMs containing poly(amic acids), imidization results
in extremely selective membranes. Figure 4 shows the chem-
ical structure of the poly(pyromellitic dianhydride-phenyl-
enediamine) (PMDA-PDA)/PAH films that we employed for
ion separations. Heating PMDA-PDA/PAH at temperatures


Figure 4. Imidization of a poly(pyromellitic dianhydride-phenylenedi-
amine)/PAH membrane.
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ranging from 130 to 180 �C results in partial imidization, and
diffusion dialysis studies show that imidization at these
temperatures yields Cl�/SO4


2� selectivities as high as 1000.
(Heating of these films was done under N2 to avoid burning of
the polyelectrolytes. Under N2, PAH and poly(amic acids) are
stable at temperatures up to 300 �C.) As might be expected,
fluxes through these films decrease with respect to unheated
films, but even at a selectivity of 800, Cl� flux is only 20%
lower than that through an unheated membrane and 50%
lower than that through a bare alumina support.[32] To achieve
these high fluxes, we employ hybrid membranes consisting of
a PSS/PAH base and a few bilayers of PMDA-PDA/PAH.


As imidization should reduce the negative charge density in
these membranes, we think that selectivity in these systems is
based on differences in ion hydration energies and/or selective
diffusion.[33] The hydration energy of SO4


2� is 700 kJmol�1


higher than that of Cl�, and both the ionic and hydrated radii
of SO4


2� are 50 ± 60 pm higher than the corresponding Cl�


radii.[34] Thus both selective partitioning and selective diffu-
sion may be responsible for discrimination between Cl� and
SO4


2�. Further work is needed to better understand the
factors behind selective transport in imidized MPMs.


Control of Fixed Charge Density in the Bulk of
MPFs


Because Donnan exclusion due to fixed charge in the
membrane is one of the most important factors in separating
monovalent and divalent ions,[35] we pursued methods to
introduce fixed charge into the bulk of MPFs. In the structure
of many MPFs, charges on polycations are compensated by
charges on polyanions and vise versa; thus, net charge resides
only at the surface of the membrane.[36] To overcome this
limitation, we began forming charged groups after film
deposition. Figure 5 shows one method of inserting charge


Figure 5. Introduction of net negative charge into multilayer polyelectro-
lyte membranes through photolysis of nitrobenzyl esters.


into MPMs. Photolysis of nitrobenzyl ester groups on
derivatized PAA through an intramolecular reaction[37] yields
�COOH groups and nitrosobenzaldehyde; the nitrosobenz-
aldehyde is presumably later rinsed from the film. Subsequent
deprotonation of �COOH groups by immersion in a basic


solution results in fixed negative charge in the film. Similarly,
photolysis of PAH that is partially derivatized with nitro-
benzylcarbamate groups results in amines which can be
protonated to yield a net positive charge in the membrane.We
synthesized polymers that are only partially derivatized,
because some �COO� and �NH3


� groups are necessary for
film formation.


Transport selectivities vary with both the sign and the
concentration of fixed charge in the membrane. After
photolysis, PAA/PAH membranes prepared with 0%, 33%,
50%, and 63% nitrobenzylesterified PAA show Cl�/SO4


2�


selectivities of 9, 100, 150, and 170, respectively. These results
demonstrate that a greater negative fixed-charge density due
to derivatization and hydrolysis increases monovalent/diva-
lent anion-transport selectivity. Films prepared with PAA and
50%-derivatized PAH showed a Cl�/SO4


2� selectivity of 1, but
a Na�/Mg2� selectivity of 40, reflective of the net positive
charge in these films. Thus derivatization affords wide-ranging
control over selectivity. Additionally, Cl� transport through
these films is within 20% of that through similar PAA/PAH
membranes, showing that selectivity can be achieved without
a significant diminution of flux.[38]


A simpler, but perhaps less controlled, method for inserting
charges intoMPMs is to use metal-ion complexes as templates
for ion-exchange sites. We partially complexed the carbox-
ylate groups of PAA with Cu2�, and then formed PAA-Cu2�/
PAH films. Because PAA is only partially complexed with the
metal ion, it can still be deposited as a polyanion. Post-
deposition removal of Cu2� from the membrane results in a
net, fixed negative charge, and, hence, a fourfold increase in
Cl�/SO4


2� selectivity (to a value of 55) relative to pure PAA/
PAH membranes prepared under similar conditions.[39]


Cross-linking of PAA-Cu2�/PAH membranes yields further
increases in selectivity. Heating these films at 130 �C (under
N2) for two hours prior to removal of Cu2� increases
selectivity from 55 to 610.[39] Again this remarkable selectivity
is achieved with little diminution in flux relative to similar
pure PAA/PAH films. The increase in selectivity could result
from decreased swelling of the film after cross-linking, which
would yield both higher charge densities and more selective
diffusion.


Future Directions


Although MPMs show highly selective transport in diffusion
dialysis experiments, they have not yet been demonstrated in
more practical nanofiltration, reverse osmosis, or electro-
dialysis applications. Future work will likely concentrate on
these areas and examine how selectivity and water flux
through MPMs vary with membrane composition and struc-
ture. Additionally, formation of selective membranes by APD
on practical, porous polymeric substrates needs to be
demonstrated. Hollow fiber supports may be particularly
interesting in this regard.


On a more fundamental level, the factors that govern
transport selectivity in MPMs need to be examined. Efforts
focused on experimentally separating selectivity into diffu-
sivity and partitioning contributions would be especially
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useful for understanding transport. Such experiments are
difficult, however, due to the minimal thickness of MPFs.
Future studies with a wider range of analytes, polyelectrolytes,
and film structures will also help to better elucidate the factors
that govern ion transport, and MPMs that exhibit high
selectivities among ions of the same charge would be
especially interesting for both applications and fundamental
understanding. As the use of MPMs for ion separations began
only a few years ago, new discoveries and understanding
should greatly expand possible applications of these materials.
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Introduction


The historians of science attribute pneumatic chemistry to the
glorious period in the second half of the 18th century that
witnessed the extension of chemical research from solid and
liquid substances to gaseous substances, which were previ-
ously elusive and considered as best avoided, unwholesome
effluvia. Since its very beginning, pneumatic chemistry was
closely associated with the chemistry of the atmosphere.
Indeed, its most celebrated triumphs were the discoveries of
the two major components of air, N2, discovered more or less
independently by J. Priestley, D. Rutherford, C. W. Scheele,
and H. Cavendish around 1772, and O2, discovered by J.
Priestley and C. W. Scheele around 1774.[1]


Nowadays, the tremendous upsurge of interest in atmo-
spheric sciences has given new impetus to the specific research


theme that represented the distinctive feature of early
pneumatic chemistry, namely the discovery and the study of
very simple gaseous molecules, in particular the ones formed
of N and O, the most abundant elements of the atmosphere.


A striking parallel between pneumatic chemistry in its
golden infancy and the present gas-phase chemistry is
provided by the recent discovery of N4


[2] and O4,[3] that
mirrors that of the corresponding diatomic molecules in the
18th century. Such a singularly precise and symmetrical
historical recurrence points to the fundamental continuity of
the chemical progress, which is not entirely obscured by the
enormous changes undergone in over two centuries by the
specific targets, the theoretical grounds, and the experimental
tools of the research.


In the following sections we shall briefly illustrate the
principles and the experimental features of neutralization ±
reionization mass spectrometry, the most effective technique
currently available for the preparation and positive detection
of otherwise inaccessible molecules in the isolated gas state.
Next, we shall recount in some detail the development of the
research lines that, through the constructive interaction of
theoretical and experimental studies, eventually led to the
discovery of the title molecules.


Methods


The search for new gaseous, inorganic molecules is currently
focused on short-lived, metastable, and highly reactive species
that can hardly be studied by conventional techniques in
condensed phases. In certain cases, such transient species have
been prepared and trapped in cryogenic rare-gas matrices and
examined by spectroscopic techniques. However, the most
successful approach is based on the combination of high-level
theoretical methods with a powerful experimental technique,
neutralization ± reionization mass spectrometry (NRMS). The
latter can legitimately be regarded as the modern counterpart
of the ™pneumatic trough∫, the experimental device that first
allowed the collection and the study of gaseous substances,
and hence the birth of pneumatic chemistry. Indeed, NRMS
allows a wide range of exotic, metastable, often short-lived
molecules and radicals, inaccessible by other preparative
approaches, to be generated and structurally characterized in
the isolated gas state, unperturbed by the constraints of a solid
lattice. More important, NRMS provides positive, direct proof
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of the existence of the species of interest by measuring its
molecular mass and elemental composition, whereas in
matrix-isolation studies the assignment is based on the
comparison of the observed spectral features with those
theoretically computed or predicted on the basis of structural
models. According to the time-honored, but undoubtedly still
sound, aphorism that ™he alone discovers who proves∫,[4]


NRMS is to be regarded as the most effective tool available
to the 21st century pneumatic chemists for the rigorous
demonstration of the existence of a new molecule.


Principles and experimental outline of NRMS : Given the
central role of the technique, a summary account of its
principles, instruments, and experimental aspects is in order.
For a more complete treatment, interested readers are
directed to the excellent reviews available.[5] In essence, a
NR experiment is a sequence of two separate, consecutive
redox reactions, promoted in the gas phase by a single
collision of the reagents. Consider, as an example, the search
for an unknown species that, for the sake of simplicity, is
assumed to be a diatomic molecule, XY. The first step is the
preparation of a charged precursor, for example, the cation
XY�, which can be achieved by the dissociative ionization of
some available precursor or from a suitable ion ±molecule
reaction in the ion source 1 of a multisector mass spectrom-
eter (Figure 1). The XY� ion, accelerated by a voltage of


XY+
XY+, X+, Y+ XY+, X+, Y+


XY+, X+, Y+


XY, X, Y XY, X, Y XY+


1


4


2 3 5 6 7


All cations


Figure 1. Schematic outline of a NR mass spectrometer, see text: (�)
indicates ions, (�) neutral species.


several kV, is mass selected by the magnet 2, and enters cell 3,
containing a suitable target gas, N, the pressure of which is
adjusted to ensure that the projectile ion interacts with the
target molecules under essentially single collision conditions.
Here, a small fraction of the XY� ions undergoes one-electron
reduction to the corresponding neutral molecule [Eq. (1)].


XY��N �� XY�N� (1)


The collision also causes the fragmentation of the ion
[Eq. (2)], and dissociation of the XY molecule can contribute
as well to the formation of neutral X and Y fragments.


XY� ��N X��Y, or X�Y� (2)


In summary, the beam leaving cell 3 consists largely of the
original XY� ions that escaped collision, the fragment ions X�


and Y�, and the neutral XY, X, and Y species. All ions are
deflected away by the high-voltage electrode 4, and this leaves
a beam of fast neutrals that enter cell 5 containing a suitable
target gas (M1, M2, or M3), in which they undergo a single
collision that causes one-electron oxidation and hence reion-
ization back to the original cation [Eqs. (3a) and (3b)].


XY�M1 �� XY��M1� e (3a)


XY �M2 �� XY� �M2
� (3b)


With a proper choice of the target gas, one can perform an
one-electron reduction of the neutral by collisional electron
transfer, and in this case reionization yields anions [Eq. (3c)].


XY�M3 �� XY��M3
� (3c)


The ion beam will now contain chiefly the reionized species
and/or fragment ions from its collisional dissociation. The
resulting mass spectrum is recorded in the usual way by means
of the magnetic, or electrostatic, analyzer 6 and the detector 7.
Detection of a ™recovery∫ peak, that is, of an ion having the
same mass, or more accurately the same mass to charge ratio
m/z, as that of the original XY� ion, proves that the neutral
XY molecule does exist, and its lifetime exceeds the time
interval between the neutralization and the reionization
events, namely the time required to travel from cell 3 to
cell 5. Given the typical intercell distance, of the order of
10 cm, the kinetic energy of the molecules, of the order of
several keV, and their mass, �100 Da, the travel time, and
hence the minimum lifetime, fall in the �s range. Limited
variations of the flight time, and hence of the lower lifetime
limit, are allowed by a change of the intercell distance
(moveable cells) and/or of the kinetic energy of the molecules
(different accelerating voltages).


Several NR spectrometers allow the reionized species to be
further probed by utilizing additional gas collision cells,
followed by a mass analyzer. This is a useful design, in that it
provides additional structural insight and further confirma-
tion of the elemental composition of the species of interest.


So far, we have restricted the discussion to experiments, in
which the charged precursor is a cation. However, one can
also utilize an anion as the precursor, for example, obtained
by negative chemical ionization (CI). Depending on the sign
of the charge of the precursor and of the reionized species,
four types of experiments are possible, denoted as �NR�,
�NR�, �NR�, and �NR�. Finally, it should be noted that the
reionization process is not necessarily collisional, in that
ionization of the fast neutral species has been achieved by
electron ionization (EI), field ionization (FI), and photo-
ionization (PI) as well.[5]


Collisional redox reactions : The one-electron transfer pro-
moted by the collision of a fast-moving projectile ion with a
target molecule deserves a brief discussion because its
efficiency greatly affects the outcome of the NR experiment.
The energy balance of the process is the difference between
the ionization energy (IE) of the target molecule and the
vertical neutralization energy (NE) of the cation. The process
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[Eq. (1)] is very efficient when the reaction is thermoneutral
(resonant electron transfer), a condition rarely attainable in
practice. Use as the stationary target of metal atoms, the IE of
which is generally low, ensures that electron transfer [Eq. (1)]
to most projectile ions is exothermic. However, in addition to
the problems associated with handling metal vapors, the
exothermic character of its formation process yields a highly
excited neutral, prone to dissociation before it can be
detected. This has led to the widespread use of target
molecules of high IE, such as Xe, the electron transfer from
which [Eq. (1)] to many projectile ions is endothermic, which
does not impair the efficiency of the reaction, since the energy
deficit is easily made up by the large translational energy of
the projectile ion.


The reionization process, [Eq. (3a)], that occurs when a
™hard∫ M1 target, such as He, is used, causes a more extensive
fragmentation than the reaction involving a ™soft∫ M2 target,
such as O2 [Eq. (3b)]. Hence, O2 is the target of choice when a
high yield of intact reionized molecules is desired, whereas He
is used to obtain a high yield of structurally informative
fragment ions.


Requisites for detection by NRMS : The interaction of small
ions having translational energies of several keV with a
stationary target molecule occurs in a time frame of the order
of 10�15 s. The electron transfer [Eq. (1)] is therefore a vertical
process, as illustrated in Figure 2, in which again the case of a


XY+XY+


XY XY


a b


≈


≈


Figure 2. Vertical neutralization and ionization processes of a XY
molecule and a XY� cation, having: a) similar geometries; b) different
geometries.


diatomic molecule is considered for the sake of simplicity. If
the geometries of the XY� precursor and of the XY neutral
are similar, the latter is formed in a low vibrational level and is
likely to survive dissociation, provided that it resides in a
sufficiently deep potential energy well (Figure 2a). On the
other hand, if the geometries of the ion and of the neutral are
appreciably different, the Franck ±Condon factor of the
vertical transition is low, and the molecule is formed, if at
all, in a high vibrational level and undergoes dissociation
before it can be detected (Figure 2b). In summary, a successful
NR experiment requires that the barrier to dissociation is
sufficiently high, and that the geometries of the charged and
of the neutral species are similar. From a quantitative


standpoint, a survey of the numerous experimental results
so far reported suggests that the size of the barrier must
exceed 30 to 50 kJmol�1 to allow detection of the neutral
molecule from the neutralization process [Eq. (1)].[5o] It is
more difficult to quantify the degree of structural similarity
required. At the very least, the connectivity of the neutral
species must be the same as that of its ionic precursor. This
limitation is actually a blessing in disguise, since it allows one
to derive the connectivity of the neutral species detected from
that of its charged precursor, which can be probed utilizing a
number of structurally diagnostic techniques, for example,
mass analyzed ion kinetic energy (MIKE) and collisionally
activated dissociation (CAD) mass spectrometry. Insight can
be obtained recording the CAD spectrum of the reionized
species that, based on the above considerations, is also
expected to maintain the same connectivity as that of the
neutral molecule.


The Discovery of N4


Ordinary nitrogen consists of diatomic molecules, which are
very stable (bond dissociation energy 954 kJmol�1), remark-
ably unreactive and reluctant, in particular, to bind to other
N atoms to give Nn species with n� 2. Polynitrogen species
are inherently metastable, since invariably their dissociation
into N2 is highly exothermic, which accounts in part for the
experimental difficulties encountered in their preparation. As
a matter of fact, until very recently, the only neutral
polynitrogen species known beyond N2 was the N3


. radical,
the discovery of which occurred 184 years after the discovery
of N2, a significantly long period of time.[6]


Recently there has been a vigorous upsurge of interest in
homoatomic polynitrogen molecules that, in addition to their
relevance to fundamental inorganic chemistry, are excellent
models of, and promising candidates for, environmentally
benign high energy density materials (HEDM), the next
generation of green propellants, and explosives.[7]


Quite naturally, a great deal of attention has been devoted
to the next polynitrogen species beyond N3


. , namely tetrani-
trogen, that has been the focus of an extraordinarily intense
theoretical effort, steadily growing during the last decade.[8±19]


Among the theoretically predicted species illustrated in
Figure 3, the most thoroughly investigated one is the T4


singlet 1, tetraazatetrahedrane, a metastable species, the
dissociation of which into N2 is predicted to overcome a
barrier of at least 54 kJmol�1 and to release as much as
800 kJmol�1.[8±11] At high theoretical levels, the lowest energy
N4 isomer identified is the acyclicC2h triplet 2, the dissociation
of which into N2 is computed to release about 505 kJmol�1 at
the B3LYP/6 ± 311�G (3df) level and according to the G2
theory.[14] However, a study performed at the MP4SDTQ//
MBTP(2)/6-31G* level shows that 2 is instead a transition
state, and the most stable isomer is the acyclic Cs triplet 3,
predicted to be experimentally detectable.[13] Another mini-
mum identified at the B3LYP/6-311�G(3df) level of theory is
the rectangular D2h singlet 4, which is also metastable, and its
dissociation into N2 is computed to release 766 kJmol�1.[13, 14]


The above summary account reveals the richness of the N4
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Figure 3. Connectivity of theoretically predicted N4 molecules and of the
N4


� cation.


energy surfaces and hints at the possible existence of
experimentally detectable species. However, one should be
aware that accurate evaluation of the barriers to the exoergic
dissociation of the metastable N4 species into N2, the height of
which is the crucial factor that determines their experimental
detectability, remains a difficult task, even when utilizing
state-of-the-art theoretical approaches.


In striking contrast to the wealth of theoretical results,
experimental information on chemically bound tetranitrogen
is almost inexistent. The only well-known and thoroughly
characterized N4 species is the (N2)2 gaseous cluster, in which
the constituent molecules are held together by weak inter-
molecular forces, and hence it is regarded as a mere
van der Waals complex, consistent with its dissociation en-
ergy, which is as low as 1 kJmol�1.[20] As to chemically bound
species, none of the suggested routes to N4, including the
combination of N and N3 radi-
cals, the addition of an activat-
ed N2* molecule to N2, nor the
™extrusion∫ from (still un-
known) larger Nn molecules,[21]


proved viable. The only small
piece of evidence for N4 is a
weak IR transition observed in
a solid matrix obtained from
the deposition of microwave-
irradiated N2 gas on a cold (6.2
to 35 K) spectroscopic win-
dow.[21] The wavelength of the
transition is close to one of
those computed by an ab initio
study[15] of tetraazatetrahe-
drane 1, one of the theoretically
predicted N4 isomers. However,
the evidence is weakened by
the failure to detect other the-
oretically predicted transitions
and especially by the discrep-


ancy between the experimentally measured isotopic shift of
the transition and the theoretically computed value.


The successful preparation, positive detection, and charac-
terization of N4 by NRMS stemmed from the availability of a
suitable precursor, the N4


� cation, long known and well
characterized as a result of mass-spectrometric,[22, 23] matrix-
isolation,[24, 25] spectroscopic,[26, 27] and theoretical stud-
ies.[24, 28±33] Its use was motivated by the cation×s role in N2


plasmas and in stratospheric chemistry. Ground-state and
excited N4


� ions are conveniently obtained by electron impact
ionization of N2 in a low-pressure CI source. Their connec-
tivity has been probed by CAD mass spectrometry, and the
assignment of the polyatomic fragments confirmed by exam-
ining their further dissociation according to the technique
known as tandem mass spectrometry (MS/MS).[2] The CAD
spectrum of 14N4


� (Figure 4) displays the 14N�, 14N2
�, and 14N3


�


fragments, and that of 15N4
�, the 15N�, 15N2


�, and 15N3
�


fragments. The CAD spectrum of 14N2
15N2


� displays 14N�


and 15N�, 14N2
� and 15N2


�, and 14N2
15N� and 14N15N2


� fragments.
The nature and relative abundances of the fragments are
consistent with the connectivity assigned to N4


� in its 2��
u


ground state by experimental and theoretical studies,[22±33] the
results of which characterize the cation as the acyclic species 5
with two closely bound N2 units joined by a longer, weaker
bond (Figure 3). Based on the observed formation of the N3


�


ion in the CI source, and as a fragment in the CAD spectra of
N4


�, it cannot be excluded that excited species, in particular
N4


� in the first-quartet state (4A�), are present in the N4
�


population. However, this complication has little bearing on
the present discussion, because recent theoretical calculations
show that N4


� (4A�) has the same connectivity as ground-state
N4


�, which is also characterized by two closely bound N2 units
joined by a longer, weaker bond.[34] The N4


� ions, generated as
described above and mass selected, were accelerated to
kinetic energies from 6 to 8 kV and neutralized according to
[Eq. (1)]; this process utilized several target gases, for
example, Xe and CH4. In all experiments, the reionization


Figure 4. CAD spectra of N4
� isotopomers: a) 14N4


� ; b) 14N2
15N2


� ; c) 15N4
� (reprinted by permission of Science).
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process was performed utilizing O2 as the stationary target.
The results were rewarding, in that a significant ™recovery∫
peak was displayed by the NR spectra, irrespective of the gas
utilized in the neutralization process, although CH4 was the
most efficient target (Figure 5). In order to prove beyond
doubt that the species detected was indeed N4, it is necessary
to rule out the conceivable, if highly unlikely, interference
from isobaric adventitious contaminants. To this end, 14N2 was


replaced in the ion source by a 14N2/15N2 mixture, and the
14N4


�, 14N2
15N2


�, and 15N4
� isotopomers of m/z 56, 58, and 60,


respectively, were obtained, the individual NR spectra of
which were recorded. As apparent from Figure 5, the
™recovery∫ peaks are characterized in all the spectra by a
m/z ratio corresponding to that of the specific N4


� isotopomer
utilized as the precursor, which positively identifies the
neutral species detected as N4.


In conclusion, the NRMS experiments demonstrate that
tetranitrogen does exist in the gas phase as an isolated
molecule, the lifetime of which exceeds 1 �s at 298 K. This
may appear to be a rather short time, however, it should be
noted that 1 �s is only the lower limit of the N4 life span, which
is likely to be much longer in the dilute gas state at, or below,
298 K. Even more important, as aptly noted by Schrˆder, a
lifetime of 1 �s is very long, almost an eternity on the
molecular timescale, since the entire rovibrational manifold of
a small molecule like N4 can exhaustively be explored in that
period.[35]


The general criteria outlined in the previous paragraph
provide useful guidelines for examining the nature and the
structure of the N4 molecule detected. It can be excluded that
it is a (N2)2 van der Waals cluster, the dissociation energy of
which, as mentioned above, is far too low to allow survival
following the neutralization event. It follows that N4 must be a
chemically bound species, the structure of which, or more
correctly, connectivity,[36] can be derived from that of the


charged precursor, and this also takes into account the results
of the isotopic labeling experiments.


The theoretically computed geometry of N4
�, both in the


2��
u ground state and in the excited 4A� state, which is fully


consistent with the mass-spectrometric evidence from this
study, rules out the possibility that the N4 molecule detected is
tetraazatetrahedrane 1, the connectivity of which is entirely
different from that of the precursor, and the N atoms of which


are all indistinguishable. The
latter feature of 1 requires that
its 14N2


15N2 isotopomer must
give an abundant 14N15N� frag-
ment in the reionization-in-
duced dissociation, whereas on-
ly 14N2


� and 15N2
� fragments are


experimentally detected (Fig-
ure 5). The rectangular D2h


singlet 4, that contains two dis-
tinct N2 units, has a connectivity
compatible with the fragmenta-
tion pattern of the 14N2


15N2 iso-
topomer. However, the geome-
try of 4 would be considerably
different from that of the N4


�


precursor, the vertical neutrali-
zation of which to 4 is charac-
terized by a highly unfavorable
Franck ±Condon factor. The
acyclic triplets 2 and 3 appear
to be the best candidates among
the theoretically characterized
N4 isomers, in particular the


Cs triplet 3 has been predicted to be experimentally detect-
able.[13] This conclusion does not exclude the existence, nor
the possible experimental detectability, of other N4 isomers,
for example, tetraazatetrahedrane 1, which, however, is not
the species detected by NRMS. Further theoretical work is
clearly required for a full, accurate description of the
deceptively simple N4 system, and it is hoped that the
experimental discovery of a metastable N4 molecule will
encourage a computational effort in this direction.


Even more importantly, the discovery of long-sought N4,
predicted on theoretical grounds, will hopefully encourage
experimental studies aimed at the preparation, detection, and
characterization of larger homoatomic polynitrogen mole-
cules, and interest in these as HEDM has stimulated, in the
past two years, an impressive theoretical effort, focused on
N5,[37] N6,[37±40] N8,[41] N9,[42] N10,[43, 44] and N11.[45]


Should the experimental preparation of one such species
prove feasible, it could provide an alternative route to N4,
based on its ™extrusion∫ from a larger Nn molecule.


The Discovery of O4


The search for a covalent O4 molecule that dates back to a
seminal study by Lewis in 1924[46] has undergone a brisk
acceleration in the last decade. The motivations are manifold,
including the relevance of polyoxygen species to fundamental


Figure 5. �NR� spectra of N4
� isotopomers: a) 14N4


� ; b) 14N2
15N2


� ; c) 15N4
� (reprinted by permission of Science).
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inorganic chemistry,[47] their potential utilization as
HEDM,[48, 49] their suggested role in the operation of O2 ±
halogen lasers,[50] the evidence for O4 units in metallic
(™red∫) oxygen under very high pressures,[51] and especially
the current upsurge of interest in excited states of O2 and
related metastable molecules relevant to atmospheric chem-
istry and to the terrestrial and Venusian nightglow.[52]


The interest in O4 has stimulated numerous computational
studies performed at various levels of theory, the rather
scattered results of which reflect the unusual difficulties
encountered even by the most robust theoretical methods.
The troublesome features peculiar to the O4 system are the
multireference character of the wavefunction, the critical
impact of electron correlation, and the vexing symmetry
breaking problem. Furthermore, realistic evaluation of the
kinetic barrier to dissociation into O2, necessary to assess the
experimental detectability of the intrinsically metastable O4


molecule, requires inclusion of spin-orbit coupling effects.
Subject to the above limitations, the theoretical studies


have predicted the existence of 6, a covalent species with a
quasisquare D2d geometry,[53±57] or of 7, with a ™pinwheel∫
D3h geometry,[58, 59] as illustrated in Figure 6. A third meta-
stable species has been predicted, that is, a relatively stable
and long-lived [O2*O2] complex formed by an excited O2*
molecule associated with a ground-state one.[60, 61]


6 7


8 9


+ +


Figure 6. Connectivity of theoretically predicted O4 molecules and of the
O4


� charged precursors.


From an experimental standpoint, only the (O2)2 cluster,
formed by the association of monomers by weak intermolec-
ular forces, is long known and well characterized.[62] Consis-
tent with the large separation of the constituent O2 molecules
and their low binding energy (below 5 kJmol�1), the dimer is
regarded as a mere van der Waals complex.


Two different techniques have been utilized in the search
for chemically bound, gaseous O4 molecules. An interesting
experiment, reported in 1993, involved the neutralization of
the O4


� cation from the low-pressure CI of oxygen by electron
transfer fromO2, NO, or better Cs atoms in a gas collision cell.
The molecular beam emerging from the cell was analyzed by
coincident measurement of the translational energies of the
pairs of O2 fragments from the same neutralization-induced,
dissociation event.[60] Whereas the experiment could not allow
detection of intact O4, the kinetic energy spectrum of the O2


fragments displayed features that provided indirect evidence


for the existence of a metastable tetraoxygen molecule, the
lifetime of which was estimated to range from 10�13 s to a few
tenths of a �s.[60]


The results obtained by Suits and co-workers utilizing a
different experimental technique represent a significant stride
towards the positive identification of tetraoxygen in the gas
phase. The experiment consisted of passing an O2 molecular
beam though a 3 ± 5 kV dc discharge and recording its
photoionization and photoelectron spectra in a chamber, in
which the beam was crossed by photons of a wavelength
tunable around 300 nm from a Nd-YAG pumped dye laser.
The charged species from the photoionization chamber were
analyzed by a time of flight mass spectrometer.[61, 63] The only
significant ion detected was O4


�, m/z 64, which provides
strong evidence for the presence of a metastable O4 species in
the beam excited by the dc discharge. Furthermore, photo-
ionization had a threshold of about 8 eV, considerably lower
than the ionization potential of a complex formed by two
ground-state O2 molecules and of those computed for 6 and 7,
the two covalent molecules predicted by theory. This has led
Suits and co-workers to identify the metastable O4 species
detected in their experiment, and in that of Helm and
Walter,[60] as a complex between a ground-state O2 molecule
and one in the c1��


u electronically excited state.
Albeit higher in energy than the (O2)2 dimer formed by


ground-state molecules, the [O2(c1��
u �O2(X3��


g �] metastable
complex is characterized by a larger binding energy of the
monomers, consistent with the enhanced clustering ability of
electronically excited O2 molecules with respect to ground-
state ones noted in earlier studies.[64] Whereas the above
results provide strong evidence for the existence of O4, in
order to make the assignment airtight one must exclude the
conceivable, if unlikely, possibility that the observed O4


�


arises, rather than from O4, from the dissociative photo-
ionization of some higher oxygen polymers present in the
mass-unresolved molecular beam.[63]


Once again, conclusive proof was obtained by NRMS[3] by
utilizing as the precursor O4


�, produced by CI of oxygen. The
primary O2


� ions, formed in the ground-state and in long-lived
electronically excited states,[64, 65] are known to associate with
O2 to yield ground-state and excited O4


� ions, in relative
amounts depending on the source pressure.[66] The structure of
O4


� in cryogenic Ne matrices has been probed by photo-
ionization and Penning ionization spectroscopy,[67] ESR,[68] IR,
and photoelectron spectroscopy.[69, 70] The O4


� has been
characterized as having an acyclic, trans-planar geometry,
although an isomer of rectangular geometry could also be
present.


The theoretical studies, which suffer from the same prob-
lems encountered in the description of O4,[71] have identified
the rectangular D2h species 8 and the trans-planar C2h spe-
cies 9 (illustrated in Figure 6), located 46 and 48 kJmol�1,
respectively, below separated O2


� and O2;[72] these results are
in fair agreement with the experimental binding energy.[66]


The CAD spectra of the O4
� isotopomers (Figure 7) are


structurally informative, in that the 16O2
18O2


� ion from a 16O2/
18O2 mixture displays only 16O2


� and 18O2
� fragments, without


isotopically mixed 16O18O�, which is suggestive of the presence
of two distinct O2 units in the O4


� cation.[3]
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The NR spectra display significant ™recovery∫ peaks (Fig-
ure 8), which provide the long-sought, conclusive proof that
neutral tetraoxygen does exist as an isolated gaseous species,
the lifetime of which has a lower limit of 0.95� 0.15 �s.
Experiments utilizing 16O2


18O2
� ions show that neutral O4, as


its charged precursor, contains two distinct O2 units that do
not exchange their constituent atoms when O4 dissociates.[3]


Structural assignment of the experimentally observed species
on theoretical grounds is clearly difficult in view of the above-
mentioned problems that plague the computational study of
both O4


� and O4. It appears that neither 6 nor 7 have a
geometry sufficiently close to that of the 8 and 9 precursors to
account for their detection by NRMS, in view of the
unfavorable Frank ±Condon factors that would characterize


vertical neutralization. Further-
more, the fragmentation pattern
displayed by the NR spectra of
16O2


18O2
� is hardly consistent with


those expected for either of the
covalent 6 and 7 molecules. The
quasisquare D2h isomer 6, contain-
ing four indistinguishable atoms,
should give, in addition to 16O2 and
18O2, the isotopically mixed 16O18O
fragment, not displayed by the spec-
tra. Furthermore, owing to the pres-
ence of three equivalent atoms in
the hypothetical isomer 7 of D3h ge-
ometry, isotopically mixed 16O18O
should be formed together with 16O2


and 18O2 fragments from the
16O2


18O2 isotopomer, and this runs
contrary to the experimental results.


In summary, neither of the cova-
lent molecules so far theoretically
predicted satisfactorily accounts for


the experimental evidence for a structure reminiscent of
that of the parent cation 9, which contains two
distinct, strongly bound O2 units joined by a longer, weaker
bond.


As a definitive structural assignment is not possible,
awaiting further computational analyses of this theoretically
troublesome system, it appears that the most likely candidate
is to be tentatively identified at present time as the metastable
[O2*O2] complex between a O2 (X3��


g � ground-state molecule
and one in the c1��


u excited state, predicted by Suits and co-
workers.[61]


As in the case of N4, the discovery of tetraoxygen is
expected to provide further impetus to the theoretical and
experimental study of new On allotropes of oxygen.


Conclusion and Outlook


The recent discovery of the title
molecules, and of other neutral
species such as water oxide,[73] hy-
drogen trioxide,[74] ammonia ox-
ide,[75] gaseous carbonic acid,[76] and
so on, which all contain the most
abundant atmospheric elements,
shows that the research field initi-
ated by the pneumatic chemists of
the 18th century is currently very
active and fruitful. The combination
of theory with powerful spectromet-
ric techniques has allowed the dis-
covery and characterization of new,
metastable species relevant to at-
mospheric chemistry and to the
development of HEDM.


Among the available experimen-
tal tools, NRMS has demonstrated


Figure 7. CAD spectra of O4
� isotopomers: a) 16O4


� ; b) 16O2
18O2


� (reprinted by permission ofAngew.Chem.).


Figure 8. �NR� spectra of O4
� isotopomers: a) 16O4


� ; b) 18O4
� ; c) 16O2


18O2
�, recorded at a kinetic energy of


6 keV; d) 16O4
�, recorded at a kinetic energy of 4 keV. The arrows indicate the ™recovery∫ peaks, which are


all of the expected m/z ratios (reprinted by permission of Angew. Chem.).
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its pivotal role because, albeit unable to produce the new
molecules in bulk amounts, it represents a much needed link
between theoretical and preparative chemistry. Indeed, the
most exciting development anticipated in the near future is
the utilization of the information on new gaseous molecules
gathered by the joint application of computational and
spectroscopic methods, in particular NRMS, in inorganic
preparative chemistry.
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Transmission Surface-Plasmon Resonance (T-SPR) Measurements for
Monitoring Adsorption on Ultrathin Gold Island Films


Gregory Kalyuzhny, Alexander Vaskevich, Marie Anne Schneeweiss, and
Israel Rubinstein*[a]


Abstract: Evaporation of ultrathin
(1.3 ± 10 nm nominal thickness) gold
films onto quartz or mica leads to the
formation of a layer of rather uniform
gold islands on the transparent support.
The morphology of ultrathin gold island
films of various thicknesses was studied
by using atomic force microscopy
(AFM) and scanning electron micro-
scopy (SEM) imaging. The surface plas-
mon (SP) absorption characteristic of
such films is highly sensitive to the
surrounding medium, with the plasmon
band changing in intensity and wave-
length upon binding of various mole-


cules to the surface. The binding process
can be monitored quantitatively by
measuring the changes in the gold SP
absorption, by using transmission UV/
Vis spectroscopy. The method, termed
transmission surface plasmon resonance
(T-SPR) spectroscopy, is shown to be
applicable to both chemically and physi-
cally adsorbed molecules, in liquid or gas


phase, with measurements carried out
either ex situ or in situ (real-time
measurements) using a variety of mo-
lecular probes. Binding to a preformed
molecular layer on the Au surface pro-
duces a similar response, suggesting the
possible use of T-SPR for selective
sensing. The sensitivity of T-SPR spec-
troscopy in detecting molecular binding
to the gold depends strongly on the film
preparation conditions, and may be
comparable to that obtained in surface
plasmon resonance (SPR) sensing.


Keywords: adsorption ¥ gold ¥ self-
assembly ¥ sensors ¥ surface plas-
mon resonance spectroscopy ¥ UV/
Vis spectroscopy


Introduction


Thin Au films evaporated onto transparent substrates exhibit
structure-dependent UV/Vis transmission spectra.[1, 2] Contin-
uous films with a small roughness show a minimum absorb-
ance around 550 nm. Such films are used as optically trans-
parent electrodes in spectroelectrochemistry,[3, 4] as well as
substrates for molecular self-assembly, and allow character-
ization of monolayers containing chromophores by trans-
mission UV/Vis spectroscopy.[5±15] On the other hand, ultra-
thin (ca.� 10 nm) island-type Au films deposited on trans-
parent substrates exhibit transmission spectra that are
strikingly different, showing an absorption band attributed
to excitation of the surface plasmon (SP), similar to various
systems consisting of dispersed Au particles.[1, 2] The morphol-


ogy of such films is controlled by the evaporation parame-
ters.[15±18]


The notable sensitivity of the SP excitation to the presence
of adsorbates, which is derived from the general dependence
of the SP band position and amplitude on the refractive index
of the contacting medium, triggered the construction of
various chemical and biological sensors based on SP measure-
ments. Traditionally, surface plasmon resonance (SPR) meas-
urements are carried out in the reflection mode using the
Kretschmann configuration,[19] although other arrangements,
including optical waveguides or diffraction gratings, were also
reported.[20±22] SPR sensing usually requires rather complicat-
ed and expensive optical equipment. SP absorbance can be
also detected by measuring UV/Vis transmission spectra.
Optical sensors based on the latter approach can be con-
structed as a layer of Au nanoparticles deposited on a
transparent support.[23±25] An approach based on relatively
thick (ca. 100 nm) island films evaporated through a mask of
polystyrene spheres was developed by Van Duyne and co-
workers.[26, 27]


The use of ultrathin (�10 nm) evaporated Au island films,
demonstrated here, presents an effective means for monitor-
ing changes in the immediate environment of the Au, and
more specifically, formation of (sub)monolayers of adsorbed
species. Unlike Au colloids and colloid films, the evaporated
Au island films do not require the use of stabilizing molecules
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and avoid the stage of nanoparticle immobilization on a
support,[16±18, 28, 29] thereby simplifying the preparation proce-
dure. As recently shown by us,[18] changes in the SP band
accompanying molecular binding to the Au surface are
obtained directly from transmission UV/Vis spectra, and
correlate with the surface coverage. The method, termed
transmission surface plasmon resonance (T-SPR) spectrosco-
py, is shown to be general and effective in monitoring
chemical or physical adsorption onto the Au films both in
situ and ex situ, with a sensitivity (based on the use of
conventional UV/Vis spectrophotometers) approaching val-
ues characteristic of SPR sensing.


Results and Discussion


Ultrathin gold island films on transparent substrates


Atomic force microscopy: Figure 1 and Figure 2 show AFM
images (non-contact mode) of ultrathin gold films on quartz
and mica, with nominal thicknesses of 1.3, 2.5, 5.0, and
10.0 nm, evaporated at 0.005 ± 0.01 nms�1. The left, center,
and right columns in Figure 1 and 2 show typical images of
samples which were unannealed, annealed for 4 h at 250 �C,
and annealed for 12 h at 350 �C, respectively. The overall
morphology of the films evaporated on quartz and mica is
qualitatively similar. The average island size increases with
the nominal thickness, as previously found for ultrathin gold


Figure 1. Tapping mode AFM topographic images of ultrathin gold films
on quartz (500 nm scan). Nominal thicknesses (left, in nm) and preparation
conditions (top) are indicated.


Figure 2. Tapping mode AFM topographic images of ultrathin gold films
on mica (500 nm scan). Nominal thicknesses (left, in nm) and preparation
conditions (top) are indicated.


films evaporated on mica at faster rates (0.02 ± 0.04 nms�1).[16]


Annealing generally leads to an increase in the average
diameter of the islands and to an increase of the surface
roughness (the latter not shown here). Films obtained by using
the two annealing procedures differ considerably only for the
highest nominal thickness (10.0 nm) on quartz, where large
aggregates of smaller islands are observed. The more exten-
sively annealed (12 h, 350 �C) films show lower stability with
respect to rinsing with various solvents; the latter is more
pronounced with films evaporated on quartz.
Note that the values of nominal thickness given here may


not be accurate due to the different sticking coefficient of gold
atoms to different substrates. An unequivocal comparison of
morphology and UV/Vis spectra (see below) of the films
evaporated on quartz and mica is, therefore, not possible.
With thicker films this effect becomes insignificant.
A typical particle size for each sample was determined by


measuring the diameter of approximately 20 randomly
selected islands and calculating their average diameter.
(Quantitative analysis of the Au island size and distribution
could not be obtained by the image analysis software due to
difficulties in defining the grain boundaries.) The results
given in Table 1 confirm the general trends noted above.
Except for the thickest films, the standard deviation of the
island size is consistently smaller for films evaporated on
quartz than for the corresponding films evaporated on mica. It
is important to note that the island size values given in Table 1
are likely to be overestimated, as a result of tip convolution.
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This is evident in Figure 3, where an environmental scanning
electron microscopy (E-SEM) image of one of the films
(5.0 nm Au on mica, annealed) is shown. While the island


Figure 3. E-SEM image of an ultrathin gold film on mica (5.0 nm nominal
thickness, annealed 4 h at 250 �C).


distribution imaged by E-SEM (Figure 3) and AFM (Fig-
ure 2) is similar, the Au islands in Figure 3 appear smaller in
diameter and more separated. This difference is due to tip
convolution (AFM) and contrast limitations (E-SEM); hence,
the true island shape probably lies somewhere between the
two.


UV/Vis spectroscopy: T-SPR spectra of unannealed and
annealed[30] Au films on quartz and mica are shown in
Figure 4. In all cases the films exhibit a defined gold surface
plasmon (SP) band, which shifts to the red as the nominal
thickness increases. The band intensity is approximately
linearly correlated with the film nominal thickness (Figure 4,
insets) for both annealed and unannealed films in the
thickness range 1.3 ± 5.0 nm, while the intensity is always
greater for the unannealed films.


Figure 4. UV/Vis spectra of ultrathin gold films on quartz (a, b) and on
mica (c, d), unannealed (a, c) or annealed 4 h at 250 �C (b, d). Nominal
thickness: 1.3 nm (bottom curves), 2.5 nm, 5.0 nm, 10 nm (top curves).
Insets: Dependence of the band intensity on the Au nominal thickness.


Adsorption on gold island films


The studied molecules: The choice of adsorbing molecules
was partly based on the observation that certain thiols (e.g.,
4-aminothiophenol, 4-mercaptopyridine) caused gradual
change in the Au spectrum after adsorption on ultrathin Au
films, which may be attributed to slow modification of the
island morphology, or some removal of Au, as a result of thiol
adsorption. This effect is not seen (or is marginal) with the
cyclic disulfides and long-chain thiols 1 ± 5 used in this work.


T-SPR measurements: The method is based on the measure-
ment of transmission UV/Vis spectra of the same Au island
film before and after adsorption. It is effectively demonstrat-
ed by monitoring the formation of a monolayer of 1 on a
2.5 nm Au island film on quartz. Adsorption of 1 results in
both an increase in the SP band intensity and a red shift of the
absorbance maximum (Figure 5a). The effect of the adsorp-
tion is seen more clearly in the difference spectrum (Fig-
ure 5b), obtained by subtraction of the spectra in Figure 5a.


Table 1. Average Au island size and distribution obtained from AFM images.
All the measurements were performed manually (see text).


Substrate Annealing Nominal Average Standard Islands
conditions thickness


[nm]
island deviation


of island
size [nm]


per unit
diameter
[nm]


surface area
[nm�2]


quartz unannealed 1.3 8.4 1.4 (17%) 4.2� 10�3


2.5 15.2 2.7(18%) 3.2� 10�3


5.0 25.6 5.7(22%) 1.6� 10�3


10.0 38.6 9.8(25%) 5.3� 10�4


4 h at 250 �C 1.3 14.2 2.7(19%) 4.3� 10�3


2.5 22.0 3.9(18%) 1.6� 10�3


5.0 32.9 5.7(17%) 1.1� 10�3


10.0 99.9 37.9(38%) 1.0� 10�4


12 h at 350 �C 1.3 11.2 3.8(34%) 2.4� 10�3


2.5 18.6 6.5(35%) 1.7� 10�3


5.0 28.8 9.2(32%) 6.2� 10�4


10.0 173.9 53.3(31%)[a] 3.6� 10�5[a]


mica unannealed 1.3 12.0 3.9(33%) 2.5� 10�3


2.5 29.8 9.2(31%) 9.0� 10�4


5.0 28.3 9.2(33%) 6.2� 10�4


10.0 43.3 11.6(27%) 2.9� 10�4


4 h at 250 �C 1.3 23.2 5.8(25%) 9.0� 10�4


2.5 42.4 12.0(28%) 3.7� 10�4


5.0 49.7 21.3(43%) 3.5� 10�4


10.0 87.0 30.2(35%) 1.1� 10�4


12 h at 350 �C 1.3 36.4 10.2(28%) 5.6� 10�4


2.5 54.2 12.8(24%) 2.9� 10�4


5.0 57.6 13.5(23%) 2.6� 10�4


10.0 93.5 33.3(36%) 8.0� 10�5


[a] Agglomerates of small islands are treated as single islands.
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The maximum intensity of the difference spectrum is referred
to as the plasmon intensity change (PIC). The difference
spectrum (Figure 5b) shows the evolution of both the


Figure 5. a) Transmission UV/Vis spectra of an unannealed Au substrate
(2.5 nm nominal thickness, evaporated on quartz) before (bottom curve)
and after (top curve) immersion in 2 m� solution of 1 in CHCl3 for 49 min.
b) Difference spectrum, obtained by subtraction of the bottom spectrum
from the top one in a; the dashed line is a spectrum of a thick layer of 1,
obtained by evaporation of a drop on quartz (original spectrum divided by
6).


molecular absorption of the pyrene chromophore in the UV
region, and the gold SP band in the visible region.[16, 18]


Binding of 1 to the gold can be monitored by following the
position or the intensity of the SP maximum, and quite
conveniently by monitoring the PIC. As shown previously,[18]


all three parameters (intensity and wavelength of the SP
band; the PIC) are proportional to the change in molecular
absorbance (hence, to the surface coverage).


Self-assembled monolayers of 2: Another illustration of the
correlation between the PIC and the molecular absorbance of
monolayers is given by the formation of self-assembled
monolayers (SAMs) of 2 incorporating chromophores such
as CoTPP. The ligand 2 possesses two imidazolyl residues that


can effectively bind metallomacrocycle molecules by axial
coordination.[16, 31, 32] CoTPP can be bound to a SAM of 2 by
forming a stable complex with one imidazole group.[16] We
have previously demonstrated[16] that binding of CoTPP to a
SAM of 2 on Au island films can be monitored by trans-
mission UV/Vis spectroscopy. The process was monitored
quantitatively by measuring simultaneously the evolution of
the Soret band of the porphyrin and the PIC accompanying
the binding process. As in the case of the adsorption of 1
discussed above, a correlation between the amount of bound
CoTPP and the PIC was shown.[16]


Here the use of T-SPR for studying adsorption on Au of
molecules that do not possess a chromophore is exemplified
by monitoring the kinetics of formation of a monolayer of 2 on
an Au island film, using CoTPP binding as a �development�
tool. Direct monitoring of the adsorption of 2 using the SP
absorbance can be confirmed by subsequent binding of
CoTPP and measurement of the amount of bound CoTPP.
Formation of a SAM of 2 is accompanied by a respective


change in the Au SP band, as shown in Figure 6a. Subsequent
binding of CoTPP to the fractional monolayers of 2 is
manifested by the appearance of the Soret band of the
porphyrin, as well as an additional change in the SP
absorbance (Figure 6b), resulting from further alteration of
the refractive index of the contacting medium. As seen in
Figure 6c, the increase in the Au PIC associated with the
kinetics of adsorption of 2 is fully consistent with both the
Soret band absorption of the bound CoTPP and the additional
enhancement of the Au plasmon resulting from CoTPP
binding. This result demonstrates the use of transmission
surface plasmon measurements for monitoring indirect bind-
ing of an analyte to a receptor layer on the Au surface,
suggesting use of the method for selective sensing.


Self-assembled monolayers of 3 : Self-assembly of 3 on Au
island films is another example of the use of T-SPR measure-
ments for monitoring adsorption of transparent molecules, as
well as for establishing a relationship between the PIC and the
surface coverage. In addition to measuring the change in the
Au SP band accompanying self-assembly of 3, the hydro-
phobic nature of the alkyl chains enables qualitative monitor-
ing of the adsorption process by measuring the change in the
water contact angle (CA). As seen in Figure 7a, the change in
the advancing water CA and the PIC with adsorption time
show very similar kinetics, although the relationship between
surface coverage and contact angle is not necessarily linear as
found here (Figure 7b). This result provides an additional
indication of the general correlation between the Au PIC and
surface coverage by the adsorbed molecule.


In situ measurements in liquid and gas phase : T-SPR
measurements can be applied to in situ quantitative monitor-
ing of adsorption on Au island films. Figure 8 shows the
kinetics of chemisorption of a SAM of 1-decanethiol (C10SH)
on a 5 nm unannealed Au island film evaporated on mica,
from solution and from the gas phase. The measurement was
carried out by recording the absorbance at a single wave-
length (720 nm), chosen to be close to the PIC maximum (the
latter was determined separately by measuring the spectra of
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Figure 6. a) UV/Vis spectra of SAMs of 2 adsorbed from 0.4 m� solution
in CHCl3 for 1 s ± 180 min (each curve is a different sample); b) UV/Vis
spectra of the SAMs in a after binding of CoTPP from 1.0 m� solution of
the porphyrin in CHCl3 for 10 min; c) normalized quantities of the various
absorption bands versus adsorption time: �: PIC after adsorption of 2 (data
from a); PIC (�) and Soret band (�) absorbance accompanying CoTPP
binding to the SAMs of 2 (data from b). The lines shown in c are
logarithmic fittings of the experimental data. The Au substrates were
2.5 nm (nominal thickness), evaporated on mica and annealed 4 h at 250 �C.


a similar Au island film before and after adsorption of a full
monolayer). Introduction of C10SH results in an increase in
the absorption at 720 nm, eventually reaching a steady state
(Figure 8a, 8b). The PIC (at 720 nm) accompanying C10SH
adsorption from the gas phase is substantially greater than the
one obtained in solution (compare Figure 8a and b). This is
attributed to the greater difference in dielectric constants of
C10SH (�� 2.126) and air (�� 1) versus 2,2,2-trifluoroethanol
(TFE; �� 1.664), or to possible deposition of more than one
monolayer of C10SH in the gas phase, or to a combination.
The same kind of in situ measurements enable us to


monitor physical adsorption on Au island films. This is
exemplified by monitoring the Au PIC during adsorption of
benzene and pyridine in the gas phase onto 5 nm unannealed
Au films evaporated on mica (Figure 9). The steady state is
reached faster for benzene than for pyridine, probably due to
the higher vapor pressure of benzene than of pyridine (boiling


Figure 7. a) Kinetics of formation of a SAM of 3 adsorbed from 2 m�
solution in CHCl3. The Au PIC (�) and the water CAs (�) are plotted
versus adsorption time; b) correlation between the PIC and water CAs
(data from a). All the experimental points were measured on the same
sample. The line shown in b is a linear fitting of the experimental data. The
Au substrate was 2.5 nm (nominal thickness) on quartz, unannealed.


Figure 8. Kinetics of formation of a SAM of C10SH on a 5 nm unannealed
Au film evaporated on mica, adsorbed from 2 m� solution in CF3CH2OH
(a) and from gas phase (b). The absorbance at 720 nm is shown as a
function of adsorption time. The arrows indicate the time of injection of
C10SH.







Transmission Surface-Plasmon Resonance Monitoring 3849±3857


Chem. Eur. J. 2002, 8, No. 17 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0817-3855 $ 20.00+.50/0 3855


Figure 9. Kinetics of adsorption from gas phase of benzene (a) and
pyridine (b) on a 5 nm unannealed Au film evaporated on mica. The
absorbance at 720 nm is shown as a function of adsorption time. The arrows
indicate the time of injection of the adsorbing molecules.


temperatures: 80.1 �C and 115.6 �C, respectively). As in the
case of C10SH adsorption, the amount of physisorbed mole-
cules may exceed one monolayer.
The same kind of in situ T-SPR measurements, either in


solution or in the gas phase, were also carried out with
1-hexadecanethiol (C16SH), 4-aminothiophenol and various
additional cyclic disulfides, with qualitatively similar results.
It is important to consider here whether the change in the


SP absorption at a single wavelength is truly proportional to
the amount of adsorbed molecules. While this may be a good
approximation in many cases, the situation is more problem-
atic with systems in which adsorption is accompanied by a
considerable shift of the SP maximum. In such cases, more
quantitative in situ results may be obtained by recording a
series of spectra and determining the PIC or related
parameters.[18]


Choosing the appropriate Au substrate for T-SPR spectros-
copy:As shown above, the morphology and optical properties
of ultrathin Au island films depend strongly on the prepara-
tion conditions, that is, nominal thickness and annealing. To
find the optimal conditions for monitoring molecular self-
assembly with maximum sensitivity and reproducibility, a set
of ultrathin Au films of nominal thicknesses of 1.3, 2.5, 5, and
10 nm were studied as substrates for SAMs of 3, prepared by
using identical adsorption parameters (Table 2). Some of the
slides were annealed for 4 h at 250 �C.
As seen in Table 2, the PIC (hence, the sensitivity) is


considerably greater with unannealed Au films than with
annealed films. For unannealed Au films the sensitivity
improves with nominal thickness, reaching a plateau at 5 ±
10 nm, while for annealed films the best sensitivity is at 5 nm.
The smaller PIC values observed with annealed films led to
lower reproducibility than with unannealed films, and became
unreliable at 10 nm. The highest sensitivity, obtained with


unannealed Au films of 10 nm thickness, is 0.7% of a
monolayer, comparable to the sensitivity of SPR spectros-
copy.[22]


While unannealed Au island films are the substrates of
choice for SP measurements, the weaker PIC response of the
annealed films makes them better substrates for conventional
transmission UV/Vis spectroscopy of SAMs, as the lower Au
absorption implies better resolution of the monolayer ab-
sorption. Annealed Au films are also generally more stable in
various solvents. It is therefore concluded that the choice of
Au substrate should be determined by the nature and
requirements of the specific experiment; the data given in
Table 2 provide a good guideline.


Comparing the PIC obtained with various SAMs: The PIC
obtained for SAMs comprising different molecules should be
generally different. Factors other than surface coverage that
may affect the SP absorption include, for example, refractive
index, dipole moment, type of binding to the Au surface, and
molecular structure (size, electron � systems, chromophores,
etc.). Understanding the different effects is beyond the scope
of the present work; however, analysis of the PIC associated
with formation of SAMs of the series of cyclic disulfides 1-5
provides some indications. The common cyclic disulfide
attachment group allows one to assume similar binding to
the Au surface. The molecules were adsorbed on similar Au
island films from 2 m� solutions for the same amount of time
(40 min, sufficient to achieve �95% of a monolayer cover-
age). This comparison is only semiquantitative, as the
molecular arrangement and density vary for different mole-
cules.
Figure 10 shows the Au PIC for the molecules 1 ± 5. While


the correlation with molecular weight is evident, other factors
seem to be less important in this case. For example, molecules
1 and 3, which show very similar PIC responses, differ in
electronic structure and light absorption (1 is a chromophore).
All five molecules consist of carbon, nitrogen, and oxygen
(and two sulfur atoms), therefore their molecular weight
generally correlates with molecular size, and (for a similar
surface coverage) with the monolayer thickness. The effective
refractive index of the contacting medium, which in this case
consists of the monolayer and surrounding air, is therefore
expected to rise as a function of the monolayer thickness (see,
for example, ref. [33]); this provides an explanation for the
result in Figure 10.


Table 2. The PIC obtained with various Au island films for the formation
of a SAM of 3, adsorbed from 2 m� solution in CHCl3 for 40 min.


Nominal Annealing PIC maximum Standard Sensitivity
thickness
[nm]


conditions (average of 4
samples)


deviation
[%]


(% of a
monolayer)


1.3 unannealed 0.021 7 5
4 h at 250 �C 0.005 4 20


2.5 unannealed 0.057 7 2
4 h at 250 �C 0.010 18 10


5.0 unannealed 0.121 9 0.8
4 h at 250 �C 0.012 13 8


10 unannealed 0.148 4 0.7
4 h at 250 �C 0.005 78 20
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Figure 10. The Au PIC obtained for SAMs of molecules 1 ± 5 adsorbed
from 2 m� solutions in CHCl3 (1 ± 3, 5) or in CHCl3/EtOH (1:1) (4) for
40 min. The PIC values are an average of four samples. The Au substrates
were 2.5 nm (nominal thickness) on mica, unannealed.


Conclusion


Ultrathin (1 ± 10 nm thick) gold island films evaporated on
transparent substrates can be used for quantitative monitoring
of adsorption on the gold surface, by using UV/Vis spectro-
scopy in the transmission mode. Changes in the intensity
(PIC) and wavelength of the Au surface plasmon band are
observed upon binding of various species to the Au surface or
to a receptor layer on the Au surface. The presence of a
chromophore in the binding molecule does not seem to affect
the amplitude of the PIC. As previously shown,[18] the PIC
correlates approximately linearly with the surface coverage,
suggesting possible use of T-SPR spectroscopy in chemical or
biological sensing. The T-SPR method is highly versatile,
allowing application in the liquid or gas phase, as well as
semiquantitative in situ measurements at a single wavelength.
T-SPR is relatively simple and inexpensive, with a sensitivity
comparable to that of SPR. The transmission configuration is
highly suitable for simultaneous measurements of multi-
receptor arrays.


Experimental Section


Chemicals:Molecules 1, 3, 5were a gift from R. Lazar and Prof. A. Shanzer
(Weizmann Institute). The synthesis of molecule 2 (Figure 3) was
previously described.[31] Cobalt(��) tetraphenylporphyrin (CoTPP, Aldrich),
1-decanethiol (C10SH, Aldrich), and � -trans-1,2-dithiane-4,5-diol (Al-
drich) (4) were used without further purification. Chloroform (Biolab,
AR), ethanol (Merck, AR), 2,2,2-trifluoroethanol (TFE) (Fluka, AR),
benzene (Biolab, AR), and pyridine (Biolab, AR) were used as received.
Gas used was purified nitrogen (in house system).


Gold film preparation:Ultrathin gold films (1.3 ± 10 nm nominal thickness)
were prepared by mounting freshly cleaved mica or extensively rinsed
(with ethanol) quartz slides in a cryo-HV evaporator (Key High Vacuum)
equipped with a Maxtek TM-100 thickness monitor. Homogeneous
deposition was obtained by moderate rotation of the substrate plate. Gold
(99.99%) was evaporated from a tungsten boat at 4-±5� 10�6 Torr, at a
deposition rate of 0.005 ± 0.01 nms�1. Post-deposition annealing of evapo-
rated Au-covered slides was carried out in air, either at 250 �C for 4 h or at
350 �C for 12 h. The heating rate was 5 �Cmin�1, and the slides were left to
cool in air to room temperature.


Preparation of organic layers: Monolayers of 1, 2, 3, and 5 were adsorbed
on the Au substrates from 2 m� solutions of the corresponding molecules
in CHCl3. Monolayers of 4 were adsorbed from a 2 m� CHCl3/EtOH (1:1)


solution of the molecule. Monolayers of C10SH were adsorbed from a 2 m�
solution of the molecule in TFE. All the monolayers were rinsed
successively with the solvent used for the adsorption and with absolute
ethanol, then dried under a stream of purified nitrogen. Gas phase
adsorption was initiated by placing a drop of the neat adsorbate in the
spectroscopic cuvette containing the measured Au substrate.


UV/Vis spectroscopy: Measurements were carried out with a Jasco V-570
UV/Vis/NIR spectrophotometer. All ex situ measurements were per-
formed in air using a specially designed cell. In situ measurements were
carried out in a closed cuvette filled with the proper solution (measure-
ments in liquid phase) or saturated with vapors of the chosen substance
(measurements in gas phase). The scan speed was 100 nmmin�1. The
bandwidth of the light source in the UV/Vis region was 5 nm. A baseline
correction procedure was executed prior to each measurement session. All
the spectra shown (unless otherwise stated) are difference spectra; the
same slide was always used for obtaining the spectrum and for background
subtraction. For the island films of �10 nm used in the present study, the
intensity of scattered light is negligible compared to the absorption.[34]


Therefore, the experimentally measured values of light extinction are
presented as absorption. In the case of self-assembled monolayers (SAMs)
of 1 ± 5 the background was the bare gold. In the case of CoTPP bound to a
SAM of 2, the background was the gold with a SAM of 2.


Atomic force microscopy (AFM):AFM images were recorded in air using a
Topometrix 2010 Discoverer instrument operated in the non-contact mode.
Commercial etched silicon probes, with a resonant frequency of about
428 kHz, were used.


Contact angle (CA) measurements: CAs were measured with a telescope-
goniometer (Rame-Hart 100) at an estimated accuracy of �2�. Advancing
water CAs are reported.


Environmental scanning electron microscope (E-SEM) imaging: Images
were obtained with a SEI-FEG E-SEM XL30 instrument.
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Single-Crystal Structures of Polyphenylene Dendrimers


Roland. E. Bauer, Volker Enkelmann, Uwe M. Wiesler,
Alexander J. Berresheim, and Klaus M¸llen*[a]


Abstract: A series of first-generation polyphenylene dendrimers based on three
different cores were prepared by Diels ±Alder cycloaddition and their single-crystal
structures were determined. Consisting exclusively of interlocked, twisted phenyl
rings, these polyphenylene nanostructures have exciting structural and dynamic
properties. Single crystals of dendrimers, suitable for X-ray structure analysis, were
grown from different solvent mixtures by slow evaporation at room temperature. It
should be pointed out that one of the described polyphenylene dendrimers
represents up to now the biggest oligophenylene nanostructure from which
crystallographic data is available.


Keywords: dendrimers ¥
nanostructures ¥ polyphenylene
dendrimers ¥ structure elucidation


Introduction


The structural determination of dendritic molecules faces a
hierarchy of tasks. The perfection and monodispersity of the
molecular structures are shown by spectroscopic and chro-
matographic techniques.[1] Scattering techniques and electron
microscopy establish the overall shape of the three-dimen-
sional objects in solution and in the solid state. Scanning probe
microscopy has become increasingly important, since it allows
direct visualization of dendritic nanostructures[2±4] in real
space and tests their shape-persistence under different stimuli.
A particularly convincing and aesthetically appealing way of
looking at dendrimer structures rests upon the X-ray analysis
of single crystals. However, the growth of single crystals of
large dendritic molecules of suitable size and perfection has
encountered a variety of problems and has so far been
restricted to comparatively small molecules. A major obstacle
is the conformational flexibility of most dendrimers, which
hampers the formation of a perfect long-range order, which is
typical for high-quality single crystals. It is characteristic that a
propyleneimine dendrimer could be crystallized only after
reducing the mobility by the formation of hydrogen bonds at
the surface.[5] Another problem stems from the fact that
dendrimers often crystallize as solvates or chlatrates, that is,
with inclusion of solvent molecules. Crystals of this type are in
many cases quite unstable and degrade rapidly by the
evaporation of the solvent.


These difficulties explain the relatively low number of
crystallographic works on polyphenylene nanostructures.[6±10]


Recently Pascal et al. reported the crystal structure of new
oligophenylenes and revealed that with increasing size of the
molecules the accuracy of computational methods in predict-
ing conformations is quite unsatisfactory.[11]


Since the beginning of dendrimer research, no convincing
evidence has been found about the position of dendrimer
branch-ends and in general about the three-dimensional
structure of these macromolecules. These issues can not be
addressed adequately by classical analytical methods for the
determination of the structure of small molecules, like NMR
spectroscopy.
We have recently described polyphenylene dendrimers,


which possess, for example, pentaphenylbenzene repeat
units.[12±13] The synthesis of these polyphenylene dendrimers
is possible, both in divergent and in convergent fashion, and
utilizes the Diels ±Alder cycloaddition between tetraphenyl-
cyclopentadienones and arylacetylenes. Molecular structures
with high molecular weight (high generations) are obtained in
high perfection by using this preparative method.
The interlocking of twisted phenyl rings has exciting


structural and dynamic consequences and can explain the
stiffness of the molecular framework. This has been exper-
imentally proven recently by means of solid-state NMR
techniques.[14] The measurements clearly support the shape-
persistence of highly substituted polyphenylene dendri-
mers.[2, 3] The detectable free mobility of the phenyl rings in
these dendrimers is identified as a restricted rotation of the
terminal phenyl rings around their fixed axes. The angular
excursions of these phenyl rings is limited to 60� on a
millisecond to second timescale and to reorientation up to 20�
on a microsecond timescale.


[a] Prof. Dr. K. M¸llen, Dipl.-Chem. R. E. Bauer, Dr. V. Enkelmann,
Dr. U. M. Wiesler, Dr. A. J. Berresheim
Max-Planck-Institute for Polymer Research
Ackermannweg 10, 55128 Mainz (Germany)
Fax: (� 49)-6131-379100
E-mail : muellen@mpip-mainz.mpg.de
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Molecules 1, 2, and 3 represent the first generations of
branched polyphenylenes; they illustrate the great structural
diversity of this dendrimer type that results from the use of


different aromatic core units. While we succeeded in growing
single crystals of dendrimer 3 containing 37 phenyl rings,
crystallization of 1 and 2 was hampered by their low solubility.
We therefore have synthesized structures 1-Ph and 2-Ph, built
up from hexaphenylbenzene units, which form crystals
suitable for crystallographic investigations.


It should be pointed out that dendrimers 1 and 3 are
precursors for large polycyclic aromatic hydrocarbons (PAH),
which are formed by a subsequent oxidative cyclodehydroge-
nation.[15, 16] Sufficient knowledge of shape, supramolecular
organization and structural perfection of the dendritic pre-
cursors are therefore vital for the proper understanding of the
planarization reaction of the dendrimer to the corresponding
PAH.
We describe here the synthesis of 1-Ph and 2-Ph and


present clear single-crystal structures of 1-Ph, 2-Ph, and 3.


The important feature at a molecular level is that the tightly
packed phenyl rings can fill the space around a core by
adopting different degrees of inter-ring torsion and even by a
desymmetrization of the molecular frame. At a supramolec-
ular level the formation of porous lattices is remarkable.


Results


Synthesis : Due to their high number of energetically similar
conformational isomers, polyphenylene dendrimers generally
do not crystallize but instead precipitate as amorphous
powders upon attempted crystallization. A notable exception
is 3, which gives small crystals from a solution in tetrachloro-
ethane after about half a year of crystallization. Dendrimer 3
is synthesized by the Diels ±Alder addition of tetraphenylcy-
clopentadienone to the sixfold ethinyl-substituted hexaphe-
nylbenzene.[17, 18] The addition occurs at 190 �C in diphenyl-
ether quantitatively.
Whereas molecule 3 possesses a disc-like shape, as molec-


ular mechanics would indicate,[19] dendrimers 1 and 2 are
predicted to have a more globular dumbbell shape. Unfortu-
nately, 1 is practically insoluble in organic solvents independ-
ent of the temperature and 2 could not be crystallized.
Therefore instead of 1 and 2, two molecules 1-Ph and 2-Ph
were synthesized. Containing an additional phenyl ring on
each dendritic branch, 1-Ph and 2-Ph have a good solubility in
organic solvents such as tetrachloroethane or tetrahydrofur-
an. From their better solubility and higher molecular symme-
try, one might expect a higher tendency towards crystalliza-
tion.
The starting point of the synthesis of the molecules is the


palladium-catalyzed Hagihara ± Sonogashira coupling of phe-
nylacetylene to tetra(4-iodophenyl)methane and 3,3�5,5�-tet-
rabromobiphenyl, leading to the Diels ±Alder active cores 4
and 5, respectively (Scheme 1). The cycloaddition of tetra-
phenylcyclopentadienone to 4 and 5 was carried out in
diphenyl ether at 200 �C. In both cases the addition was
complete in 24 hours. After precipitation in pentane and
several washing cycles, products 1-Ph and 2-Ph were obtained
in yields exceeding 90%. FD mass spectrometry, 1H and
13C NMR spectroscopy, and elemental analysis confirmed the
purity of the synthesized compounds.
The 1H NMR spectra of both 1-Ph and 2-Ph show peaks at


unusually high-field positions for aromatic protons. This
strong high-field shift of aromatic signals arises from the
magnetic anisotropy due to the ring currents of the surround-
ing phenyl rings, which induce a strong deshielding effect.
These shifts also suggest that the corresponding protons of the
dissolved molecules are immobile on the NMR timescale.
Furthermore, a 1H-1H COSY spectrum of 2-Ph was measured
to assign the broad aromatic signal between �� 6.86 and
6.96 ppm to the protons present in the molecule.
The 1H-1H COSY spectrum shows an ABCDE splitting


pattern, composed of three triplets and two doublets. Figure 1
schematically shows the cause of this splitting. The interac-
tions between the protons of the central phenyl rings (A) and
the ortho-situated protons (e.g., ™1∫) of the surrounding
phenyl groups (C) together with the occurring desymmetriza-
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Figure 1. The schematic interaction between the protons of the core with
those of the surrounding phenyl groups in the case of 2-Ph.


tion of the phenyl rings explain the observed ABCDE
splitting. The upfield shifts of the a and b protons of the core
phenyl rings (A) are induced by the ring currents of the ortho-
phenyl rings of the pentaphenyl units. Pascal et al. reported
similar shifts in their large aromatic propeller molecule.[10]


They describe the existence of a doublet at �� 5.68 ppm close
to a singlet at �� 6.25 ppm in the NMR spectrum of 1,3,5-
tris(pentaphenylphenyl)benzene. This is predictable to a
certain degree if one considers the similarity between the
molecule investigated by Pascal et al. and 2-Ph.


Discussion


The present study connects to earlier crystallographic works
of our group upon oligophenylenes[15, 16, 20] and opens the way
toward dendritic channel-forming networks with potential
host ± guest properties. Single crystals of 1-Ph and 2-Ph,
suitable for X-ray structure analysis, were grown from
CH2Cl2/heptane mixtures at room temperature by slow
evaporation. The single crystals of 3 were grown from
tetrachloroethane.[21] As it has been pointed out before the
crystals of all three dendrimers obtained in this way are
solvates and contain a large number of solvent molecules. As a
consequence the crystals are unstable under ambient con-
ditions. Crystals of 1-Ph and 3 deteriorate in less than a
minute if kept outside the mother liquor. Crystals were


immersed rapidly in Riedel
de Hae»n perfluoropolyether
type 216, which was kept at
dry ice temperatures, and then
immediately mounted in sealed
capillaries. To prevent crystal
decomposition and to increase
the resolution, the data collec-
tions were carried out at 120 K.
Under these experimental con-
ditions the crystals were stable,
although 1-Ph and 3 decompose
at room temperature within
approximately a day even if
kept in a sealed capillary.
Projections of the crystal


structures of 1-Ph, 2-Ph, and 3
are shown in Figure 2 in com-
parison. In all three cases the
structures are well resolved and


exhibit a high rigidity of the packing within each dendritic arm
owing to the steric hindrance between the phenyl rings. This is
illustrated by the fact that the conformations of the hexaphe-
nylbenzene moiety as defined by the interplanar angles are
virtually identical in 1-Ph and 2-Ph. The same result has been
found for the six pentaphenylbenzene arms in 3. This
demonstrates that in polyphenylene dendrimers the confor-
mation of the dendritic arms is fixed so that they can be regarded
in good approximation as rigid groups. In contrast to most
other dendritic molecules the conformational flexibility is thus
much reduced. The dihedral angles which have been observed
in the crystal structures are summarized in Tables 1 and 2.
In Figure 3 the hexaphenylbenzene groups in 1-Ph and 2-Ph


are shown in equivalent projections in comparison. The
studied dendritic molecules possess high symmetry. The
theoretical point groups are mmm, 4≈ , and 6/m for 1-Ph, 2-
Ph, and 3, respectively. On the other hand, organic molecules
usually loose most of their point group symmetry upon
crystallization in order to increase packing density. In this
situation, in which the dendritic substituents are, in good
approximation, rigid groups, there are only a few degrees of
freedom for internal rotations left.
Dendrimer 2-Ph has in this respect the smallest conforma-


tional flexibility. As we have shown in one of our earlier
studies,[14] only rotations within a limited range about the
bonds to the central C atom are possible such that the overall
spherical shape of the molecule does not change. It is
therefore not surprising that 2-Ph behaves similarly to many
other tetraphenylmethane derivatives and retains its ideal
tetrahedral symmetry in the crystal. The molecule is located
on a four-fold inversion axis of the body centered tetragonal
cell with the space group I4≈ . The asymmetric unit contains one
dendritic arm. The packing, which is shown in Figure 4, can be
regarded as a distorted body centered cubic (bcc) lattice that
is typical for the crystallization of solid spheres. The dis-
tortions from this ideal symmetry result from the deviation of
2-Ph from a true spherical shape and from the fact that the
interstitial volume between the dendrimers is filled with
solvent molecules. This crystal structure can be characterized


Scheme 1. Cores 4 and 5 used in the synthesis of 1-Ph and 2-Ph.
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Figure 2. Crystallographic structures of 1-Ph (top), 2-Ph (middle), and 3
(bottom).


Figure 3. Conformations found in the hexaphenylbenzene groups in 1-Ph
(top four) and 2-Ph (bottom). Projections parallel to the central ring from
top to bottom corresponding to the columns in Table 1.


as a clathrate in which the solvent molecules are trapped in
separate cavities. The higher stability of these crystals relative
to 1-Ph and 3 can be attributed to this fact.
This packing is ideal for the formation of ordered supra-


molecular assemblies in which the trapped solvent molecules


Table 2. Interplanar angles between phenyl rings in the dendritic arms:
angles observed in the six pentaphenylbenzene groups of 3.


Planes[a] arm 1 arm 2 arm 3 arm 4 arm 5 arm 6


1 ± 2 128.5 132.0 132.6 135.3 140.3 138.9
1 ± 3 122.6 123.5 123.7 124.1 119.1 117.5
1 ± 4 117.6 123.8 113.3 119.1 120.1 117.8
1 ± 5 118.4 114.7 116.0 112.1 116.5 113.1
1 ± 6 110.8 125.4 121.1 118.1 121.8 124.3


[a] Plane 1 denotes the central plane, plane 2 is oriented to the center of the
molecule, and the other planes are arranged in a clockwise manner


Table 1. Interplanar angles between phenyl rings in the dendritic arms:
angles observed in the hexaphenylbenzene groups in 1-Ph and 2-Ph.


Planes[a] 1-Ph
(arm 1)


1-Ph
(arm 2)


1-Ph
(arm 3)


1-Ph
(arm 4)


2-Ph


1 ± 2 120.1 114.3 107.9 124.5 115.1
1 ± 3 92.7 115.1 106.6 103.9 115.6
1 ± 4 94.4 112.8 123.0 103.2 113.2
1 ± 5 107.1 116.6 122.2 111.3 116.4
1 ± 6 111.5 121.6 111.1 113.7 117.4
1 ± 7 112.4 112.6 105.1 118.3 115.3


[a] Plane 1 denotes the central plane, plane 2 is oriented to the center of the
molecule, and the other planes are arranged in a clockwise manner
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Figure 4. Packing of dendrimer 2-Ph. The central molecule is above the
four others at 1³2, 1³2, 1³2.


can be exchanged with spherical guest molecules. Therefore
one can expect that by cocrystallization with suitable partners
there is a high possibility for forming complexes in which the
structure and composition can be controlled by the ratio of
radii of the components. Thus, 2-Ph was crystallized in the
presence of adamantine and tetraphenylbenzene. However,
so far we have found no evidence for the formation of mixed
crystals. One explanation for this failure may be the large
solubility difference of the two components. In both cases
crystallization of the guest was observed after the crystalliza-
tion of the dendrimer was completed. However, there is
evidence that the composition of the solvate can be influenced
in this manner. While crystals grown from CH2Cl2/heptane
contained predominantly CH2Cl2, the crystals from the
cocrystallization experiments contained exclusively heptane.
Also comparatively large variations of the lattice parameters
of crystals from different batches indicate that the number
and nature of the included molecules is not fixed in the
structures of dendrimer 2-Ph.
Dendrimer 1-Ph has one degree of freedom to avoid steric


repulsion between the dendritic arms. In the crystal the two
phenyl rings of the central biphenyl unit are twisted by 37.2�.
Dendrimer 1-Ph crystallizes in the triclinic space group P1≈ on
a common position, that is, without any inherent symmetry. It
is interesting to note that these twist angles as well as the
interplanar angles given in Table 1 agree well with the results
of molecular dynamics calculations.[22] Here for dendrimer 1 a
twist of 36� was predicted. This shows that we are close to the
equilibrium conformation and that the crystal packing effects
play only a minor role. The crystals contain six molecules of
CH2Cl2 per asymmetric unit that separate the dendrimers.
Dendrimer 3 is built from 37 phenyl rings. It crystallizes


with inclusion of a large number of tetrachloroethane
molecules and represents the largest oligophenylene nano-
structure for which it has been possible to solve the crystal
structure. Dendrimer 3 has six degrees of freedom by rotation


of the dendritic arms about the bonds to the central six-
membered ring. It can be expected that unlike the schematic
view shown in Figure 2 steric repulsion will force the
pentaphenylbenzene groups in a perpendicular orientation
so that the shape of a six-bladed propeller results. Inspection
of Figure 2 (bottom) shows that this is indeed the case.
Dendrimer 3 crystallizes without any inherent symmetry in
the triclinic space group P1≈ ; this allows for six individual twist
angles for the dendritic arms. Five of these are oriented almost
perpendicular to the central ring, the last one is oriented
almost parallel to it. The perpendicular arms are oriented in a
regular fashion so that the hydrogen in the pentaphenylben-
zene substituents points alternatingly up and down.
Dendrimer 3 organizes in its crystal structure in an


unexpected and fascinating fashion. A projection of the
structure on the [100] plane is shown in Figure 5. The structure
is built up by columns, which are formed by the parallel
dendritic arms. This arrangement places the five perpendic-
ular arms in such a way that they form a pseudohexagonal
honeycomb framework. Thus large rhombic channels are
formed that extend through the crystal along the a direction.
These channels contain 18 molecules tetrachloroethane per
unit cell. The diameter of these channels is in the range of


Figure 5. Projection of the crystal structure of 3 along the a axis.
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10 ä and much larger than the included solvent molecules.
These represent about 25% of the total mass; the free cross
section of the channels can be assessed to be approximately
20% of the bc plane. Unlike many other channel forming
organic structures the channels are comparatively large, and
the walls of the channels are formed by the rigid pentaphe-
nylbenzene side groups. The low stability of the crystals can be
attributed to this result; the solvent molecules are much
smaller than the channel diameter and are not fixed by
intermolecular forces like, for example, hydrogen bonds. Thus
it can be expected that diffusion along the wide and extended
channels may be quite unhindered.


Conclusion


Crystal structures, suitable for X-ray structure analysis of
three polyphenylene dendrimers were grown, whereas 3
represents the up to now biggest oligophenylene nanostruc-
ture from which crystallographic data is available. In the three
crystal structures the solvent molecules are included without
specific interaction within the framework of the dendritic
molecules and fill the voids. With the exception of the
unsuccessful experiments to build host ± guest complexes of 2-
Ph, no attempts have been made to exchange the solvent
molecules with specific guests. This would be of particular
interest in the channel-forming crystal structure of 3. Here
interesting composite structures could be obtained, for
example, by incorporation of large rod-like molecules. This
could be done either by cocrystallization as discussed above
for 2-Ph or by an in situ exchange reaction.


Experimental Section


General methods : All starting materials were obtained from commercial
suppliers (Aldrich, Fluka, Fischer, Strem, Acros, Riedel de Hae»n) and were
used without purification. Solvents were used in HPLC grade purity as
purchased. All atmosphere-sensitive reactions were performed under
argon by using Schlenck techniques. Analytical thin-layer chromatography
(TLC) was performed on commercial Merck plates coated with silica gel F-
254. Flash chromatography was carried out with silica gel 60 (230 ±
400 mesh) from Merck. Dry triethylamine was obtained by vacuum
transfer from calcium hydride. 1H and 13C NMR spectra were recorded in
C2D2Cl4 and [D8]tetrahydofuran on Bruker DPX250, 300AMX, and
500DRX spectrometers with use of the solvent proton or carbon signal
as internal standard. FD mass spectra were obtained on a VG Instruments
ZAB2-SE-FPD spectrometer. MALDI-TOF mass spectra were measured
on a Bruker Reflex II-TOF spectrometer with a 337 nm nitrogen laser and
7,7,8,8-tetracyanoquinodimethane (TCNQ) as matrix. Elemental analysis
was carried out on a Foss Heraeus Vario EL. Because of the high carbon
content in some molecules, the combustion may have been incomplete
(sooting), resulting in lower values than expected for the carbon content.


X-ray crystallographic analysis :[21] Crystal structure determinations were
carried out on an Nonius KCCD diffractometer with graphite monochro-
mated MoK� radiation. The structures were solved by direct methods
(SHELXS-97). Refinement was done with anisotropic temperature factors
for C and Cl, the hydrogen atoms were refined with fixed isotropic
temperature factors in the riding mode. Some of the solvent molecules are
disordered. These were refined with fixed isotropic temperature factors and
occupancy factors which were fixed according to the geometry of disorder.


Refinements gave: 1-Ph : a� 21.7012(7), c� 18.4737(6) ä; V�
8700.0(8) ä3; R� 10%; 2-Ph : a� 17.733(3), b� 5.1771(7), c�
18.266(1) ä; �� 75.785(9)�, �� 80.236(9)� �� 65.219(9)� ; V�


6832.8(3) ä3; R� 15%; 3 : a� 11.0245(2), b� 23.8982(6), c� 42.406(1) ä;
�� 89.194(1)�, �� 95.702(1)�, �� 90.194(1)� ; V� 11002(1) 3; R� 20%.
General procedure for the aryl-ethynyl coupling to aromatic bromo
compounds :[23±25] The aromatic bromine compound was dissolved in a
degassed mixture of two parts of triethylamine and one part of toluene
(about 30 ± 40 mL of solvents per gram of bromo compound) under argon.
After that, bis(triphenylphosphine)palladium(��) dichloride (5 mol%),
copper(�) iodide (10 mol%), and triphenylphosphine (10 mol% with
respect to the contained in the halogenated compound) were added under
a flow of argon. The flask was then sealed with a septum and the reaction
mixture stirred at 50 ± 60 �C for about 10 min, after which the ethynyl
compound (1 ± 1.1 molar equiv per bromine) was injected. The reaction
mixture was stirred further at 80 ± 90 �C and monitored by TLC until no
further conversion could be observed (usually 2 ± 5 h). After allowing the
solution to cool, it was poured into an equivalent volume of dichloro-
methane and filtered. Hydrochloric acid, about 6�, was carefully added to
the filtrate until the aqueous phase became slightly acidic (pH� 5). After
that, the organic phase was removed, washed twice with distilled water,
extracted with a saturated solution of ammonium chloride, washed again
several times with distilled water, and dried over magnesium sulfate. The
solvent was removed under reduced pressure and the crude product
purified by column chromatography on silica gel.


General procedure for the aryl-ethynyl coupling to aromatic iodo
compounds : The procedure is the same as stated above in the case of the
aromatic bromo compounds with the difference of the reaction temper-
ature: In case of the aromatic iodo compounds the reactions were carried
out at room temperature.


General procedure for the Diels ±Alder cycloaddtion of phenylethynyl-
and tetraphenylcyclopentadiene derivatives: A mixture of the phenyl-
ethynyl derivative and tetraphenylcyclopentadienone (1.5 molar equiva-
lents per phenylethynyl bond) was refluxed for 48 h in diphenyl ether
(10 mL per gram of the starting material) under an argon atmosphere. The
cooled reaction mixture was added dropwise to pentane (100 mL). The
precipitated product was filtered under suction and re-precipitated several
times in ethanol until the red color of the cyclopentadienone disappeared.
Finally, the product was dried in vacuo.


For a detailed synthetic pathway and physical data of dendrimer 3 please
see this journal.[26]


Tetra(4-phenylethinylphen-1-yl)methane (4): Colorless solid; m.p.
�300 �C; 1H NMR (300 MHz, C2D2Cl4/CS2, 303 K): �H� 7.52 ± 7.44 (m,
8H), 7.42 (d, 3J� 8.7 Hz, 8H), 7.35 ± 7.27 (m, 8H), 7.18 (d, 3J� 8.7 Hz, 8H),
3.33 ppm (s, 2H); 13C NMR (75 MHz, C2D2Cl4/CS2, 303 K): �C� 146.1,
131.9, 131.4, 131.0, 128.6; 123.3, 121.5, 90.3, 89.5, 65.0 ppm; FD-MS: m/z
(%):720.1 (100) [M�]; elemental analysis calcd (%) for C57H36:C 94.97, H
5.03; found: C 93.58, H 5.02.


3,3�,5,5�-Tetraphenylethinylbiphenyl (5): Colorless solid; m.p. �300 �C;
1H NMR (300 MHz, C2D2Cl4, 303 K): �H� 7.74 ± 7.69 (m, 6H), 7.68 ± 7.50
(m, 8H), 7.38 ± 7.29 ppm (m, 12H); 13C NMR (75 MHz, C2D2Cl4, 303 K):
�C� 140.3, 134.1, 132.0, 130.3, 129.0, 124.6, 123.0, 90.9, 88.7 ppm; FD-MS:
m/z (%): 553.3 (100) [M�]; elemental analysis calcd (%) for C44H26: C
95.28, H 4.72; found: C 94.60, H 4.70.


Cascade: Tetraphenylmethane[4-4,4�,4��,4���]:(4�,5�-diphenyl-1,1�:2�,1��-ter-
phenyl-6�-yl) (1-Ph): Colorless solid: m.p. �300 �C; 1H NMR (300 MHz,
C2D2Cl4, 383 K): �H� 6.88 ± 6.66 (m, 8H), 6.39 (d, 3J� 8.4 Hz, 8H),
5.89 ppm (d, 3J� 8.4 Hz, 8H); 13C NMR (75 MHz, C2D2Cl4, 383 K): �C�
143.8, 141.0, 140.5, 140.3, 140.2, 138.0, 131.8, 129.9, 129.5, 126.6, 126.4, 125.1,
124.9, 124.9 ppm; FD-MS: m/z (%): 2146.0 (100) [M�], 1073.0 (8) [M2�];
elemental analysis calcd (%) for C169H116:C 94.55, H 5.45; found: C 93.49, H
5.15.


Cascade: Biphenyl[4-3,3�,5,5�]:(4�,5�-diphenyl-1,1�:2�,1��-terphenyl-6�-yl) (2-
Ph): Colorless solid: m.p. �300 �C; 1H NMR (300 MHz, [D8]tetrahydofur-
an, 303 K): �H� 6.96 ± 6.56 (m, 100H), 6.53 (s, 2H), 6.16 (d, 4H), 5.67 ppm
(d, 4H); 13C NMR (75 MHz, C2D2Cl4, 383 K): �C� 141.2, 141.0, 140.9,
140.1, 139.7, 139.6, 138.2, 137.7, 134.1, 131.7, 130.6, 127.5, 127.2, 126.9, 126.6,
125.1, 124.9, 141.0, 140.9, 140.1, 139.7, 139.6, 138.2, 137.7 134.1, 131.7, 130.6,
127.5, 127.2, 126.9, 126.6, 125.1, 124.9 ppm; FD-MS: m/z (%): 1980.1 (100)
[M�], 990.1 (5) [M2�]; elemental analysis calcd (%) for C156H106: C 94.61, H
5.39; found: C 93.91, H 5.39.
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Studies on the Selective Transport of Organic Compounds by Using Ionic
Liquids as Novel Supported Liquid Membranes


LuÌs C. Branco, Joaƒo G. Crespo, and Carlos A. M. Afonso*[a]


Abstract: The possibility of using room-
temperature ionic liquids (RTILs) in
bulk (nonsupported) and supported liq-
uid membranes for the selective trans-
port of organic molecules is demonstrat-
ed. A systematic selective transport
study, in which 1,4-dioxane, propan-1-
ol, butan-1-ol, cyclohexanol, cyclohexa-
none, morpholine, and methylmorpho-
line serve as a model seven-component
mixture of representative organic com-
pounds, and in which four RTILs based
on the 1-n-alkyl-3-methylimidazolium
cation (n-butyl, n-octyl, and n-decyl)


are used together with the anions PF6
�


or BF4
�, immobilized in five different


supporting membranes, confirms that
the combination of the selected RTILs
with the supporting membranes is cru-
cial to achieve good selectivity for a
specific solute. The use of the RTIL 1-n-
butyl-3-methylimidazolium hexafluoro-
phosphate, immobilized in a polyvinyli-


dene fluoride membrane, allows an ex-
tremely highly selective transport of
secondary amines over tertiary amines
(up to a 55:1 ratio). The selective trans-
port of a given solute through the RTIL/
membrane system results from the high
partitioning of the solute to the liquid
membrane phase which, in the case of
amines, is rationalized mainly by the
formation of a preferential substrate/
H�C(2) hydrogen bonding to the imi-
dazolium cation.


Keywords: amines ¥ ionic liquids ¥
liquid membranes ¥ selective trans-
port ¥ separation processes


Introduction


Room-temperature ionic liquids (RTILs), especially those
based upon the 1-n-alkyl-3-methylimidazolium cation, have
attracted growing interest during the last few years.[1, 2] They
are nonvolatile, thermally stable, and, depending on the anion
and on the alkyl group of the imidazolium cation, the RTIL
may solubilize supercritical CO2 (scCO2), carbonyl com-
pounds, alkyl halides, alcohols, and also transition-metal
complexes. Simultaneously, they demonstrate low miscibility
with water, alkanes, and dialkyl ethers, and are insoluble in
supercritical scCO2.[1, 3] RTILs are emerging as an alternative
recyclable, environmentally benign reaction media for chem-
ical transformations,[1, 4] especially for catalysis[5] and bioca-
talysis.[6] The use of RTIL ± scCO2 as a biphasic solvent system
for homogeneous catalysis has also been recently demon-
strated.[7] RTILs have also been successfully employed as a
stationary phase for gas chromatography,[8] in pervapora-
tion,[9] and for the substitution of traditional organic solvents


in aqueous organic solvent systems, as well as for selective
extraction of metal ions[9a, 10] and for organic solvent/
scCO2


[7, 11] extractions.
The polarity of four RTILs has been recently assigned and,


in the case of 1-n-butyl-3-methylimidazolium hexafluoro-
phosphate (bmimPF6), it was considered to be between the
values for acetonitrile and methanol.[12] . It is assumed that the
1,3-dialkylimidazolium RTIL is not a statistical aggregate of
anions and cations but, instead, a more organized structure
containing polar and nonpolar regions, through the formation
of weak interactions, mainly involving hydrogen bonds with
the C(2)H proton of the imidazolium ring.[1, 13]


Solute extraction and recovery using supported liquid
membranes is recognized as one of the most promising
membrane-based processes.[14] In a supported liquid mem-
brane system a defined solvent or solvent/carrier solution is
immobilized inside the porous structure of a polymeric or
ceramic membrane, in such a way that the feed phase, in which
the solutes of interest are solubilized, is separated from the
receiving phase, where these solutes are transferred to and,
eventually, concentrated. This configuration has attracted a
great deal of interest, but its industrial application has been
hindered by the difficulty in designing supported liquid
membranes that exhibit high stability during operation.[15]


The use of room-temperature ionic liquids as an immobilized
phase in a supporting membrane is particularly interesting
due to the nonvolatile character of the RTILs and their
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solubility properties in the surrounding phases, which makes it
possible to obtain very stable supported liquid membranes
without any observable loss of the RTIL to the atmosphere or
the contacting phases.


Our continuing interest in exploring new applications of
RTILs[5p,q, 9b] and the potential for development of new
separation processes based on supported liquid mem-
branes,[16] prompted us to study the transport of organic
compounds between two organic phases using RTILs as a
liquid membrane.


Results and Discussion


Bulk (non-supported) ionic liquid membranes : To establish
the potential of the RTILs as liquid membranes, we per-
formed preliminary screening transport experiments using
U-shaped tubes with the RTIL 1-n-butyl-3-methylimidazoli-


um hexafluorophosphate
(bmimPF6) as a bulk liquid
membrane (0.5 mL) between
two diethyl ether phases (3 mL
for each side) (Figure 1). A
mixture of 1,4-dioxane (1),
propan-1-ol (2), butan-1-ol (3),
cyclohexanol (4), cyclohexa-
none (5), morpholine (6), and
methylmorpholine (7) was add-
ed to phase A and the transport
of each of these compounds to
phase B, through the bmimPF6


liquid membrane, was moni-
tored over time.


Figure 2 shows the percent-
age of recovery of each com-
pound, as detected by GLC in
phase B of the U-shaped tube,
during the first 6 h of operation.


Figure 3 displays the percentage of each compound in the
bmimPF6 liquid membrane phase, obtained by material
balance after determination of the concentration of each
compound, in both phases A and B. In all cases tested, solute
transport to side B increased during the first 6 h and no
significant concentration change was observed in both phases,
during the following 24 h.


For the alcohol series 2, 3, and 4, the degree of recovery of
each solute increased (3.9, 7.5, and 13.7 %, respectively, after
6 h) with the length of the carbon chain (compound 4� 3� 2).
These results are very interesting because in a bulk liquid
membrane configuration, in which the diffusion path in the


liquid membrane phase is quite long, it is expected that
selectivity would be ruled by the diffusivity of each solute in
the ionic liquid. Furthermore, in this work, the feed, the
receiving, and the liquid membrane phases were not stirred
during operation; stirring could lead to a diffusion-controlled
process. Therefore, the behavior observed, in which com-
pounds with higher molecular weight are more favorably
transported, can only be explained by the importance of the
interactions that each solute establishes with the ionic liquid
in the membrane phase.


The transport of the ether 1 is very similar to that of the
alcohol 3 (8.8 versus 7.5 % after 6 h) and higher than that of 2
(3.9 % after 6 h) suggesting that the size of the saturated alkyl
chain has a stronger effect on the transport than the presence
of the hydroxy group. In contrast to the moderate selectivity
observed on the examples above, a remarkable difference on
the degree of recovery was observed between the amines
morpholine (6) and methylmorpholine (7) (33.1 versus 0.4 %
after 6 h). It is also significant that the percentage of each
compound solubilized in the bmimPF6 membrane increases
slowly over time for all the compounds tested, and that after
6 h a considerable amount of substrate (relative to the initial
substrate in phase A) was solubilized in this phase (between
26.4 % for 4 and 70.9 % for 5). On the other hand, the amount
of 6 in the bmimPF6 membrane was extremely high in the


Figure 2. Percentage of recovery of each compound, detected in side B of
the U-tube.


Figure 1. Schematic diagram of
the U-tube used for bulk RTIL
liquid membrane experiments.
1) Ionic liquid phase (0.5 mL),
2) side A diethyl ether phase
(3 mL) containing the mixture
of compounds 1 ± 7, 3) side B
diethyl ether phase (3 mL), 4)
septa.


Figure 3. Percentage of each compound in the bmimPF6 liquid membrane
phase of the U-tube (relative to the initial amount of each compound in
side A).
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beginning (50.3 % after 15 min), and then slowly decreased
over time (23.1 % after 6 h).


These results suggest that the competitive transport mech-
anism, which results from the overall chemical potential
difference between both sides (a mixture of compounds in
side A in opposition to diethyl ether in side B), is strongly
dependent on the relative affinity of each substrate to the
bmimPF6 phase. Importantly, in order to be transported at a
high rate, a given solute not only has to be able to interact with
the ionic liquid but, also to partition from the ionic liquid
phase to the receiving diethyl ether phase. Otherwise, it would
accumulate in the RTIL membrane phase. This explains the
high degree of recovery observed for morpholine (6) which,
although it presents a high affinity for the bmimPF6 phase, as
can be perceived from its high partitioning to this phase just
after 15 min of contact (see Figure 3), it is well recovered to
the receiving phase, as can be seen by its decreasing
concentration in the membrane phase.


Supported ionic liquid membrane : The above observations,
for which a bulk liquid membrane configuration was used,
prompted us to study the use of RTILs as new supported
liquid membranes for selective transport. The use of support-
ed liquid membranes presents a considerable number of
advantages: it permits the operation with an extremely large
specific membrane area (membrane area per unit volume)
without dispersing the extractant in the feed phase; therefore,
phase coalescence and separation is not necessary; extraction
and reextraction take place simultaneously, involving a
minimal amount of extractant, which is constantly regener-
ated; additionally, as will be discussed in this work, it is
possible to tune the selectivity of the extractant phase to a
defined solute by adequate selection of the solid supporting
membrane.


The transport studies were performed by using a labora-
tory-scale cell (2� 30 mL) (Figure 4). A mixture of com-
pounds was dissolved in diethyl ether in side A of the cell, and


Side A Side B


1


2


3


v = 30 mL v = 30 mL


Figure 4. Schematic diagram of the cell used for the supported RTIL liquid
membrane experiments; 1) supported liquid membrane (A� 8.5 cm2); 2)
septa; 3) magnetic stirrer.


side B was filled with diethyl ether. The two compartments
were separated by the RTIL immobilized inside the porous
structure of a supporting membrane. The transport of each
compound to the receiving phase B was monitored over time.


To understand the effect of the RTIL structure and the
supporting membrane, comparative studies were performed
by using the mixture of compounds 1 ± 7 described above. The
following RTILs were evaluated: 1-n-butyl-3-methylimidazo-
lium hexafluorophosphate (bmimPF6) and tetrafluoroborate
(bmimBF4), 1-n-octyl-3-methylimidazolium hexafluorophos-


phate (C8imPF6) and 1-n-decyl-3-methylimidazolium hexa-
fluorophosphate (C10imPF6). The above RTILs were immo-
bilized in the porous structure of different hydrophilic
membranes such as polyvinylidene fluoride (PVDF), poly-
ethersulfone (PES), hydrophilic polypropylene (HPP) and
nylon, and also in nonhydrophilic polypropylene (NHPP).


Figure 5 presents, as an example, the percentage of
recovery for each compound during the first 6 h, using
bmimPF6 immobilized in a PVDF membrane. In a blank


Figure 5. Percentage of recovery of each compound, detected in side B of
the cell, using bmimPF6 immobilized in a PVDF membrane.


experiment, using the same PVDF type of membrane without
an immobilized ionic liquid, both feed and receiving phases
equilibrated for each compound after 30 min. A comparison
with the results of the bulk liquid membrane experiment
(Figure 2) shows a similar general increase of concentration
for each substrate, although some changes on the recovery
profiles are noticeable. These changes may be due to the
shorter diffusion path involved in the supported liquid
membrane configuration, or to different interactions estab-
lished with the permeating solutes, induced by the chemical
nature of the supporting membrane. This latter feature may
be explored to improve the separation selectivity for a defined
solute mixture.


For the other tested RTIL/supporting membrane combina-
tions, a general increase of the degree of recovery was
observed for each substrate during the first 6 h. To simplify
data analysis, Table 1 presents the percentage of recovery for
each compound after 6 h of operation.


The experiments performed with the same RTIL
(bmimPF6) show clearly that the nature of the supporting
membrane affects strongly the transport phenomena. Both
polypropylene (Table 1, entries 4 and 5) and nylon (Table 1,
entry 6) membranes are the ones that render higher transport
rates for all the organic compounds studied. As a consequence
these liquid membranes exhibit very poor selectivities for the
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different solute combinations. The PVDF support (Table 1,
entry 2) is the only membrane that retains the high transport
selectivity between amines 6 and 7, observed during the
experiment with bmimPF6 in a bulk liquid membrane. This
behavior may be explained by the similarities between the
structure of this membrane and perfluorinated solvents, which
display a low tendency to undergo van der Waals interac-
tions;[17] in this case, the membrane acts mainly as a solid
support without establishing strong interactions with the
substrates or with the RTIL.


For the nonhydrophilic polypropylene (NHPP) membrane
(Table 1, entry 5) no appreciable selectivity occurs. Further-
more, the selectivity between 4 and 5 is almost negligible for
all the membranes tested, except for the most polar mem-
brane, polyethersulfone (PES), which leads to an inversion of
selectivity when compared with the bulk liquid membrane
experiment (Table 1, entry 3 versus entry 1). For the alcohols
2 ± 4 the same inversion of selectivity was observed but in this
case for the membranes PVDF, polyethersulfone (PES), and
nylon in opposition to the experiments with polypropylene
membranes (Table 1, entries 2, 3, and 6 versus entries 4 and 5).
In this case the best membrane is again polyvinylidene
fluoride (PVDF), because it leads to higher selectivities.


A second set of experiments was performed to understand
the effect of the structure of the RTIL used. These experi-
ments were performed with PVDF and nylon membranes
because they either lead to the highest selectivity observed
(PVDF), or they present the best compromise between
selectivity and overall transport efficiency (nylon). The
change of anion of the RTIL to the less hydrophobic BF4


�,
promotes an increase of the overall degree of recovery but a
drastic decrease of the selectivity, when the PVDF membrane
is used (Table 1, entry 7 versus entry 2); for the nylon
membrane a decrease of the overall transport was observed,
but without an appreciable change of selectivity (Table 1,
entry 8 versus entry 6).


With regard to the effect of the alkyl chain of the RTIL, the
change of the n-butyl-3-methylimidazolium cation to n-octyl
promotes, for the PVDF membrane, a similar effect to that


observed for the substitution of the anion (Table 1, entry 9
versus entry 2), while for the nylon membrane an inversion of
selectivity occurred for the alcohol series 2 ± 4, and between
cyclohexanol/cyclohexanone 4/5 (Table 1, entry 10 versus
entry 6). The change of the alkyl chain of the cation to n-
decyl, provokes a similar reduction of selectivity when using a
PVDF membrane (Table 1, entry 11 versus entry 2), but no
increase on the overall transport was observed. In this case the
behavior observed could also result from a partial solid-
ification of the immobilized RTIL, C10imPF6, on the porous
structure of the supporting membrane, which was observed
when disassembling the PVDF membrane from the test cell.


Taking into consideration the high selectivity observed for
the separation of mixtures comprising secondary and tertiary
amines, using bmimPF6 immobilized in PVDF or in nylon
supporting membranes, we decided to evaluate the potential
of this process for selective amine separation. To accomplish
this study we selected different three-component mixtures
composed of isomeric primary, secondary, and tertiary amines
(M1 and M2), secondary diamine, secondary amine, and
tertiary amine (M3). and also two-component mixtures of
secondary and tertiary amines for which the difference in
boiling points is less than 6 �C (M4 ± M8).


Table 2 presents the percentage of recovery for each amine
after 6 h of operation. For the mixtures containing primary
and secondary isomeric amines it can be concluded that
selectivity is higher when a nylon support is used, while
between secondary and tertiary amines the opposite behavior
is observed. Also for the mixture containing the secondary
diamine 8 c and the monoamine 9 c a remarkable 9/8 ratio of
3:1 was achieved (Table 2, entry 6). This observation is
contrast with other results for which a general reduction of
selectivity was observed with the increasing length of the alkyl
chain of the amines.


The high preference observed for the transport of secon-
dary amines over tertiary amines may result from a prefer-
ential interaction with the RTIL bmimPF6. To evaluate this
possibility, we performed 1H NMR experiments based on
reported observations where different measurable chemical


Table 1. Percentage of recovery for each compound, detected in side B of the cell after 6 h of operation.


Entry Support[a] Ionic 1[c] 2 3 4 5 6 7 1 ± 7[d] Ratio Ratio Ratio Ratio
liquid[b] [%] [%] [%] [%] [%] [%] [%] [%] 1:3 2:3:4 4:5 6:7


1 none bmimPF6 8.8 3.9 7.5 13.7 6.0 33.1 0.4 10 1:1 1:2:4 2:1 83:1
2 PVDF bmimPF6 2.8 10.0 2.8 1.5 2.1 63.5 0.8 12 1:1 7:2:1 1:1 79:1
3 PES bmimPF6 13.0 8.0 11.5 5.0 11.0 33.0 5.0 12 1:1 2:2:1 1:2 7:1
4 HPP bmimPF6 28.3 6.5 22.4 22.5 27.6 63.1 17.8 27 1:1 1:3:4 1:1 4:1
5 NHPP bmimPF6 47.5 16.5 39.9 39.9 40.8 41.4 31.8 37 1:1 1:2:2 1:1 1:1
6 nylon bmimPF6 25.9 37.8 24.5 16.3 20.2 75.5 15.3 31 1:1 2:2:1 1:1 5:1
7 PVDF bmimBF4 20.0 18.6 19.3 26.4 21.2 57.0 14.0 25 1:1 1:1:1 1:1 4:1
8 nylon bmimBF4 12.0 7.5 10.0 7.0 7.0 30.0 5.0 11 1:1 1:1:1 1:1 6:1
9 PVDF C8imPF6 35.7 20.2 34.7 59.5 35.6 44.2 31.8 37 1:1 1:2:3 2:1 1:1


10 nylon C8imPF6 28.5 12.1 26.2 41.6 26.9 27.9 18.4 26 1:1 1:2:3 2:1 2:1
11 PVDF C10imPF6 12.0 6.3 11.3 13.6 12.4 27.3 17.9 14 1:1 1:2:2 1:1 2:1


[a] Used abbreviations for the supporting membranes: polyvinylidene fluoride (PVDF), polyethersulfone (PES), hydrophilic polypropylene (HPP), and
nonhydrophilic polypropylene (NHPP). [b] Used abbreviations for the ionic liquids (RTIL): 1-n-butyl-3-methylimidazolium hexafluorophosphate
(bmimPF6), 1-n-butyl-3-methylimidazolium tetrafluoroborate (bmimBF4), 1-n-octyl-3-methylimidazolium hexafluorophosphate (C8imPF6) and 1-n-decyl-3-
methylimidazolium hexafluorophosphate (C10imPF6). [c] Legend of organic compounds: 1,4-dioxane (1), propan-1-ol (2), butan-1-ol (3), cyclohexanol (4),
cyclohexanone (5), morpholine (6), methylmorpholine (7). [d] Overall average percentage of recovery, for all substrates used (1 ± 7).
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shifts drifts were described, owing to interaction of the
imidazolium ring with the electron-donating group. These
interactions are mainly attributed to hydrogen bonding and
ring stacking.[13]


Triethylamine (10 a ; TEA) and diisopropylamine (9 a ;
DIIPA) were successively added to bmimPF6 in [D6]acetone.
Figure 6 shows the observed drift of the chemical shifts (��/
ppm), for the protons H-C(2), H-C(4), CH3-N(4), and CH2-
N(1), on the addition of TEA and DIIPA. Similar profiles
were observed by using bmimPF6. In all cases DIIPA
promotes a higher drift on the chemical shifts than TEA.
This may result from a stronger affinity of the secondary
amine DIIPA with bmimPF6. We speculate that this affinity
arises from a stronger amine/H-C(2) bonding, which induces
the observed changes at the H-C(2) proton through hydrogen
bonding and at the other protons by disruption of the initial


bmimPF6 ring stacking aggre-
gation, in accordance with a
suggested reported model.[13]


The reason for a stronger
hydrogen bonding for the sec-
ondary amine DIIPA over
that for the tertiary amine
TEA, may be attributed to
the combination of the effect
of the higher basicity of DII-
PA (pKb � 2.95),[18] over that
of TEA (pKb � 3.35)[18] , and
the steric hindrance of TEA
observed on formation of the
H-C(2) hydrogen bonding.
The reported difference in
basicity[18] in aqueous solution
for methylmorpholine (pKb �
6.59) and morpholine (pKb �
5.64) is in line with the ob-
served transport selectivities.
A similar relationship be-
tween the selectivity and ba-
sicity for the primary and the
secondary amines appears to
occur, as observed for hexyl-
amine (pKb � 10.65 for octyl-
amine and pKb � 10.63 for
pentylamine)[18] and DIIPA.
The reduced selectivity ob-
served on amine recovery
when using more polar envi-
ronments–as occurs when
the anion BF4


� or the support-
ing membranes PES and ny-
lon were employed instead of
PF6


� or bmimPF6, respective-
ly,–may result from an in-
creasing contribution of ran-
dom nonspecific interactions
with other polar groups to the
transport mechanism.


Conclusion


This study demonstrates the feasibility of using RTILs as a
new kind of solvent in supported liquid membranes for
selective transport of organic molecules. Systematic experi-
ments were performed with different mixtures of compounds
with representative organic functional groups. From these
experiments we concluded that the appropriate combination
of selected RTILs and supporting membranes is crucial for
achieving good selectivity in a given separation problem. The
emergence of a considerable number of new RTILs,[2] and the
high variety of commercial supporting membranes will enable
the design of RTIL/supporting membrane systems that allow
one to obtain the desired selectivity for a specific substrate
mixture. The high selectivities obtained in this work for the


Table 2. Percentage of recovery for each amine, detected in side B of the cell after 6 h of operation, using
bmimPF6 immobilized in PVDF and nylon membranes.


Entry Membrane Initial 8 9 10 Ratio Ratio
support mixture [%] [%] [%] 9 :8 9 :10


1 PVDF M1[a] hexylamine 8 a 19.4 94.2 4.1 5:1 23:1
diisopropylamine 9a
triethylamine 10 a


2 nylon M1[a] 8 a 4.6 89.5 3.8 20:1 24:1
9 a
10 a


3 PVDF M2[a] octylamine 8 b 19.9 77.3 6.1 4:1 13:1
dibutylamine 9 b
ethyldiisopropylamine 10 b


4 nylon M2[a] 8 b 12.9 57.6 6.5 5:1 9:1
9 b
10 b


5 PVDF M3[a,d] tetramethylpropanediamine 8c 28.7 59.3 1.0 2:1 59:1
methylhexylamine 9c
dimethylhexylamine 10c


6 nylon M3[a,d] 8 c 21.1 54.9 2.3 3:1 24:1
9 c
10 c


7 PVDF M4[b,e] diisopropylamine 9a 95.2 1.6 60:1
triethylamine 10 a


8 PVDF M4[c,e] 9 a 92.9 1.7 55:1
10 a


9 nylon M4[b,e] 9 a 92.5 2.8 33:1
10 a


10 PVDF M5[b,f] N-methylbutylamine 9d 65.4 4.0 16.4
triethylamine 10 a


11 nylon M5[b,f] 9 d 82.4 6.4 13:1
10 a


12 PVDF M6[b,g] N-dibutylamine 9 b 86.0 12.1 7:1
tripropylamine 10d


13 nylon M6[b,g] 9 b 82.8 15.3 5:1
10 d


14 PVDF M7[b,g] N-methylbutylamine 9d 77.3 10.0 8:1
dimethylbutylamine 10e


15 nylon M7[b,g] 9 d 79.8 6.7 12:1
10 e


16 PVDF M8[b,h] diisopropylethylenodiamine 9e 62.1 7.8 8:1
methyldioctylamine 10 f


17 nylon M8[b,h] 9 e 58.7 15.2 4:1
10 f


[a] Initial three-component mixtures in a 1:1:1 volume ratio. [b] Initial two-component mixtures in a 9/10 volume
ratio of 2:1. [c] Initial two-component mixtures in a 9/10 volume ratio of 1:1. [d] Boiling point diference of 6 �C.
[e] Boiling point diference of 4 �C. [f] Boiling point diference of 2 �C. [g] Boiling point diference of 3 �C.
[h] Boiling point diference of 5 �C.
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Figure 6. 1H NMR chemical shifts (��/ppm) for bmimPF6 in [D6]acetone
as a function of added TEA and DIIPA (equiv): a) H-C(2) and H-C(4)
protons; b) CH3-N(4) and -CH2-N(1) protons.


separation of mixtures of secondary and tertiary amines with
very similar boiling points demonstrates the potential for the
use of this methodology for continuous separation of com-
pounds from complex mixtures–namely the separations
difficult to achieve by using traditional distillation methods.
To the best of our knowledge there are no other supported
liquid membranes capable of separating these organic com-
pounds. Evaporative techniques may be used for the recovery
of amines, although methods based on relative volatility of
these compounds will not render a high selectivity.


Experimental Section


General remarks : All glassware was oven-dried and cooled in a desiccator
(P2O5 desiccant) prior to use. Commercial reagents were used as supplied,
except for triethylamine, which was distilled from calcium hydride and
stored under an argon atmosphere and protected from light. The room-
temperature ionic liquids (RTILs) 1-n-butyl-3-methylimidazolium hexa-
fluorphosphate (bmimPF6), 1-n-butyl-3-methylimidazolium tetrafluorborate
(bmimBF4), 1-n-octyl-3-methylimidazolium hexafluorphosphate (C8imPF6),
1-n-decyl-3-methylimidazolium hexafluorphosphate (C10imPF6) were pre-
pared according to literature methods.[2a, 19] In these studies we used the


hydrophilic supporting membranes polyvinylidene fluoride (PVDF) (Gel-
man Sciences, FP Vericel, pore size 0.45 �m), polyethersulfone (PES)
(Gelman Sciences, Metricel Black, pore size 0.45 �m), polypropylene
(HPP) (Gelman Sciences, GH Polipro, pore size 0.45 �m), and nylon
(Gelman Sciences, Nylaflo, pore size 0.45 �m), and the nonhydrophilic
polypropylene (NHPP) (Gelman Sciences, Metricel, pore size 0.1 �m).
1H NMR spectra were recorded on a Bruker AMX 400 spectrometer.
Chemical shifts are reported downfield in parts per million (ppm) from a
tetramethylsilane reference. Gas liquid chromatography (GLC) was
carried out in a Varian Star 3100 Cx gas chromatograph, using He as
carrier gas and a capillary column Supelco C315602 SW-10.


General procedure for the bulk ionic liquid membrane experiments: The
U-tube (i.d.� 3.5 mm) indicated in Figure 1 was used at room temperature.
The ionic liquid bmimPF6 (0.5 mL) was added to the U-tube in vertical
position. The organic compounds (200 �L): 1,4-dioxane (1; 2.58 mmol),
propan-1-ol (2 ; 2.66 mmol), butan-1-ol (3 ; 3.64 mmol), cyclohexanol (4 ;
1.89 mmol), cyclohexanone (5 ; 0.92 mmol), morpholine (6 ; 3.82 mmol),
methylmorpholine (7; 3.03 mmol), and n-dodecane (450 �L, 1.98 mmol) as
the internal standard, diluted in diethyl ether (3 mL), were added to side A
of the U-tube. n-Dodecane (450 �L, 1.98 mmol), diluted in diethyl ether
(3 mL), was added to side B of the U-tube. The transport of each compound
was monitored by GLC by taking samples from side A and side B of the
U-tube at defined time intervals (15, 30, 60, 120, 240 and 360 min), followed
by injection into the gas chromatographer (carrier gas flow: 0.9 mL min�1;
T(oven)� 60 ± 120 �C, 10 �C min�1; T(injector)� 250 �C; T(detector)�
250 �C). The percentage of recovery of each compound was determined
by comparison of the area of each of the substrate peaks 1 ± 7 (tR1� 0.52,
tR2� 0.98, tR3� 1.10, tR4� 6.11, tR5� 3.82, tR6� 2.90, tR7� 1.94 min) with
that of n-dodecane (tR � 5.42 min), and referenced to the initial concen-
trations determined in side A.


General procedure for the supported ionic liquid membrane experiments :
The teflon cell indicated in Figure 4 was used throughout these studies. The
RTIL was immobilized in the porous structure of the supporting membrane
by filtration in vacuo and placed in a metallic net (i.d. 3.29 cm) located
between side A (V� 30 mL) and B (V� 30 mL) of the cell. The organic
compounds (300 �L): 1,4-dioxane (1; 3.87 mmol), propan-1-ol (2 ;
3.99 mmol), butan-1-ol (3 ; 3.28 mmol), cyclohexanol (4 ; 2.84 mmol),
cyclohexanone (5 ; 1.38 mmol), morpholine (6 ; 3.44 mmol), methylmorpho-
line (7; 2.73 mmol), and n-dodecane (0.5 mL, 2.20 mmol or 1.0 mL,
4.40 mmol) as the internal standard, in diethyl ether (30 mL), were added
to side A of the cell. n-Dodecane (0.5 or 1.0 mL, 2.20 or 4.40 mmol) in
diethyl ether (30 mL) was added to side B of the cell. The transport of each
compound 1 ± 7 was monitored as described above.


The following quantities were used for the experiments with mixtures of
three or two amines (Table 2), dissolved in diethyl ether (30 mL) and
containing n-decane (400 �L, 2.05 mmol): 3.6 mmol of each amine for
entries 1 ± 6 and 8 in Table 2; 3.6 mmol of tertiary amines 10 and 7.2 mmol
of secondary amines 9 for entries 7 and 9-±16 in Table 2. n-Decane (400 �L)
in diethyl ether (30 mL) was added to side B of the cell. The transport of
each amine was monitored as described above by using the following GLC
conditions: mixture M1, T(oven)� 80 ± 140 �C, 10 �C min�1; T(injector)�
250 �C; T(detector)� 250 �C, tR8a� 3.76, tR9 a� 2.38, tR10a� 1.45, n-dec-
ane (tR � 0.82 min); mixtures M3 and M8, T(oven)� 80 ± 160 �C,
10 �C min�1; T(injector)� 250 �C; T(detector)� 250 �C; M3 tR8c� 2.03,
tR9c� 2.45, tR10 c� 1.10, n-decane (tR � 0.40 min); M8 tR9e� 2.96,
tR10 f� 3.65, n-decane (tR � 0.39 min); mixtures M2, M4 ± M7, T(oven)�
80 ± 150 �C, 10 �C min�1; T(injector)� 250 �C; T(detector)� 250 �C; M2
tR8b� 2.29, tR9b� 0.83, tR10 b� 1.43, n-decane (tR � 0.46 min); M4
tR9a� 2.22, tR10 a� 0.65, n-decane (tR � 0.47 min); M5 tR9 d� 2.71,
tR10a� 0.65, n-decane (tR � 0.46); M6 tR9 b� 0.86, tR10d� 2.98, n-decane
(tR � 0.46 min); M7 tR9d� 2.71, tR10 e� 0.92, n-decane (tR � 0.45 min).
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Diphosphanylketenimines: New Reagents for the Synthesis of Unique
Phosphorus Heterocycles


Javier Ruiz,*[a] Fernando MarquÌnez,[a] VÌctor Riera,[a] MarilÌn Vivanco,[a] Santiago GarcÌa-
Granda,[b] and M. Rosario DÌaz[b]


Abstract: Two consecutive [3�2] cyclo-
addition reactions of the diphosphanyl-
ketenimine (PPh2)2C�C�NPh (3), in-
volving the phosphanyl groups, with
two equivalents of the electron-poor
alkynes dimethyl acetylenedicarboxy-
late or methyl acetylenecarboxylate give
rise to the formation of the bicyclic
1�5,3�5-diphospholes 5 a,b, which con-
tain a phosphorane unit with five carbon
substituents attached to the phosphorus
center. Compound 3 undergoes cyclo-
dimerization by crystallization, afford-
ing the unsymmetrical dimer 6, which is


converted back to 3 by heating in
toluene. Compound 6 can be oxidized
stepwise on the three trivalent phospho-
rus atoms by treatment with H2O2 af-
fording 7, 9, and the transient species 10,
which are transformed into their corre-
sponding ketenimine monomers either
spontaneously (10) or by heating in
toluene (7, 9). In this way, the compound


(O�PPh2)(PPh2)C�C�NPh (8) is quan-
titatively obtained. Compound 8 readily
reacts with the alkynes MeO2CC�C-
CO2Me and MeO2CC�CH, and with
phenyl isocyanate and ethyl isothiocya-
nate through regiospecific [3�2] cyclo-
addition processes furnishing several �5-
phosphole and �5-azaphosphole deriva-
tives. Finally, the reaction of 8 with N-
methylpropargylamine yields the new
2,3-dihydro-1,4-�5-azaphosphinine 15
through a cycloaddition process involv-
ing two functional groups from each
molecule.


Keywords: cycloaddition ¥ dimeri-
zation ¥ ketenimines ¥ phospholes ¥
phosphorus heterocycles


Introduction


The reactivity of organic functional groups in cycloaddition
reactions can be considerably enlarged by introducing phos-
phanyl substituents in the corresponding organic molecules,
since the phosphorus atoms of the phosphanyl groups are
frequently involved in the annelation processes. This is
exemplified by a series of reactions of the electron-poor
alkyne dimethyl acetylenedicarboxylate with phosphanyl-
substituted carbodiimides,[1] azides,[2] nitrilimines[3] and diaz-
oderivatives,[4] which afford a variety of new phosphorus
containing heterocycles, such as 1,2�5-azaphosphole, 1,2�5-
azaphosphete, 1,2,4,3�5-triazaphosphinine and 1,2,4�5-diaza-
phosphinine derivatives, respectively.


We have recently reported the first synthesis of the
diphosphanylketenimine (PPh2)2C�C�NPh (3), which is for-


mally made from the coupling of the transient diphosphanyl-
carbene [(PPh2)2C :] with phenyl isocyanide in the manga-
nese(�) complex fac-[Mn(CO)3(CNPh){(PPh2)2CI}] (1)
(Scheme 1).[5] The new functionalized diphosphane 3 was


Scheme 1. Synthesis of the diphosphanylketenimine 3.


liberated from the metallic fragment by irradiating with UV/
Vis light. Compound 3 spontaneously undergoes cyclodime-
rization involving a phosphanyl residue upon crystallization.[6]


This preliminary result prompted us to investigate the
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reactivity of 3 as a 1,3-dipole. Here we describe a detailed
study of the reactions of 3 and its mono-oxide (O�
PPh2)(PPh2)C�C�NPh (8) with several alkynes and hetero-
cumulenes, which shows the value of these species in the
synthesis of new phosphorus heterocycles. These results
reveal diphosphanylketenimines as good examples of mole-
cules that, being first generated on a metallic center, are then
liberated from the metal and lastly transformed into more
elaborate species.


Results and Discussion


Reactions of (PPh2)2C�C�NPh (3) with alkynes : The diphos-
phanylketenimine 3 reacted instantaneously at room temper-
ature in CH2Cl2 with two equivalents of dimethyl acetylene-
dicarboxylate affording the bicyclic molecule 5 a (Scheme 2),
which was isolated as a red solid. The reaction of 3 with the
monosubstituted alkyne methyl acetylenecarboxylate pro-
ceeds similarly, yielding 5 b, although a longer reaction time
(ca. 30 min) is required. With this terminal alkyne the reaction
proved to be regiospecific, as only one of the four possible
regioisomers is formed. Compounds 5 a,b are rare examples of
1�5,3�5-diphospholes containing a phosphorane unit with five
carbon substituents attached to a phosphorus center.[7, 8] Also
of note is the presence of the endocyclic phosphonium ylide
functionality, which is rather scarce in the chemistry of
phospholes.[9] Both compounds were characterized by ele-
mental analysis (C, H, N), spectroscopically and, in the case of
5 a, by single-crystal X-ray diffraction. The spectroscopic data
for 5 a,b are in accordance with the proposed formulation of
these compounds. Their 31P{1H} NMR spectra show two
doublets for the two mutually coupled nonequivalent phos-
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Scheme 2. Proposed mechanism for the formation of the bicyclic 1�5,3�5-
diphospholes 5 a,b. 5a : R�R��CO2Me; 5b : R�CO2Me, R��H.


phorus atoms, one of them appearing at a remarkably high-
field chemical shift (about ���80), which is in keeping with
the presence of a pentacoordinate phosphorus atom.[10] In the
13C{1H} NMR spectrum of 5 a the signal of the ylide carbon
atom appears as a doublet of doublets in the expected high-
field region (�� 35.45 ppm), with very large 1J(P,C) coupling
constants (183 and 136 Hz). The low-field signals (�� 199.44
and 170.29 ppm) are assigned to the olefinic carbon atoms
directly bonded to the �5-P atom, whereas the resonances of
the other two olefinic carbon atoms appear in the aromatic
region (�� 131.27 and 117.19 ppm), all of them showing dd
splitting. Other spectroscopic data for 5 a,b are detailed in the
experimental section.


The structure of 5 a was definitively established by X-ray
crystallography. A view of the molecule together with a
selection of bond lengths and angles is presented in Figure 1.
The bicyclic skeleton is nearly planar and the pentacoordinate
phosphorus atom P(1) is surrounded by five carbon atoms in a
slightly distorted trigonal-bipyramidal coordination geometry.
The C(1)�P(2) bond length (1.708(4) ä) is clearly shorter
than a single bond and near to the range expected for a double
bond between phosphorus and carbon, as in a phosphorus
ylide fragment. Curiously, the C(1)�P(1) distance (1.729(4) ä)
is much shorter than that of a single bond, indicating a strong
interaction between the ylide carbon atom and the �5-P atom.
In fact the rest of the P�C distances around P(1) are
considerably longer, especially those in the axial positions
(P(1)�C(5) 2.051(5), P(1)�C(4) 1.956(4) ä).


For 5 b crystals suitable for X-ray analysis could not be
obtained. Furthermore, 5 b was not sufficiently stable in
solution to allow a detailed spectroscopic study, therefore the
proposed regioisomer assignment is tentative although the


Abstract in Spanish: Dos procesos consecutivos de cicloadi-
cio¬n [3� 2] en la difosfanilcetenimina (PPh2)2C�C�NPh (3),
que involucran a los restos fosfanilo, con dos equivalentes de
los alquinos electro¬nicamente pobres acetilendicarboxilato de
dimetilo y acetilencarboxilato de metilo dan lugar a la
formacio¬n de los �5-difosfoles bicÌclicos 5a,b, que contienen
una unidad fosforano con cinco a¬tomos de carbono unidos al
fo¬sforo. 3 experimenta una ciclo dimerizacio¬n simplemente
mediante cristalizacio¬n generando el dÌmero 6, que se convierte
de nuevo en 3 por calentamiento en tolueno. 6 puede ser
oxidado secuencialmente sobre los tres a¬tomos de fo¬sforo
trivalentes mediante tratamiento con H2O2 formando 7, 9, y la
especie transitoria 10, que se transforman en sus correspon-
dientes mono¬meros cetenimina ya sea esponta¬neamente (10) o
mediante calentamiento en tolueno (7, 9). De este modo se
obtiene cuantitativamente el compuesto (O�PPh2)(PPh2)-
C�C�NPh (8). 8 reacciona fa¬cilmente con los alquinos
MeO2CC�CCO2Me y MeO2CC�CH, y con fenil isocianato y
etil isotiocianato, a trave¬s de procesos de cicloadicio¬n regioes-
pecÌficos [3�2] generando varios derivados del tipo �5-fosfol y
�5-azafosfol. Finalmente, la reaccio¬n de 8 con N-Metilpropar-
gilamina permite la obtencio¬n del nuevo derivado 2,3-dihidro-
1,4-�5-azafosfinina 15, a trave¬s de un proceso de cicloadicio¬n
en el que participan dos grupos funcionales de cada mole¬cula.







FULL PAPER J. Ruiz et al.


¹ 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/02/0817-3874 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 173874


Figure 1. The molecular structure of 5 a (20 % probability level). Phenyl
groups attached to the phosphorus atoms are omitted for clarity. Selected
bond lengths [ä] and angles [�]: P(1)�C(1) 1.729(4), P(1)�C(4) 1.956(4),
P(1)�C(5) 2.051(5), P(1)�C(31) 1.815(5), P(1)�C(41) 1.812(5), P(2)�C(1)
1.708(4), P(2)�C(6) 1.791(4), P(2)�C(51) 1.789(5), P(2)�C(61) 1.795(4),
C(2)�N(1) 1.310(5), C(1)�C(2) 1.450(5), C(2)�C(3) 1.483(5), C(3)�C(4)
1.341(5), C(5)�C(6) 1.344(6); C(1)-P(1)-C(4) 86.51(18), C(1)-P(1)-C(5)
87.70(18), C(1)-P(1)-C(31) 119.1(2), C(1)-P(1)-C(41) 123.1(2), C(41)-P(1)-
C(31) 117.7(2), C(2)-C(1)-P(1) 116.0(3), C(2)-C(1)-P(2) 120.4(3), P(2)-
C(1)-P(1) 121.3(2).


1H NMR data agree with this formulation (see Experimental
Section).


No reaction was found between 3 and nonactivated alkynes
such as phenyl- or diphenylacetylene. These findings are in
accord with a HOMO ± LUMO interaction between 3 and the
alkyne, the first acting as 1,3-dipole. In fact, the reactivity of
these alkynes toward the ketenimine 3 correlates well with
their LUMO energy, which is higher in PhC�CH and
PhC�CPh than in the activated alkynes MeO2CC�CH and
MeO2CC�CCO2Me.[11]


In line with all of the above, and with other reported
cycloaddition reactions of alkynes with phosphanyl-substitut-
ed dipoles,[1, 4, 12, 13] a mechanism for the formation of 5 a,b is
proposed in Scheme 2. First, nucleophilic attack of a phos-
phorus atom of 3 at the electron-poor alkyne followed by a
1,5-electrocyclization affords 4a,b. Then, these phosphanyl-
substituted phosphonium ylide intermediates behave as
diphospha-1,3-dipoles toward a new molecule of alkyne, and
the reaction proceeds as above to give 5 a,b. The species 4 a,b
were not detected during the course of the reaction, even by
using just one equivalent of the alkyne and working at low
temperature. However, the isolation of the oxidized form of
4 a,b in a further experiment (compounds 12 a,b, see below)
supported the proposed mechanism. Apparently 4 a,b are
much more reactive as 1,3-dipoles than 3. This behavior can
arise from the contribution of the charge separation form to
the phosphorus ± carbon bond description in the phosphoni-
um ylide fragment of 4 a,b (as emphasized in Scheme 2),[14]


which enhances both the nucleophilicity of the phosphanyl
substituent and the electrophilicity of the phosphonium
residue. The mechanism proposed in Scheme 2 also accounts


for the noteworthy regiospecificity of the reaction of 3 with
MeO2CC�CH to afford 5 b, as in both cycloaddition processes
the nucleophilic attack of the phosphorus atom on the alkyne
must take place on the unsubstituted carbon atom, either for
electronic reasons[15] or for steric considerations.[16]


Synthesis of (O�PPh2)(PPh2)C�C�NPh (8): The presence of
two phosphanyl groups in 3 renders this molecule highly
reactive, but precludes the isolation of reaction intermediates
as the above proposed 4a,b. The involvement of both phospho-
rus atoms leads, in some cases, to intractable reaction mixtures,
as occurs in the treatment of 3 with isocyanates and isothiocya-
nates. To better control the reactivity of these species we have
prepared the monooxidized form of 3 (O�PPh2)(PPh2)C�C�
NPh (8), which contains only one ™active∫ phosphorus atom
suitable for participation in cycloaddition reactions.


Compound 8 can not be prepared properly by direct
oxidation of 3. Thus, in the reaction of 3 with one equivalent of
H2O2 a mixture of 8 and the dioxidized product (O�PPh2)2C�
C�NPh (11), together with some unreacted starting material
3, is obtained. Fortunately, the suitability of 3 to undergo
reversible cyclic dimerization allowed us to obtain 8 in a pure
form. As we have recently communicated,[6] the diphosphan-
ylketenimine 3 dimerizes upon crystallization giving the
unsymmetrical dimer 6 (Scheme 3), which quantitatively
reverts to 3 on heating with toluene. The three trivalent
phosphorus atoms in 6 can be selectively oxidized by treat-
ment with one, two or three equivalents of H2O2 giving 7, 9,
and the transient species 10, respectively (Scheme 3). Heating
of 7 and 9 under reflux in toluene for 10 min readily affords
the corresponding monomers. For 10 this scission occurs
instantaneously precluding its isolation. Very interestingly,
compound 9 is the dimer of 8 so that the heating of the former
quantitatively yields the target compound 8. All the reactions
above may be monitored very efficiently by 31P{1H} NMR
spectroscopy. Thus a comparison between the resonances of 6
and those of 7 makes it evident that the first phosphorus atom
to be oxidized is that bonded to the ylide carbon atom (P2 in
Scheme 3) as its signal shifts strongly to low field on oxidation
(see Experimental Section). For the same reason, the second
oxidation apparently takes place on the phosphorus atom P3,
although the change in the chemical shift of this signal is
smaller in this case.


Reactivity of (O�PPh2)(PPh2)C�C�NPh (8): The reaction of
8 with the alkynes MeO2CC�CCO2Me and MeO2CC�CH
afforded the 3H-�5-phosphole derivatives 12 a and 12 b,
respectively (Scheme 4). These are the oxidized forms of the
intermediate species 4 a,b proposed in the formation of the
bicyclic molecules 5 a,b, so that this result clearly supports the
mechanism depicted in Scheme 2. It must be noted that 3H-�5-
phospholes are very rarely encountered in the literature, and
curiously they are stabilized by the presence of an imino
substituent at C-3 as also seen in the case of 12 a,b.[1, 17] .


Compound 8 also reacts with the heterocumulenes PhN�
C�O and EtN�C�S. In both cases the [3�2] cycloaddition
reaction takes place similarly to give the corresponding
azaphospholenes 13 and 14 (Scheme 4). The IR spectra show
the �CO (1634 cm�1) and �CS (1262 cm�1) absorptions for 13
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Scheme 3. Stepwise oxidation of the phosphorus atoms in the dimer 6 and
formation of the corresponding monomers.


and 14, respectively, in addition to a band around 1600 cm�1


corresponding to the �CN vibration of the imino residue of
both molecules. Furthermore, for 13 an X-ray diffraction
study was carried out which confirmed the proposed structure
for this molecule (Figure 2). The five-membered ring is
essentially planar and the ylide carbon atom C1 is tightly
bonded to both phosphorus atoms (C(1)�P(1) 1.729(5),
C(1)�P(2) 1.709(5) ä). The N(1)�C(3) distance
(1.402(6) ä), which is significantly shorter than a single bond,
together with the almost planar coordination geometry
around the endocyclic nitrogen atom N1 and with the
C(3)�O(2) bond length (1.212(5) ä), which is slightly longer
than that predicted for a double bond (1.17 ä),[18] suggest a
strong � delocalization of the N(1) lone pair through the N(1)-
C(3)-O(2) skeleton.


Compound 8 has also proved to be a promising substrate for
the synthesis of six-membered phosphaheterocycles. Thus, the
reaction of 8 with a doubly functionalized molecule such as
HC�CCH2NHMe allowed us to obtain the new 2,3-dihydro-
1,4-�5-azaphosphinine 15.[19] A possible reaction pathway for
the formation of this compound is shown in Scheme 5. First a
nucleophilic addition of the amino group to the ketenimine
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Scheme 4. [3�2] cycloaddition reactions of 8 with electron-poor alkynes
and heterocumulenes. 12a : R�R��CO2Me; 12b : R�CO2Me, R��H.


Figure 2. The molecular structure of 13 (20 % probability level). Selected
bond lengths [ä] and angles [�]: P(1)�O(1) 1.487(3), P(1)�C(1) 1.729(5),
P(2)�C(1) 1.709(5), P(2)�C(3) 1.819(6), C(3)�O(2) 1.212(5), N(1)�C(3)
1.402(6), N(1)�C(2) 1.460(6), N(1)�C(11) 1.442(6), C(2)�N(2) 1.279(6),
C(1)�C(2) 1.462(7); C(2)-C(1)-P(1) 126.9(4), C(2)-C(1)-P(2) 110.7(4),
P(1)-C(1)-P(2) 122.1(3), C(2)-N(1)-C(3) 113.5(4), C(2)-N(1)-C(11)
127.0(4), C(3)-N(1)-C(11) 118.0(4).


moiety takes place to give the amidine derivative 16, similar to
that occurring in the reactions of amines with normal
ketenimines.[20] Then 16 undergoes a formal 6-exo-dig cycli-
zation, prompted by the nucleophilic attack of the phosphane
moiety to the alkyne residue followed by proton migration,
affording the azaphosphaheterocycle 17. This is finally trans-
formed to 15 by a [1,3]-shift proton from the endocyclic
methylene group to the exocyclic one. The 1H NMR spectrum
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Scheme 5. Proposed mechanism for the formation of the 2,3-dihydro-1,4-
�5-azaphosphinine 15.


of 15 shows the new methyl group as a doublet at �� 1.65 ppm
(3J(P,H)� 12 Hz), in addition to the N�Me signal which
appears as a singlet at �� 2.81 ppm. The C�H proton gives a
doublet (3J(P,H)� 29 Hz) near to the aromatic region (��
6.75 ppm). The structure of 15 was also determined by X-ray
crystallography (Figure 3). The atoms in the ring display an


Figure 3. The molecular structure of 15 (20 % probability level). Selected
bond lengths [ä] and angles [�]: P(1)�O(1) 1.490(2), P(1)�C(1) 1.756(4),
C(1)�P(2) 1.724(4), P(2)�C(4) 1.766(4), C(4)�C(3) 1.351(6), C(4)�C(5)
1.494(6), C(3)�N(1) 1.382(5), N(1)�C(6) 1.445(6), N(1)�C(2) 1.414(4),
C(2)�N(2) 1.298(4), C(1)�C(2) 1.448(5); C(2)-C(1)-P(1) 119.9(3), C(2)-
C(1)-P(2) 123.4(3), P(1)-C(1)-P(2) 115.65(19), C(2)-N(1)-C(3) 123.7(3),
C(2)-N(1)-C(6) 122.0(3), C(3)-N(1)-C(6) 112.4(4).


essentially planar conformation with only the carbon atom
C(1) slightly deviated from this plane (0.15 ä). All the bond
lengths in the heterocycle are shorter than a single bond (see
Figure 3), indicating the existence of some charge delocaliza-
tion within the ring. Furthermore, the nitrogen atom N(1)
adopts a nearly planar environment (N(1) lies 0.11 ä out of
the C(2)-C(3)-C(6) plane), suggesting the involvement of the


nitrogen lone pair in a � interaction with the neighboring
atoms in the ring, so that this can complete a six �-electron
system. Accordingly it can be inferred that compound 15
exhibits some degree of aromaticity.[21] This could be the
driving force for the prototropic rearrangement occurring in
the intermediate species 17 to afford 15.


Conclusion


The diphosphanylketenimine (PPh2)2C�C�NPh (3) and its
mono-oxidized form (O�PPh2)(PPh2)C�C�NPh (8) behave
as 1,3-dipoles towards a variety of dipolarophiles such as
alkynes, isocyanates and isothiocyanates, through formal
[3�2] and [3�3] cycloaddition reactions involving the phos-
phanyl residues, allowing the synthesis of remarkable five-
and six-membered phosphaheterocycles. Thus, it can be
concluded that the presence of the phosphanyl substituents
considerably modify the reactivity of 3 and 8 when compared
with classical organic ketenimines, in agreement with that
already observed by Regitz et al.[4] and Bertrand et al.[1] for
other phosphanyl substituted organic functionalities.


Experimental Section


General : All reactions were carried out under a nitrogen atmosphere with
the use of Schlenk techniques. Solvents were dried and purified by standard
techniques and distilled under nitrogen prior to use. The IR spectra were
measured with Perkin-Elmer FT 1720-X and Paragon 1000 spectropho-
tometers. The C, H and N analyses were performed on a Perkin-Elmer
240 B elemental analyzer. 1H and 31P NMR spectra were measured with
Bruker AC-300 and AC-200 instruments. Chemical shifts are given in ppm,
relative to internal SiMe4 (1H) or external 85% H3PO4 (31P). The
compounds 3[5] and 6[6] were prepared as described elsewhere. All other
reagents were commercially obtained and used without further purifica-
tion.


Compound 5a : Dimethyl acetylenedicarboxylate (40 �L, 0.32 mmol) was
added to a solution of 3 (80 mg, 0.16 mmol) in CH2Cl2 (20 mL). The
solution became instantaneously red. The mixture was stirred for 5 min and
the solvent removed under vacuum. The brown residue was recrystallized
from CH2Cl2/hexane to afford red crystals. Yield 85%. 1H NMR (300 MHz,
CD2Cl2): �� 7.99 (dd, 3J(P,H)� 14, 3J(H,H)� 7 Hz, 4 H; ortho-PPh), 6.8 ±
7.8 (m, 19H; Ph), 6.52 (d, 3J(H,H)� 7 Hz, 2H; ortho-C�NPh), 3.50 (s, 3H;
CH3), 3.35 (s, 3 H; CH3), 3.27 (s, 3H; CH3), 2.89 ppm (s, 3 H; CH3); 31P{1H}
NMR (121.5 MHz, CD2Cl2): �� 8.97 (d, 2J(P,P)� 71 Hz), �81.40 ppm (d,
2J(P,P)� 71 Hz); 13C NMR (75.5 MHz, CD2Cl2): �� 199.43 (dd, 1J(P,C)�
32, 2J(P,C)� 22 Hz; PC�CP(�5)), 170.30 (dd, 1J(P,C)� 25, 3J(P,C)� 4 Hz;
PC�CCN), 170.05 (dd, 2J(P,C)� 14, 3J(P,C)� 10 Hz; C�O), 169.15 (dd,
3J(P,C)� 3, 4J(P,C)� 1 Hz; C�O), 166.51 (dd, 2J(P,C)� 6, 4J(P,C)� 2 Hz;
C�O), 162.41 (dd, 2J(P,C)� 16, 3J(P,C)� 2 Hz; C�O), 159.52 (dd, 2J(P,C)�
23, 2J(P,C)� 13 Hz; P2CC�N), 151.86 (d, 4J(P,C)� 5 Hz; C�NC), 131.28
(dd, 2J(P,C)� 12, 3J(P,C)� 7 Hz; PC�CCN), 117.2 (dd, 1J(P,C)� 93,
2J(P,C)� 6 Hz; PC�CP(�5)), 52.60 (s; 1�CH3), 51.57 (s; 3�CH3),
35.40 ppm (dd, 1J(P,C)� 183, 1J(P,C)� 136 Hz; PCP); IR (Nujol): �� �
1720 (C�O), 1580 cm�1 (C�N); elemental analysis calcd (%) for
C44H37NO8P2 (769.7): C 68.65, H 4.84, N 1.81; found: C 68.43, H 4.80, N 1.83.


Compound 5b : Methyl acetylenecarboxylate (28 �L, 0.32 mmol) was
added to a solution of 3 (80 mg, 16 mmol) in CH2Cl2 (20 mL), and the
resulting mixture was stirred for 30 min. The solvent was then evaporated
to dryness under vacuum affording an orange residue which was washed
with hexane. The resulting solid was dissolved in CH2Cl2 (1 mL) and then
precipitated with hexane (10 mL). Yield 80 %. 1H NMR (300 MHz,
CD2Cl2): �� 7.90 (dd, 3J(P,H)� 8, 3J(H,H)� 7 Hz, 4 H; ortho-PPh), 6.5 ±
7.8 (21 H; Ph), 6.68 (dd, 2J(P,H)� 23, 3J(P,H)� 13 Hz, 1H; PC(H)�C), 7.32
(dd, 2J(P,H)� 14, 4J(P,H)� 4 Hz, 1H; C(H)�CP), 3.20 (s, 3H; CH3),
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2.80 ppm (s, 3 H; CH3); 31P{1H} NMR (121.5 MHz, CD2Cl2): ���0.50 (d,
2J(P,P)� 85 Hz), �84.10 ppm (d, 2J(P,P)� 85 Hz); IR (Nujol): �� � 1718
(C�O), 1586 cm�1 (C�N); elemental analysis calcd (%) for C40H33NO4P2


(653.6): C 73.50, H 5.09, N 2.14; found: C 72.43, H 4.82, N 1.91.


Compound 6 : 31P{1H} NMR (121.5 MHz, CD2Cl2): �� 28.50 (ddd,
2J(P1,P2)� 52, 3J(P1,P3)� 24, 3J(P1,P4)� 6 Hz; P1), �22.83 (d,
2J(P1,P2)� 52 Hz; P2), 14.32 (dd, 3J(P1,P3)� 24, 2J(P3,P4)� 4 Hz; P3),
6.85 ppm (dd, 3J(P1,P4)� 6, 2J(P3,P4)� 4 Hz; P4); for the numbering of
phosphorus atoms see Scheme 3.


Compound 7: Hydrogen peroxide (18 �L of a 30% aqueous solution,
0.16 mmol) was added to a solution of 6 (0.16 g, 0.16 mmol) in CH2Cl2


(50 mL). A slight darkening of the orange color of the solution was
observed. Evaporation of the solvent to dryness under vacuum gave an oily
residue, which was converted to an orange solid by washing with hexane.
Yield: 90%. 31P{1H} NMR (121.5 MHz, CD2Cl2): �� 29.96 (td, 2J(P1,P2)�
31, 3J(P1,P3)� 12, 3J(P1,P4)� 6 Hz; P1), 29.40 (dd, 2J(P1,P2)� 31,
5J(P2,P3)� 6 Hz; P2), 13.71 (dt, 3J(P1,P3)� 12, 2J(P3,P4)� 6, 5J(P2,P3)�
6 Hz; P3), 7.33 ppm (t, 3J(P1,P4)� 6, 2J(P3,P4)� 6 Hz; P4); for the
numbering of phosphorus atoms see Scheme 3; elemental analysis calcd
(%) for C64H50N2OP4 (987.0): C 77.88, H 5.10, N 2.83; found: C 77.25, H 4.98,
N 2.90.


Compound 9 : Hydrogen peroxide (18 �L of a 30% aqueous solution,
0.16 mmol) was added to a solution of 6 (80 mg, 0.08 mmol) in CH2Cl2


(30 mL). The solution instantly changed from orange to dark red.
Evaporation of the solvent to dryness under vacuum gave an oily residue,
which was converted to a red solid by washing with hexane. Yield: 90%.
31P{1H} NMR (121.5 MHz, CD2Cl2): �� 36.01 (td, 2J(P1,P2)� 31,
3J(P1,P3)� 31, 3J(P1,P4)� 21 Hz; P1), 29.22 (d, 2J(P1,P2)� 31 Hz; P2),
19.26 (dd, 3J(P1,P3)� 31, 2J(P3,P4)� 8 Hz; P3), 0.45 ppm (dd, 3J(P1,P4)�
21, 2J(P3,P4)� 8 Hz; P4); for the numbering of phosphorus atoms see
Scheme 3; elemental analysis calcd (%) for C64H50N2O2P4 (1003.0): C 76.64,
H 5.02, N 2.79; found: C 76.42, H 4.91, N 2.85.


Compound 8 : A solution of 9 (80 mg, 0.08 mmol) in toluene (20 mL) was
heated at the refluxing temperature for 10 min. Over this period it turned
colorless. The solvent was evaporated to dryness affording a white solid,
which was recrystallized from hexane. Yield 90%. 1H NMR (300 MHz,
CDCl3): �� 7.78 (dd, 3J(P,H)� 11, 3J(H,H)� 7 Hz, 4H; ortho-PPh), 6.5 ±
7.5 ppm (21 H; Ph); 31P{1H} NMR (121.5 MHz, CDCl3): �� 27.53 (d,
2J(P,P)� 87 Hz; P�O), �14.80 ppm (d, 2J(P,P)� 87 Hz); 13C NMR
(75.5 MHz, CD2Cl2): �� 168.33 (dd, 2J(P,C)� 10, 2J(P,C)� 3 Hz; P2C�C�
N), 52.58 ppm (dd, 1J(P,C)� 105, 1J(P,C)� 50 Hz; P2C�C�N); IR (CH2Cl2):
�� � 2018 cm�1 (C�C�N); elemental analysis calcd (%) for C32H25NO1P2


(501.5): C 76.64, H 5.02, N 2.79; found: C 76.55, H 5.01, N 2.65.


Compound 12a : Dimethyl acetylenedicarboxylate (21 �L, 0.17 mmol) was
added to a solution of 8 (80 mg, 0.16 mmol) in CH2Cl2 (20 mL). After the
mixture had been stirred for 5 min, the solvent was evaporated to dryness
under vacuum to afford an oily residue. This was dissolved in CH2Cl2


(5 mL) and hexane (20 mL) was added to obtain a violet solid, which was
recrystallized from CH2Cl2/hexane. Yield 85%. 1H NMR (300 MHz,
CDCl3): �� 7.85 (dd, 3J(P,H)� 14, 3J(H,H)� 7 Hz, 4H; ortho-PPh), 6.8 ±
7.7 (19 H, Ph), 6.55 (d, 3J(H,H)� 7 Hz, 2 H; ortho-C�NPh), 3.10 (s, 3H;
CH3), 3.50 ppm (s, 3H; CH3); 31P{1H} NMR (121.5 MHz, CDCl3): �� 31.60
(d, 2J(P,P)� 34 Hz), 29.20 ppm (d, 2J(P,P)� 34 Hz); 13C NMR (75.5 MHz,
CD2Cl2): �� 164.83 (d, 2J(P,C)� 17 Hz; C�O), 161.81 (d, 3J(P,C)� 4 Hz;
C�O), 150.58 (d, 4J(P,C)� 4 Hz; C�NC), 53.14 (s; CH3), 52.58 (s; CH3),
31.08 ppm (dd, 1J(P,C)� 169, 1J(P,C)� 24 Hz; PCP); IR (Nujol): �� � 1751
(C�O), 1733 (C�O), 1579 cm�1 (C�N); elemental analysis calcd (%) for
C38H31NO5P2 (643.6): C 70.91, H 4.85, N 2.18; found: C 70.63, H 4.79, N
2.16.


Compound 12 b : This compound was prepared similarly to 12 a by treating
8 (50 mg, 0.1 mmol) with methyl acetylenecarboxylate (11 �L, 0.12 mmol)
in CH2Cl2 for 1 h. Yield 85%. 1H NMR (300 MHz, CDCl3): �� 6.7 ± 8.2
(25 H; Ph), 6.63 (dd, 2J(P,H)� 19 Hz, 4J(P,H)� 3 Hz, 1 H; C�CH),
3.09 ppm (s, 3 H; CH3); 31P{1H} NMR (121.5 MHz, C6D6): �� 29.76 (d,
2J(P,P)� 38 Hz), 28.40 ppm (d, 2J(P,P)� 38 Hz); IR(Nujol): �� � 1733 (C�
O), 1554 cm�1 (C�N); elemental analysis calcd (%) for C36H29NO3P2


(585.6): C 73.84, H 4.99, N 2.39; found: C 73.37, H 4.75, N 2.19.


Compound 13 : A mixture of compound 8 (80 mg, 0.16 mmol) and phenyl
isocyanate (87 �L, 0.80 mmol) was heated in refluxing toluene (20 mL) for
10 min. The solvent was then evaporated to dryness under vacuum and the


remaining oil was washed with hexane (3� 10 mL) affording a yellow solid.
This was recrystallized from CH2Cl2/hexane. Yield 75%. 31P{1H} NMR
(121.5 MHz, CDCl3): �� 28.90 (d, 2J(P,P)� 24 Hz), 4.96 ppm (d, 2J(P,P)�
24 Hz); 13C NMR (75.5 MHz, CD2Cl2): �� 170.51 (dd, 1J(P,C)� 94,
3J(P,C)� 12 Hz; C�O), 147.10 (dd, 2J(P,C)� 14, 2J(P,C)� 7 Hz; C�N),
148.07 (d, 4J(P,C)� 4 Hz; C�NC), 136.02 (d, 4J(P,C)� 4 Hz; C2NC),
41,44 ppm (dd, 1J(P,C)� 131 Hz, 1J(P,C)� 97 Hz; PCP); IR (KBr): �� �
1634 (C�O), 1587 cm�1 (C�N); elemental analysis calcd (%) for
C39H30N2O2P2 (620.6): C 75.48, H 4.87, N 4.51; found: C 75.76, H 4.65, N
4.53.


Compound 14 : A mixture of compound 8 (50 mg, 0.1 mmol) and ethyl
isothiocyanate (87 �L, 1 mmol) was heated in refluxing toluene (20 mL) for
3 h. The solvent was evaporated to dryness and the remaining residue
washed with hexane affording an orange solid which was recrystallized
from CH2Cl2/Hexane. Yield 70 %. 1H NMR (300 MHz, CDCl3): �� 6.7 ± 7.7
(23 H; Ph), 6.40 (d, 3J(H,H)� 6 Hz, 2H; ortho-NPh), 4.30 (q, 3J(H,H)�
6 Hz, 2H; CH2N), 1.20 ppm (t, 3J(H,H)� 6 Hz, 3 H; CH3); 31P{1H} NMR
(121.5 MHz, CDCl3): �� 25.02 (d, 2J(P,P)� 25 Hz), 20.50 ppm (d, 2J(P,P)�
25 Hz); 13C NMR (75.5 MHz, CD2Cl2): �� 192.18 (dd, 1J(P,C)� 74,
3J(P,C)� 8 Hz; C�S), 151.60 (dd, 2J(P,C)� 16, 2J(P,C)� 10 Hz; C�N),
147.67 (s; C�NC), 41.84 (d, 3J(P,C)� 5 Hz; CH2), 40,72 (dd, 1J(P,C)�
124 Hz, 1J(P,C)� 87 Hz; PCP), 12.30 ppm (s; CH3); IR(KBr): �� � 1631
(C�N), 1262 cm�1 (C�S); elemental analysis calcd (%) for C35H30N2OP2S
(588.6): C 71.42, H 5.14, N 4.76; found: C 71.72, H 4.82, N 4.52.


Compound 15 : A mixture of compound 8 (50 mg, 0.1 mmol) and N-
methylpropargylamine (17 �L, 0.2 mmol) was heated in refluxing toluene
(20 mL) for 10 min. Then the solution was concentrated to 5 mL under
vacuum. Addition of hexane (10 mL) resulted in the formation of a white
solid. Yield 70 %. Crystals of 15 suitable for X-ray analysis were obtained
by recrystallization from CH2Cl2/hexane. 1H NMR (300 MHz, CDCl3): ��
6.75 (d, 3J(P,H)� 29 Hz, 1 H; C�CH), 2.81 (s, 3H; NCH3), 1.65 ppm (d,
3J(P,H)� 12 Hz, 3 H; CCH3); 31P{1H} NMR (121.5 MHz, CDCl3): �� 36.22
(d, 2J(P,P)� 27 Hz), 9.27 ppm (d, 2J(P,P)� 27 Hz); 13C NMR (75.5 MHz,
CD2Cl2): �� 150.10 (dd, 2J(P,C)� 12, 2J(P,C)� 5 Hz; C�N), 147.47 (d,
4J(P,C)� 5 Hz; C�NC), 86.32 (dd, 1J(P,C)� 82 Hz, 1J(P,C)� 7 Hz; PCP),
42.87 (s; NCH3), 15.20 ppm (d, 2J(P,C)� 6 Hz; CCCH3); elemental analysis
calcd (%) for C36H32N2OP2 (570.6): C 75.78, H 5.65, N 4.91; found: C 75.56,
H 5.68, N 5.23.


X-ray crystallographic study : Data collection was carried out on an Enraf ±
Nonius KappaCCD diffractometer for 5a, 13 and 15. Graphite-monochro-
mated CuK� radiation (�� 1.54184 ä)� was used. The structures were
solved by direct methods, and refined by full-matrix least-squares methods
with the following program packages: DIRDIF92[22] and SHELXL-97[23] .
Relevant crystallographic data and details of the refinement for the three
structures are given in Table 1. CCDC-180291 (5a), CCDC-180292 (13),


Table 1. Crystallographic data for compounds 5a, 13, and 15.


5a 13 15


formula C44H37NO8P2 C39H30N2O2P2 C36H32N2OP2


formula weight 769.69 620.59 570.58
temperature [K] 200 200 200
crystal system monoclinic monoclinic monoclinic
space group P21/n P21/c P21/c
a [ä] 12.2664(13) 16.5595(10) 13.0516(8)
b [ä] 18.4425(12) 8.5353(4) 15.1368(10)
c [ä] 18.0416(9) 22.3717(14) 16.3258(9)
� [�] 90 90 90
� [�] 106.1850(10) 91.383(3) 112.330(4)
� [�] 90 90 90
V [ä3] 3919.7(5) 3160.2(3) 2983.4(3)
Z 4 4 4
�calcd [gcm�3] 1.304 1.304 1.270
	[mm�1] 1.464 1.549 1.564

 range [�] 3.50 ± 68.17 2.67 ± 63.65 3.66 ± 69.77
reflections collected 6232 4208 9725
independent reflections 6232 4208 5546
goodness-of-fit on F 2 1.048 0.931 1.077
final R indices [I� 2�(I)]; R1, wR2 0.0709, 0.1806 0.0629, 0.1299 0.0590, 0.1390
R indices (all data); R1, wR2 0.1098, 0.2447 0.1346, 0.1636 0.1008, 0.1694
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and CCDC-180293 (15) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge at www.ccdc.ca-
m.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).


Acknowledgements


This work was supported by the Spanish DGES (Project 1FD97-0750) and
CICYT (Project BQ00-0219).


[1] G. Veneziani, R. Re¬au, F. Dahan, G. Bertrand, J. Org. Chem. 1994, 59,
5927 ± 5929.


[2] J. Tejeda, R. Re¬au, F. Dahan, G. Bertrand, J. Am. Chem. Soc. 1993,
115, 7880 ± 7881.


[3] M. Granier, A. Baceiredo, M. Nieger, G. Bertrand, Angew. Chem.
1990, 102, 1185; Angew. Chem. Int. Ed. Engl. 1990, 29, 1123 ± 1125.


[4] T. Facklam, O. Wagner, H. Heydt, M. Regitz,Angew. Chem. 1990, 102,
316; Angew. Chem. Int. Ed. Engl. 1990, 29, 314 ± 315.


[5] J. Ruiz, V. Riera, M. Vivanco, M. Lanfranchi, A. Tiripicchio, Organo-
metallics 1998, 17, 3835 ± 3837.


[6] J. Ruiz, F. MarquÌnez, V. Riera, M. Vivanco, S. GarcÌa-Granda, M. R.
DÌaz, Angew. Chem. 2000, 112, 1891 ± 1893; Angew. Chem. Int. Ed.
Engl. 2000, 39, 1821 ± 1823.


[7] For phospholes containing a pentacoordinated phosphorus atom see:
a) E. Vedejs, P. L. Steck, Angew. Chem. 1999, 111, 2958 ± 2961;Angew.
Chem. Int. Ed. 1999, 38, 2788 ± 2791; b) R. Burgada, Y. Leroux, Y. O.
Khoshnieh, Tetrahedron Lett. 1981, 22, 3533 ± 3536; c) J. Caesar, D.
Griffiths, J. C. Tebby, J. Chem. Soc. Perkin Trans. 1988, 1, 175 ± 178.


[8] Two examples of isolated �5-phospholes with five-carbon substituents
at phosphorus are: a) H. J. Bestmann, H. P. Oechsner, L. Kisielowski,
C. Egerer-Sieber, F. Hampel, Angew. Chem. 1995, 107, 2186 ± 2188;
Angew. Chem. Int. Ed. Engl. 1995, 34, 2017 ± 2200; b) C. M. Mitchell,
F. G. A. Stone, J. Chem. Soc. Dalton Trans. 1972, 102 ± 107.


[9] L. D. Quin in Comprehensive Heterocyclic Chemistry II, Vol. 3 (Eds.:
A. R. Katritzky, C. W. Rees, E. F. V. Scriven), Pergamon, Oxford,
1996, p. 757, and references therein.


[10] E. Fluck, G. Heckmann in Methods in Estereochemical Analysis, Vol.
8, Phosphorus-31 Spectroscopy in Stereochemical Analysis: Organic
Compounds and Metal Complexes (Eds.: J. Verkade, L. Quin), VCH,
New York, 1987, p. 95.


[11] H. Wilkens, A. Ostrowski, J. Jeske, F. Ruthe, P. G. Jones, R. Streubel,
Organometallics 1999, 18, 5627 ± 5642, and references therein.


[12] A. Schmidpeter, W. Zeiss, Angew. Chem. 1971, 83, 397 ± 398; Angew.
Chem. Int. Ed. Engl. 1971, 10, 396.


[13] R. Burgada, Y. Leroux, Y. O. El Khoshnieh, Tetrahedron Lett. 1981,
22, 3533 ± 3536.


[14] D. G. Gilheany, Chem. Rev. 1994, 94, 1366, and references therein.
[15] a) I. Fleming, Frontier Orbitals and Organic Chemical Reactions,


Wiley-Interscience, London, 1976 ; b) K. N. Houk, J. Sims, R. E. Duke,
R. W. Strozier, J. K. George, J. Am. Chem. Soc. 1973, 95, 7287 ± 7301;
c) K. N. Houk, J. Sims, C. R. Watts, L. J. Luskus, J. Am. Chem. Soc.
1973, 95, 7301 ± 7315.


[16] a) H. G. Aurich, M. Franzke, H. P. Kesselheim, M. Rohr, Tetrahedron
1992, 48, 669 ± 682; b) M. Hada, Y. Tanaka, M. Ito, M. Murakami, H.
Amili, J. Ito, H. Nakatsuji, J. Am. Chem. Soc. 1994, 116, 8754 ± 8765.


[17] J. Barluenga, F. Lo¬ pez, F. Palacios, J. Chem. Soc. Chem. Commun.
1986, 1574 ± 1575.


[18] B. C. Challis, J. A. Challis in Comprehensive Organic Chemistry. The
Synthesis and Reactions of Organic Compounds, Vol. 2 (Eds.: D.
Barton, W. D. Ollis, I. O. Sutherland), Pergamon, Oxford, 1979,
pp. 986 ± 988.


[19] For the synthesis of �5-azaphosphinines see: a) J. Barluenga, F. Lo¬ pez,
F. Palacios, J. Organomet. Chem. 1990, 382, 61 ± 67; b) J. Barluenga, F.
Lo¬ pez, F. Palacios, J. Chem. Soc. Chem. Commun. 1985, 1681 ± 1682;
c) J. Barluenga, F. Lo¬ pez, F. Palacios, J. Chem. Soc. Perkin Trans. 1
1989, 2273 ± 2277.


[20] ™The Chemistry of Ketenes, Allenes and Related Compounds∫: M. W.
Barker, W. E. McHenry in The Chemistry of Functional Groups. Part 2
(Ed.: S. Patai), Interscience, New York, 1980, chap. 17, pp. 701 ± 720.


[21] For a review of aromaticity of phosphorus heterocycles see: L.
Nyula¬szi, Chem. Rev. 2001, 101, 1229 ± 1246.


[22] P. T. Beurskens, G. Admiraal, G. Beurskens, W. P. Bosman, S. GarcÌa-
Granda, R. O. Gould, J. M. M. Smits, C. Smykalla, The DIRDIF
program sytem, Technical Report of the Crystallographic Laboratory,
University of Nijmegen, The Netherlands, 1992 ; C. Smykalla, P. T.
Beurskens, W. P. Bosman, S. GarcÌa-Granda, J. Appl. Cryst. 1994, 27,
661 ± 665.


[23] G. M. Sheldrick, SHELXL-97, Program for the refinement of crystal
structures, University of Gˆttingen, Gˆttingen, Germany, 1997.


Received: March 25, 2002 [F3971]








Recovery of Silver Nanoparticles Synthesized in AOT/C12E4 Mixed Reverse
Micelles by Antisolvent CO2**


Jianling Zhang, Buxing Han,* Juncheng Liu, Xiaogang Zhang, Jun He, Zhimin Liu,
Tao Jiang, and Guanying Yang[a]


Abstract: Silver nanoparticles were
synthesized in sodium bis(2-ethylhexyl)-
sulfosuccinate (AOT) reverse micelles
in isooctane with tetraethylene glycol
dodecyl ether (C12E4) as a cosurfactant.
Recovery of the Ag particles from the
reverse micelles by dissolving antisol-
vent CO2 in the micellar solution was
investigated. All the Ag particles in the
reverse micelles could be precipitated by


compressed CO2 at suitable pressures,
while the surfactants remained in the
isooctane continuous phase, and well-
dispersed Ag nanoparticles were ob-
tained. The effects of operating condi-


tions on the size and size distribution of
the Ag particles were investigated. The
particle size decreased with decreasing
molar ratio (w) of water to surfactant. A
higher CO2 pressure in the recovery
process favored production of smaller
particles. A decrease in the molar ratio
of reductant KBH4 to AgNO3 resulted in
larger Ag particles with higher polydis-
persity.


Keywords: carbon dioxide ¥
micelles ¥ nanostructures ¥ silver ¥
surfactants


Introduction


Many efforts have been devoted to the preparation of
nanoparticles, a newly emerging field in solid-state chemistry,
and to studying their properties.[1] Such crystallites exhibit
many novel properties that differ from the bulk properties,
because of their small size. Their surface-enhanced Raman
spectroscopy and their application in the photographic
process have been studied widely.[2]


Reverse micelles are thermodynamically stable aggregates
of amphiphilic surfactants, resulting in a hydrophilic head
group region surrounding a nanometer-sized water core with
hydrophobic tails extending into an apolar continuous
phase.[3] Addition of a cosurfactant can be used to further
stabilize, modify, and control the reverse micellar structure.[4]


The capacity of the micelle cores to host a variety of polar and
ionic species in the continuous phase has attracted consid-
erable attention. Extensive basic and applied research has
been conducted into reverse micelles in organic solvents
because of their inherently interesting chemistry as well as
their diverse applications, for example, in chemical engineer-


ing,[5] micellar catalysis,[6] and biotechnology.[7] In particular,
the use of micellar water droplets as a novel environment for
nanoparticle synthesis has potential advantages over the
traditional nanoparticle synthesis method.[8] Recently, elegant
studies have shown that some of the surfactants can also form
reverse micelles in supercritical (SC) CO2, ethane, and
propane,[9] and cosurfactants such as n-pentanol have been
used to stabilize the reverse micelles.[10] Reverse micelles in
supercritical fluids (SCFs) have also been used advantageous-
ly as nanometer-sized reactors to prepare nanoparticles
because the properties of SCFs such as density, solvency,
diffusivity, and viscosity can be manipulated by small varia-
tions in pressure and temperature.[11]


Sodium bis(2-ethylhexyl)sulfosuccinate (AOT) is a popular
surfactant in reverse micelle applications because of its ability
to solubilize relatively large amounts of water in a variety of
hydrophobic organic solvents and to form thermodynamically
stable reverse micelles and microemulsions.[12] The size of the
micelle cores is characterized by the molar ratio w of water to
surfactant ([H2O]/[AOT]). Some alcohols of appropriate
chain length can serve as stabilizers to increase the uptake
of water and solutes in the microemulsions.[13] The synthesis of
organic and inorganic nanoparticles within the water cores of
AOT reverse micelles in liquid organic solvents has been
investigated.[14] As the reaction is confined to the water cores,
the diameter of the particles produced can be controlled by
the size of these cores. The mode of recovery of the product
nanoparticles from the reverse micelles has a key effect on the
particle size and dispersion. The traditional recovery method
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is by flocculation,[15] evaporation to dryness,[16] or addition of
certain chemical reagents[17] which cause phase separation and
simultaneous precipitation of the surfactant. The subsequent
processing is troublesome because the products contain a
large amount of surfactant.
Compressed CO2 is quite soluble in various organic solvents


and causes them to expand greatly. Many solutes are soluble
in organic solvents but not in CO2. Thus the CO2 in organic
solvents can act as a gas antisolvent (GAS). Many GAS
processes, such as extraction and fractionation,[18] recrystalli-
zation of chemicals,[19] and micronization,[20] have been ex-
plored. We recently used compressed CO2 to recover ZnS
nanoparticles synthesized in AOT reverse micelles in iso-
octane.[21] In a GAS process the liquid solvent properties can
be tuned by pressure adjustment, because the solubility of the
gas in the solvent is a function of pressure, and the separation
of GAS and liquid solvent can be achieved easily by
depressurization.
In the present work, we explored the recovery of Ag


nanoparticles synthesized in AOT/C12E4 mixed reverse mi-
celles using CO2 as antisolvent. By control of the pressure, the
Ag particles in the reverse micelles could be precipitated and
recovered, while the surfactants remained in the solvent
continuous phase. The effects of the operating conditions on
the nanoparticles obtained by this method were also inves-
tigated.


Experimental Section


Materials : CO2 (�99.995% purity) was provided by Beijing Analysis
Instrument Factory. The surfactants AOT and C12E4 were purchased from
Sigma (purity 99%). The isooctane, KBH4, AgNO3, and ethanol supplied
by Beijing Chemical Plant were all A.R. grade. Double-distilled water was
used.


Phase behavior of reverse micellar solution : The apparatus for determining
the expansion curves and the phase behavior of the reverse micellar
solutions was the same as that used previously to study polymer
solutions.[22] It consisted mainly of a viewing cell (34.0 mL), a high-pressure
pump, a constant-temperature water bath, and a pressure gauge. The high-
pressure pump (Model DB-80) was used to charge the system with CO2.
The accuracy of the pressure gauge, which comprised a transducer
(Foxboro/ICT) and an indicator, was �0.025 MPa in the pressure range
0 ± 20MPa. The temperature of the water bath was controlled by a
Haake D8 digital controller; the accuracy of the temperature measurement
was �0.1 �C.
The reverse micellar solutions were prepared by dissolving the desired
amounts of AOT, C12E4, and water in isooctane. In a typical experiment,
the viewing cell was charged with a suitable amount of reverse micellar
solution, then with CO2 to a suitable pressure after the thermal equilibrium
had been reached. A magnetic stirrer was used to enhance the mixing of
CO2 and the reverse micellar solution. The volume of the liquid phase did
not change with time after equilibrium was reached. The pressure and


volume at equilibrium were recorded. More CO2 was added and the
volume of the liquid phase was determined at this higher pressure. The
volume expansion coefficients were calculated on the basis of the liquid
volumes before and after dissolution of CO2. Some surfactant could be
precipitated when the pressure of CO2 equaled or exceeded the cloud point
pressure, which was determined also.


Synthesis of Ag nanoparticles in the reverse micelles : The procedures were
similar to those reported by other authors.[23] The solution of AOT in
isooctane was prepared, and an appropriate amount of cosurfactant C12E4
was added to the solution ([AOT]:[C12E4]� 1). Reverse micellar solutions
were prepared by adding an aqueous solution of either AgNO3 or KBH4 to
the surfactant solution. Then the two micellar solutions, containing
respectively AgNO3 and KBH4, were mixed, Ag nanoparticles were
formed in the reverse micelles, as the water pools could then exchange their
contents by a collision process.[24] The reduction of Ag� by BH4


� in reverse
micelles has been described in detail.[23]


UV spectral study of the precipitation of Ag : The precipitation of Ag
particles from the reverse micelles at different CO2 pressures was
monitored with a Model TU-1201 spectrophotometer. The temperature-
controlled high-pressure sample cell and experimental procedures were the
same as those used to study the UV spectra of protein in AOT reverse
micelles.[25] The cell, consisting mainly of a stainless steel body and two
quartz windows, was thermostated to within �0.1 �C of the desired
temperature by an electric heater and temperature controlling system.
The sample cell had an optical path length of 1.32 cm and a volume of
1.74 cm3. A magnetic stirrer in the sample cell provided rapid mixing of the
CO2 and reverse micellar solutions. In the experiment, the appropriate
amount of micellar solution with synthesized Ag particles was loaded into
the sample cell by syringe. The temperature was controlled at 295.2 K. The
sample cell was then charged with CO2 by high-pressure pump until it was
full. The UV spectrum of the solution was recorded every 10 min until it no
longer changed, which was an indication that equilibrium had been
reached. The spectra at equilibrium were used to calculate the percentage
of Ag particles precipitated under the different conditions. In each
experiment, the loaded solution contained AOT (0.0193 g) and C12E4
(0.0157 g).


Recovery of nanoparticles from reverse micelles : The known amounts of
micellar solution with the synthesized Ag nanoparticles were loaded into
the cylinder-shaped autoclave (32.60 mL), which was charged with CO2 by
high-pressure pump to the desired pressure. The solution was stirred
(120 r.p.m.) for 0.5 h. When the stirring was stopped the precipitated Ag
particles were deposited at the bottom of the autoclave. The solution and
CO2 were released slowly. Under these experimental conditions most of the
surfactants remained in the removed solution; they were not precipitated
because the pressure was below the cloud point pressure. The precipitated
Ag particles were collected and washed with water to remove the by-
products and the small amount of surfactants left in the solution absorbed
on the product. The products were dried under vacuum at 303.2 K for 4 h.


Characterization of particles : The size and shape of the Ag particles
obtained were determined by transmission electron microscopy (TEM)
with a Hitachi H-600A electron microscope. The maximum resolution of
the microscope was 0.5 nm. Particles were sonicated for 5 min in ethanol
and then deposited directly on the copper grid.


Results and Discussion


Ag nanoparticles can be synthesized by reduction of Ag� and
BH4


� in reverse micelles.[23] However, the usual reactants such
as AgNO3 are poorly solubilized in the AOT reverse
micelles.[26] Our experiments also showed that reverse mi-
celles of AOT in isooctane could not solubilize the desired
amounts of reactants for Ag particle synthesis. One way to
solve this problem is to use functionalized surfactant
Ag(AOT),[26, 27] and another is to add a suitable cosurfactant
to the micellar solution.[28] Our experiments indicated that
tetraethylene glycol dodecyl ether (C12E4) is a very effective
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cosurfactant to enhance the solubilization of the reactants
(AgNO3 and KBH4) in AOT reverse micelles. We have
therefore used AOT/C12E4 mixed reverse micelles in isooc-
tane to synthesize Ag nanoparticles.


Volume expansion and cloud point pressure of the solution :
The solution expands after dissolution of CO2 in it. We
determined the volume expansion coefficient �V [%],
defined in Equation (1) where V is the volume of the solution


�V� 100 V � V0


V0


� �
(1)


saturated with CO2 and V0 the volume of the CO2-free
solution, of the reverse micellar solutions at 295.2 K at
different pressures for 5�w� 15, [AOT]� 25 mmolL�1,
[AOT]/[C12E4]� 1. �V is a very important parameter for the
UV experiments and the Ag particle recovery process.
The effect of w on �V was negligible. For example, Figure 1


shows the �V of the solution with w� 10 at 295.2 K and
different pressures. The solution became cloudy at the cloud


Figure 1. Dependence of volume expansion coefficient of the reverse
micellar solution (w� 10) on CO2 pressure at 295.2 K.


point pressure, when the surfactant began to precipitate. The
cloud point pressure of the AOT/C12E4/water/isooctane mi-
cellar solutions was determined (4.80� 0.03 MPa). All the
experiments were conducted below the cloud point pressure
for the Ag nanoparticle recovery, so precipitation of the
surfactant did not occur.


UV study of precipitation of Ag nanoparticles from the
reverse micelles by CO2 : Colloidal dispersions of Ag exhibit
absorption bands in the UV/Vis range due to the resonant
excitation of surface plasmons. Thereby Ag nanoparticles
stabilized in the reverse micelles can be analyzed in situ by
their UV/Vis spectra.[11a, 11b, 26, 29] The characteristic absorption
spectrum for Ag nanoparticles has a peak at about 400 nm.
The nanoparticles formed in the reverse micelles are not
precipitated in the absence of CO2. However, our UV study
has shown that the Ag particles can be precipitated by
dissolution of antisolvent CO2 in the micellar solution.
Figure 2 illustrates the UV spectra of the reverse micellar
solution (w� 15) containing synthesized Ag particles at some
typical pressures. For all the experiments, the concentration of
Ag synthesized in the reverse micellar solutions after
expansion should be 0.022 mgmL�1 if the Ag is not precipi-
tated. The absorption band at about 407 nm in Figure 2 is
attributed to the absorption of Ag in the reverse micelles, and
that at 225 nm is assigned to the surfactant AOT.[25] The


Figure 2. UV spectra of Ag in the reverse micelles (w� 15) at 295.2 K and
various pressures.


intensity of the absorption at 407 nm decreases with increased
pressure, while that for AOT remains unchanged over a
certain pressure range. This indicates that the Ag particles can
be precipitated from the reverse micelles, and the surfactant
remains in the organic continuous phase. Some AOT is
precipitated when the pressure exceeds the cloud point
pressure (4.80 MPa), since AOT precipitation begins at cloud
point pressure.
The position and the number of peaks in the absorption


spectra also indicate the shape of the particles. For spherical
Ag particles there is only one band, centered at about 400 nm,
and there are two peaks for ellipsoidal particles.[29] UV spectra
suggest that there are only spherical Ag particles in the
reverse micelles.
Our experiments showed that at a fixedw the absorbance of


Ag nanoparticles is a linear function of the Ag concentration
when [Ag]� 0.030 mgmL�1. Thus the percentage precipita-
tion of Ag (PAg%� 100�mass of the precipitated Ag/total
mass of Ag) can be calculated from the absorbance and
the working curve. Figure 3 shows the dependence of


Figure 3. Percentage precipitation of Ag (PAg%; average values) from
reverse micelles at 295.2 K and various pressures. For each case, the
experiment was repeated three times and the reproducibility was better
than �4%.


PAg% on CO2 pressure at w� 5, 10 and 15; more Ag particles
are precipitated at the higher pressures, and it is more difficult
to precipitate the Ag particles at the lower w values. This can
be explained by the stronger interaction of particles with the
matrices at lower w values (smaller micellar core radii). At
4.53 MPa, which is still below the cloud point pressure of the
micellar solution(4.80 MPa, determined as discussed above),
PAg% can reach 100%, while the absorbance of AOTremains
unchanged. Thus at suitable pressures, Ag particles in the
reverse micelles can be precipitated completely, leaving the
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surfactants in organic continuous phase. At 5.01 MPa (which
is above the cloud point pressure) the absorption band of
AOT is much smaller because some of the surfactant has been
precipitated above the cloud point pressure, in agreement
with the phase behavior study.


Effects of operating conditions on the particle size : To study
the effects of operating conditions on the particle size and size
distribution by this method, we changed the following
experimental conditions for the synthesis and recovery of
Ag particles: w of the reverse micelles; molar ratio [KBH4]/
[AgNO3]; and CO2 pressure in the antisolvent process.
The particle size and distribution data were obtained by


measuring the diameter of the particles in the TEM images of
Ag recovered from the reverse micelles under the different
conditions (Figure 4).
From the TEM images the estimated particle size was in the


range 2 ± 5 nm at w� 5 (Figure 4a), and 3 ± 8 nm at w� 15
(Figure 4b), so the particles are larger at the greater w. The
main reason is that the water cores in the reverse micelles are
smaller at lower w values, which restricts the particle growth
in the reverse micelles.
The effect on the particle size of the molar ratio [KBH4]/


[AgNO3] in the reverse micelles was studied by controlling the
concentrations of AgNO3 and KBH4 in the reverse micellar
solutions at w� 15. The particle size increased with decreas-
ing [KBH4]/[AgNO3] (Figures 4b ± 4d). The particle size
increased from 3 ± 8 nm to 6 ± 20 nm upon decreasing
[KBH4]/[AgNO3] from 1 to 0.2, and the degree of polydisper-
sity increased with the decrease in [KBH4]/[AgNO3]. This is
attributed to the acceleration of the nucleation rate that
occurs when the amount of reducing agent per droplet
increases,[28] so that smaller particles are formed in the reverse
micelles at higher [KBH4]/[AgNO3] values.


As the CO2 pressure in the recovery process increases from
2.57 to 4.50 MPa, Ag particles decrease in size from 6 ± 12 to
3 ± 8 nm (Figures 4 f, 4e, 4b). The effect of pressure on the
particle size is very complicated. For example, the dissolved
CO2 influences the diffusivity and the viscosity of the solution.
Some of the CO2 may dissolve in the water cores of the
reverse micelles and change their pH, which affects the
interaction between the Ag particles and the other compo-
nents. All of these effects may influence the particle size and
the size distribution. It is very difficult to give a more detailed
explanation.


Conclusion


The Ag nanoparticles synthesized in the mixed reverse
micelles of AOT/C12E4 in isooctane can be recovered by
using compressed CO2, and well-dispersed Ag nanoparticles
can be obtained. In this method, the Ag particles can be
precipitated from the reverse micellar solution by controlling
the pressure, while the surfactant remains in the solvent
continuous phase. The Ag particle size can be tailored by
controlling the operating conditions, such as the CO2 pressure,
the water/surfactant molar ratio, and the reductant/AgNO3


molar ratio.
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An In-Depth Correlation of the Perturbation of the Organic ± Inorganic
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an Extended Series of 21 Metallic Pseudopolymorphs,
���-(BEDT-TTF)4 ¥ (guest)n ¥ [Re6Q6Cl8], (Q�S, Se)
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Abstract: An in-depth analysis of a set
of 21 layered structures of metallic
pseudopolymorphs of general for-
mulation, ���-(BEDT-TTF)4 ¥ (guest)n ¥
[Re6Q6Cl8], (BEDT-TTF�bis-ethylene-
dithiotetrathiafulvalene; Q � S, Se;
guest � H2O, 1,4-dioxane, THF, CCl4,
C2H5OH, CHCl3, CH2ClI, CH2ClBr,
CH2Cl2, CH2OH-CH2OH, C5H5N,
CH3COCH3, 2-hydroxy-tetrahydro-
furan, CH3CN, CS2, C6H6), with diverse
low-temperature behaviors, which differ
solely by the nature of the cosolvent
molecule selectively included during the
electrocrystallization process, reveals a
precise set of weak HO-H ¥ ¥ ¥Cl-�-Re,
(C-H)BEDT-TTF ¥ ¥ ¥Cl-�-Re, C-H ¥ ¥ ¥Oguest ,
(C-H)guest ¥ ¥ ¥Cl-�-Re hydrogen bonds at
the organic ± inorganic interface, none of


which dominates any of the others and
whose balance is adjusted upon substi-
tution of one guest molecule by another.
The electronic structure of the host
adjusts to the weak perturbation im-
posed by exchanging the guest mole-
cules and by balancing the former inter-
facial interactions; this correlates to a
net activation of up to 0.1 eV of the
energy of the HOMO level of one of the
two donors, while keeping the pattern of
HOMO ± HOMO intermolecular inter-
actions in the donor layer essentially


unaltered. It is suggested that this con-
trols the stability of the metallic state at
low temperature or the occurrence of a
metal-to-insulator phase transition for
particular guests along the series. It is
concluded that by allowing for numer-
ous tiny modifications at the organic ±
inorganic interface within a single, ro-
bust host structure, one sees a concerted,
inherently weak structural response of
the system that is proportional to the
magnitude of the underlying, equally
weak activation of the HOMO energy of
a fraction of the �-donor molecules
within the slabs; this has a sizeable
influence on the macroscopic transport
properties of the system.


Keywords: cluster compounds ¥
hydrogen bonds ¥ metallic materials
¥ organic ± inorganic interface ¥
radical ions


Introduction


We report here on accurate crystal structures of the title
pseudopolymorphs, a large series of ternary radical cation


hybrid salts. They were constructed in order to learn how to
decipher the organic ± inorganic interface topology and its
subtle adjustment to weak perturbations by different neutral
guest molecules and to understand how these relate to the
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electronic structure, phase diagram, and electronic instabil-
ities within prototypical molecular solids that exhibit metallic
conductivity at room temperature.


There are a number of relevant current examples in which
incorporated water or organic molecules have been shown to
affect the macroscopic transport properties of the materials.
Thus, the replacement of tetrahydrofuran molecules by
dihydrofuran molecules in (BEDT-ATD)2PF6 ¥THF (BEDT-
ATD� bis-ethylenedithiodihydroanthrathiadiazole) induces
a metal ± insulator transition at 150 K; this has been corre-
lated to the occurrence of different models of disorder on the
neutral molecule sites.[1] In the series, (BEDT-TTF)2M(CF3)4 ¥
(CH2X-CHYZ), (M�Cu, Ag, Au and X/Y/Z�Cl, Br),
incorporation of similar neutral molecules, albeit with differ-
ent halogen substitution patterns, results in different critical
temperatures for superconductivity. In addition to the effect
of disorder inherent in the versatile patterns of halogen
substitutions, the different neutral molecules also have differ-
ent steric demands on the organic ± inorganic interface
that might affect the respective transfer-integral distribu-
tion within the conducting slab.[2] The two phases, ���-(BEDT-
TTF)4[(H3O)Fe(C2O4)3] ¥ solvent (benzonitrile or pyridine)
have contrasting properties. The benzonitrile solvate is a
superconductor (TC� 8.6 K) whereas a metal ± insulator tran-
sition, associated with an imperfect ordering of the terminal
ethylenedithio groups, occurs at 116 K in the pyridine com-
pound. Note that no disorder is observed at low temperature
for the benzonitrile phase.[3] This suggests that the difference
of ordering of the BEDT-TTF end-groups is driven by the
included molecules and causes the difference of physical
properties.


These selected contributions have, to some extent, ad-
dressed the key interfacial chemistry issues raised here,
with an emphasis on the steric demand of the neutral
guests, disorder effects on the neutral molecule site, or the
relevance of the interactions between the disordered ethyl-
enedithio end groups and the mixed anion ± solvent sublattice
topology to the occurrence of metal-to-insulator phase
transitions.


The opportunity is offered herein to focus on an homoge-
neous series of pseudopolymorphs that will be analyzed with
the objective of tackling the difficult task of evaluating and
understanding how the neutral guest molecules affect the very
nature of the organic ± inorganic interface. By giving an in-
depth picture of how the crystal and electronic structures of
prototypical phases of these series are related, we will be able
to construct a coherent and comprehensive interfacial struc-
ture ± activity ± collective-transport-properties relationship.


Results and Discussion


Synthesis : All compounds were grown by electrocrystalliza-
tion[4] and formed high-quality single crystals. The electro-
crystallization experiments were conducted in acetonitrile
containing 20% (by volume) of the guest molecule, with the
exception of the water phases which were grown from a DMF/
CH2Cl2 (1:1) solution containing only trace amounts of water.
Guest molecules compete favorably with acetonitrile for


inclusion into the crystal lattice, and it is likely that the
methodology can be extended to the incorporation of many
other neutral molecular guests. Note, however, that molecules
such as methanol, dimethylformamide, (�)-alanine, and
toluene resisted incorporation; this resulted in the synthesis
of either ���-(BEDT-TTF)4 ¥ (CH3CN) ¥ [Re6S6Cl8] (no crystal
at all) or the fully oxidized monoclinic and triclinic poly-
morphs,[5] (BEDT-TTF)2[Re6S6Cl8]. Altogether, 21 com-
pounds were prepared and formulated by resolution of their
crystal structures (Tables 1 ± 5) as:


1: ���-(BEDT-TTF)4 ¥ (H2O)2 ¥ [Re6S6Cl8]
2 : ���-(BEDT-TTF)4 ¥ (H2O)2 ¥ [Re6Se6Cl8]
3 : ���-(BEDT-TTF)4 ¥ (1,4-dioxane) ¥ ([Re6S6Cl8]
4 : ���-(BEDT-TTF)4 ¥ (1,4-dioxane) ¥ [Re6Se6Cl8]
5 : ���-(BEDT-TTF)4 ¥ (1,4-dioxane) ¥ [Re6S5OCl8]
6 : ���-(BEDT-TTF)4 ¥ (THF) ¥ [Re6S6Cl8]
7: ���-(BEDT-TTF)4 ¥ (THF) ¥ [Re6Se6Cl8]
8 : ���-(BEDT-TTF)4 ¥ (C2H5OH) ¥ [Re6S6Cl8]
9 : ���-(BEDT-TTF)4 ¥ (CCl4) ¥ ([Re6S6Cl8]


10 : ���-(BEDT-TTF)4 ¥ (CHCl3) ¥ [Re6S6Cl8]
11: ���-(BEDT-TTF)4 ¥ (CH2ClI) ¥ ([Re6S6Cl8]
12 : ���-(BEDT-TTF)4 ¥ (CH2ClBr) ¥ [Re6S6Cl8]
13 : ���-(BEDT-TTF)4 ¥ (CH2Cl2) ¥ [Re6S6Cl8]
14 : ���-(BEDT-TTF)4 ¥ (CH2OH-CH2OH) ¥ [Re6S6Cl8]
15 : ���-(BEDT-TTF)4 ¥ (C5H5N) ¥ [Re6S6Cl8]
16 : ���-(BEDT-TTF)4 ¥ (CH3COCH3) ¥ [Re6S6Cl8]
17: ���-(BEDT-TTF)4 ¥ (2-hydroxy-tetrahydrofuran) ¥


[Re6S6Cl8]
18 : ���-(BEDT-TTF)4 ¥ (CH3CN) ¥ ([Re6S6Cl8]
19 : ���-(BEDT-TTF)4 ¥ (CS2)2 ¥ [Re6S6Cl8]
20 : ���-(BEDT-TTF)4 ¥ (CS2)2 ¥ [Re6Se6Cl8]
21: ���-(BEDT-TTF)4 ¥ (C6H6) ¥ [Re6S6Cl8]y


Compounds 2, 4, and 7 have already been reported in the
hexarhenium selenium chloride cluster series[6] with the
formulations, (BEDT-TTF)4[Re6Se5Cl9](DMF), (BEDT-
TTF)4[Re6Se5Cl9](dioxane), and (BEDT-TTF)4[Re6Se5Cl9]-
(THF), respectively. The identity and charge of the anion
were at that time mistaken for [Re6Se5Cl9]� instead of
[Re6Se6Cl8]2�. Since then, it has been recognized that the
former cluster monoanion transforms into the one-chalcogen-
enriched dianion even at the moderate temperatures at which
the electrocrystallization experiments were conducted.[7, 8]


Besides, in this early work, the presence of water was
overlooked in favor of a dimethylformamide molecule, the
electrocrystallization solvent.[9] We now report that 1 and 2
are systematically obtained when electrocrystallization ex-
periments are carried out in dimethylformamide containing
only minute amounts of water.


Architecture and polymorphism : All phases adopt the same
layered hybrid architecture in which single slabs of BEDT-
TTF and inorganic cluster dianions alternate along the b axis
direction (Figure 1). The BEDT-TTF slabs have ��� top-
ology[10] (see Figure 8a below) with short molecular-axis-
slipped dimers interacting with each other in the bond-over-
ring mode. The cluster dianions are somewhat loosely
arranged within the inorganic slab so as to leave enough
room to incorporate one or, in the case of 1, 2, 19, and 20, two
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neutral molecules within the hybrid host structure centrosym-
metric cavity, which is delineated by four cluster anions and
six BEDT-TTF molecules, as shown in Figure 1, as well as in a
set of detailed representations in Figure 2.


It is important to discriminate within the series of 21
compounds between those (Tables 1 ± 5) with the longest b
axes, that is, in the range 19.930(2) to 20.311(2) ä, and those
with the smallest b axes–in the range 17.926(2) to


Table 1. Crystallographic data for 1 ± 3 and 5.


1 2 3 5


Formula C40H36Cl8Re6S38O2 C40H36Cl8Re6S32Se6O2 C44H40Cl8Re6S38O2 C44H40Cl8Re6S37O3


Mr 3167.77 3445.14 3219.6 3203.5
Crystal size [mm] 0.25� 0.20� 0.02 0.31� 0.23� 0.02 0.26� 0.25� 0.03 0.24� 0.21� 0.02
Crystal system triclinic triclinic triclinic triclinic
Space group P1≈ (No. 2) P1≈ (No. 2) P1≈ (No. 2) P1≈ (No. 2)
a [ä] 9.0980(5) 9.082(2) 9.0908(14) 9.0506(13)
b [ä] 20.0584(13) 20.231(4) 20.027(2) 20.0358(28)
c [ä] 11.5664(7) 11.580(2) 11.6982(19) 11.7025(17)
� [�] 84.380(7) 84.33(3) 84.85(2) 84.607(17)
� [�] 101.405(6) 101.61(3) 101.32(3) 101.047(17)
� [�] 79.318(7) 79.27(3) 78.495(16) 78.691(17)
V [ä3] 2013.3(2) 2027.1(7) 2027.9(5) 2023.2(5)
Z 1 1 1 1
� [g cm�3] 2.613 2.822 2.637 2.630
� [mm�1] 10.271 12.74 10.199 10.199
F(000) 1486 1590 1514 1506
T [K] 293 293 293 293
2�max [�] 55.76 47.84 55.96 55.94
Index range � 11� h� h11 � 10� h�h10 � 12� h�h11 � 11� h� h11


� 25� hk� h25 � 22� hk�h22 � 26� hk� h26 � 26� hk�h26
0� hl� h15 0�hl� h13 0� hl� h15 0�hl� h15


Reflections measured 8836 16709 10228 24579
Observed reflections [I� 2�(I)] 6082 3785 7155 6370
Rint 0.0523 0.0996 0.0417 0.0652
Parameters/restraints 422/0 429/0 443/0 443/0
R [I� 2�(I)] 0.0280 0.0319 0.0342 0.0319
WR2 (all data) 0.0634 0.0665 0.0935 0.0624
�� (max/min) [eä�3] � 0.961/1.803 � 1.484/1.452 � 2.391/2.191 � 1.567/1.597


Table 2. Crystallographic data for 6 and 8 ± 10.


6 8 9 10


Formula C44H40Cl8Re6S38O C42H38Cl8Re6S38O C41H32Cl12Re6S38 C41H33Cl11Re6S38


Mr 3203.84 3177.8 3285.5 3251.1
Crystal size [mm] 0.18� 0.14� 0.05 0.70� 0.33� 0.02 0.50� 0.35� 0.04 0.30� 0.16� 0.08
Crystal system triclinic triclinic triclinic triclinic
Space group P1≈ (No. 2) P1≈ (No. 2) P1≈ (No. 2) P1≈ (No. 2)
a [ä] 9.0992(9) 9.0665(9) 9.1637(8) 9.1099(7)
b [ä] 20.0692(16) 20.070(4) 20.1127(19) 20.1141(18)
c [ä] 11.6444(12) 11.5471(12) 11.6256(11) 11.5609(9)
� [�] 84.693(11) 83.883(13) 85.030(11) 84.332(10)
� [�] 101.707(11) 101.175(12) 100.894(11) 101.066(9)
� [�] 79.078(10) 79.670(13) 78.540(11) 78.978(10)
V [ä3] 2025.4(3) 2006.1(4) 2044.9(3) 2020.4(3)
Z 1 1 1 1
� [g cm�3] 2.627 2.630 2.668 2.672
� [mm�1] 10.21 10.31 10.24 10.33
F(000) 1506 1492 1540 1524
T [K] 293 293 293 293
2�max [�] 55.84 51.68 51.80 51.94
Index range � 11� h� h11 � 10� h�h10 � 10�h� h10 � 10�h� h10


� 24� hk� h24 � 24� hk�h24 � 24�hk� h24 � 24�hk� h24
0� hl� h15 0�hl� h14 0� hl�h14 0� hl�h14


Reflections measured 8959 7114 7282 7385
Observed reflections [I� 2�(I)] 5830 5928 6233 5806
Rint 0.0681 0.0875 0.0341 0.0408
Parameters/restraints 446/0 417/3 460/0 443/0
R [I� 2�(I)] 0.0441 0.0317 0.0274 0.0264
wR2 (all data) 0.1022 0.0827 0.0724 0.0617
�� (max/min) [eä�3] � 3.144/2.424 � 2.099/1.666 � 1.532/0.883 � 1.574/1.238
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19.236(3) ä. As shown in Figure 3, larger b axes are associ-
ated with a smaller, quarter of a molecule shift between
(BEDT-TTF)2 dimers within the slab, while a short b axis
corresponds to a half interdimer molecular shift.


Compounds 1 ± 17 belong to the long b-axis series and are
defined as a first set of pseudoisomorphs.[11] Likewise,
compounds 18 ± 21 define a second set of pseudoisomorphs.
Thus, pseudoisomorphism qualifies multicomponent (binary,


Table 3. Crystallographic data for 11 ± 14.


11 12 13 14


Formula C41H34Cl9IRe6S38 C41H34BrCl9Re6S38 C41H34Cl10Re6S38 C42H38Cl8O2Re6S38


Mr 3308.1 3261.12 3216.66 3193.8
Crystal size [mm] 0.35� 0.22� 0.04 0.64� 0.26� 0.02 0.30� 0.20� 0.02 0.30� 0.12� 0.04
Crystal system triclinic triclinic triclinic triclinic
Space group P1≈ (No. 2) P1≈ (No. 2) P1≈ (No. 2) P1≈ (No. 2)
a [ä] 9.1038(8) 9.0908(11) 9.0912(8) 9.0249(9)
b [ä] 20.027(2) 20.064(3) 20.0661(17) 20.014(2)
c [ä] 11.6206(10) 11.5752(16) 11.5683(10) 11.4942(12)
� [�] 84.633(11) 84.426(17) 84.299(10) 83.911(13)
� [�] 101.614(10) 101.450(15) 101.429(10) 100.960(12)
� [�] 79.039(11) 79.326(16) 79.406(10) 79.637(13)
V [ä3] 2018.2(3) 2013.7(5) 2013.0(3) 1983.8(4)
Z 1 1 1 1
� [g cm�3] 2.722 2.689 2.654 2.673
� [mm�1] 10.66 10.797 10.337 10.425
F(000) 1544 1526 1508 1500
T [K] 293 293 293 293
2�max [�] 51.84 51.74 51.94 56.10
Index range � 10�h� 10 � 10�h� 10 � 11�h� 10 � 11� h� 11


� 24�k� 24 � 24�k� 24 � 24�k� 24 � 26� k� 26
0� l� 14 0� l� 14 0� l� 14 0� l� 15


Reflections measured 7321 7116 7341 8861
Observed reflections [I� 2�(I)] 5896 5190 5893 4826
Rint 0.0379 0.0125 0.0436 0.1114
Parameters/restraints 428/0 443/3 442/3 427/3
R [I� 2�(I)] 0.0276 0.0497 0.0232 0.0463
wR2 (all data) 0.0609 0.1421 0.0525 0.1092
�� (max/min) [eä�3] � 2.059/3.847 � 3.461/2.075 � 1.157/1.065 � 2.111/3.622


Table 4. Crystallographic data for 15 ± 18.


15 16 17 18


Formula C45H37Cl8NRe6S38 C43H38Cl8ORe6S38 C44H39Cl8O2Re6S38 C42H35Cl8NRe6S38


Mr 3210.84 3189.81 3231.83 3172.79
Crystal size [mm] 0.20� 0.10� 0.03 0.20� 0.10� 0.03 0.50� 0.30� 0.03 0.30� 0.25� 0.02
Crystal system triclinic triclinic triclinic triclinic
Space group P1≈ (No. 2) P1≈ (No. 2) P1≈ (No. 2) P1≈ (No. 2)
a [ä] 9.1193(9) 9.0965(7) 8.9528(10) 10.1817(9)
b [ä] 19.930(2) 20.1066(15) 20.016(3) 17.9265(18)
c [ä] 11.6638(11) 11.5884(9) 11.5307(13) 12.0806(11)
� [�] 84.862(12) 84.328(9) 84.926(14) 79.216(11)
� [�] 102.160(12) 101.415(10) 101.044(13) 109.749(10)
� [�] 78.883(12) 79.183(9) 78.584(14) 86.100(11)
V [ä3] 2014.6(3) 2020.2(3) 1970.6(4) 2018.0(3)
Z 1 1 1 1
� [g cm�3] 2.647 2.622 2.712 2.611
� [mm�1] 10.265 10.236 10.496 10.246
F(000) 1508 1498 1513 1488
T [K] 293 293 293 293
2�max [�] 56.16 52.04 51.86 51.90
Index range � 12� h� 11 � 11� h� 10 � 10� h� 10 � 12� h� 11


� 25� k� 26 � 24� k� 24 � 24� k� 24 � 21� k� 22
0� l� 14 0� l� 14 0� l� 14 0� l� 14


Reflections measured 9007 7281 7137 7210
Observed reflections [I� 2�(I)] 5331 5392 4877 5445
Rint 0.0770 0.0423 0.0579 0.0373
Parameters/restraints 443/0 445/24 443/4 451/9
R [I� 2�(I)] 0.0341 0.0367 0.0298 0.0235
wR2 (all data) 0.0706 0.0836 0.0654 0.0423
�� (max/min) [eä�3] � 1.360/1.735 � 1.732/1.925 � 1.760/2.047 � 0.534/0.609
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Figure 1. The common, layered hybrid architecture for all pseudopoly-
morphs, illustrated here for ���-(BEDT-TTF)4 ¥ (1,4-dioxane) ¥ [Re6S6Cl8], 3.


ternary) molecular solids whose host structures are strictly
identical and that differ only by the nature of the incorporated
guest. Then, 1 ± 17 and 18 ± 21 are in turn defined as
pseudopolymorphs since the topology of their ��� slabs are
different. Therefore, we will refer to the two sets of
pseudopolymorphs by qualifying the corresponding phases
by their inter-dimer ���(1³4) and ���(1³2) topologies, as in
Figure 3.


Interfacial chemistry


Steric demand of the guest on the cavity size : The steric
demands of the incorporated molecules and the subsequent
flexibility of their receptor host cavities are expressed through
an increase in the unit cell volumes and the volumes estimated
for the individual guest molecules (Figure 4). The latter are
calculated as being 75% of the molar volume in the liquid
state.[12] The ability of the neutral guest site surroundings to be
molded by the cavity-forming process can be associated with
the flexibility of the terminal ethylenedithio groups of the
BEDT-TTF molecules[13] and the inherent, somewhat loose
packing of the inorganic cluster anions within the slab; this
has been exemplified recently for �-(BDT-TTP)6[Re6S6Cl8] ¥
(CHCl2-CH2Cl)2.[14]


Moreover, the significant dispersity of the distribution of
the data points in Figure 4 and the indication that the unit-cell
volumes increase only half as much as the estimated volumes
of the guests suggest that each molecular guest is defined by
its own particular set of intermolecular weak interactions, and
that the later are mostly attractive in nature. Now, if one
focuses in Figure 4 on the four compounds 10 ± 13, a consistent
set of chemically similar guests, the four data points for
CHCl3, CH2ClI, CH2ClBr, and CH2Cl2, are found neatly
aligned on the 1³2 slope; this exemplifies the key influence of
chemical nature of the guest.


How the guest incarceration perturbs the interfacial hydrogen
bond network: A salient common feature of all 17 pseudoi-
somorphs ���(1³4) is the persistent, robust network of C-H ¥ ¥ ¥Cl-
�-Re hydrogen bonds (Figure 2) which associates the ethyl-
enedithio ends of the BEDT-TTF molecules with the apical,


Table 5. Crystallographic data for 19 ± 21.


19 20 21


Formula C42H32Cl8Re6S42 C42H32Cl8Re6S36Se6 C46H38Cl8Re6S38


Mr 3284.0 3565.4 3209.84
Crystal size [mm] 0.40� 0.30� 0.08 0.40� 0.25� 0.05 0.46� 0.40� 0.08
Crystal system triclinic triclinic triclinic
Space group P1≈ (No. 2) P1≈ (No. 2) P1≈ (No. 2)
a [ä] 10.331(1) 10.229(1) 10.0555(9)
b [ä] 19.236(3) 18.009(2) 18.0691(16)
c [ä] 11.477(1) 12.357(1) 12.4746(12)
� [�] 73.15(1) 79.38(1) 88.402(11)
� [�] 74.60(1) 110.20(1) 109.540(10)
� [�] 76.58(2) 85.95(1) 75.184(11)
V [ä3] 2074.5(7) 2077.4(6) 2048.9(3)
Z 1 1 1
� [g cm�3] 2.629 2.850 2.601
� [mm�1] 10.069 12.532 10.093
F(000) 1542 1650 1508
T [K] 293 293 293
2�max [�] 55.78 51.82 51.86
Index range � 12� h�h13 � 12� h� h11 � 12�h� h11


� 23� hk� h25 � 21� hk�h22 � 22�hk� h22
0� hl� h15 0�hl� h15 0� hl�h15


Reflections measured 6474 7523 7428
Observed reflections [I� 2�(I)] 5420 5888 6310
Rint 0.0496 0.0392 0.0588
Parameters/restraints 442/0 446/0 452/0
R [I� 2�(I)] 0.0439 0.0329 0.0366
wR2 (all data) 0.1128 0.0884 0.0903
�� (max/min) [eä�3] � 2.147/4.370 � 1.718/1.625 � 2.841/3.794
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Figure 3. Illustration of the partition of the whole pseudopolymorph series
into the two sub-sets of pseudoisomorphs. Note the strikingly different
patterns of interdimer overlap defining the ���(1/4) and ���(1/2) topologies
and their manifestation on the relative b-axis magnitudes.


Figure 4. Correlation between pseudopolymorph unit-cell volumes and
guest-molecule estimated volumes.


�-Cl ligands of the inorganic cluster anions, thereby qualifying
the hydrogen-bond-acceptor character of these halogen
atoms, which are activated by complexation to the metal-
cluster core.[15] Remarkably, the topology and distribution of
these weak hydrogen bonds,[15] shown in Figure 2, are trans-
ferred throughout the series regardless of the nature of the
guest molecule, and are likely to be significant in the


Figure 2. Stereoviews exemplifying interfacial intermolecular interactions in a) 1, b) 3, c) 15, d) 9, e) 10, and f) 11. The following interfacial hydrogen bonds:
(C�H)BEDT-TTF ¥ ¥ ¥ guest; (C-H)BEDT-TTF ¥ ¥ ¥Cl-�-Re; and guest ¥ ¥ ¥Cl-�-Re are represented by dashed lines. Relevant bond distances and bond angles are given in
Table 6.
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construction of the organic ± inorganic interface during crystal
growth. This network is taken as one manifestation of the
isomorphic character of the ���(1³4) set, revealed here by virtue
of the availability of this consistent set of data throughout the
series. By an in-depth analysis of the interfacial intermolec-
ular bonding within six particular ���(1³4) phases (Figure 2),
namely 1, 3, 9 ± 11, and 15, we shall decipher the whole
interfacial hydrogen bond pattern–that is, the former array
of C-H ¥ ¥ ¥Cl-�-Re hydrogen bonds, eventually supplemented
by the set of hydrogen bonds involving the neutral guest
molecule–according to its hydrogen bond donor/acceptor
(HBDA) ability. The first five structures now analyzed are
those pseudoisomorphs in which the guest molecule only
experiences an orientational disorder inherent to the presence
of a center of symmetry in the cavity. In particular, no
additional positional disorder occurs, as seen for example for 6
where two carbon atoms of the C4H8O ring statistically occupy
two positions each of which is in turn doubled by the inversion
center. In addition, all non-hydrogen atoms for 1, 3, 9 ± 11, and
15 were successfully refined with satisfactory anisotropic
thermal parameters.


���(1³4) (H2O)2, 1: The two water molecules are far apart
(Figure 2a) (compare the oxygen ± oxygen separation of
3.545(1) ä to that in ice of 2.76 ä), and provide (Table 6)
three HO-H ¥ ¥ ¥Cl-�-Re hydrogen bonds to the cluster anions
and accept three C-H ¥ ¥ ¥OH2 hydrogen bonds from the
BEDT-TTF hydrogen-bond-donor molecules. Thus, a set of
3�3 weak hydrogen bonds per water molecule takes over and
prevents the formation of a strong HO-H ¥ ¥ ¥OH2 bond.
Besides, the former set of intracavity hydrogen bonds are
longer than the (C-H)BEDT-TTF ¥ ¥ ¥Cl-�-Re hydrogen bonds
involved in the host framework.


���(1³4) (1,4-dioxane), 3 : One salient feature stands out, that is
(Figure 2b), the dioxane molecule primarily acts as an hydro-
gen bond acceptor vis-a¡-vis BEDT-TTF via three C-H ¥ ¥ ¥O
hydrogen bonds,[16] one of which, (C-H)BEDT-TTF-A ¥ ¥ ¥O, is as
short as 3.296(3) ä (Table 6). In addition, the cluster anion
terminal �-chloride atoms accept hydrogen bonds equally
from the C�H donors of BEDT-TTF and 1,4-dioxane.


���(1³4) (CCl4), 9 (Figure 2d): The tetrachloromethane guest
molecule neither accepts nor gives any hydrogen bond, an


Table 6. Interfacial hydrogen bond distances [ä] and angles [�] in 1, 3, 9, 10, 11 and 15.


1 3 9 10 11 15
(Figure 2a) (Figure 2b) (Figure 2c) (Figure 2d) (Figure 2e) (Figure 2f)


(C-H) ¥ ¥ ¥Cl-�-Re (C-H) ¥ ¥ ¥Cl-�-Re (C-H) ¥ ¥ ¥Cl-�-Re (C-H) ¥ ¥ ¥Cl-�-Re (C-H) ¥ ¥ ¥Cl-�-Re (C-H) ¥ ¥ ¥Cl-�-Re
involving involving involving involving involving involving
BEDT-TTF/A BEDT-TTF/A BEDT-TTF/A BEDT-TTF/A BEDT-TTF/A BEDT-TTF/A
3.421(1) 3.410(5) 3.424(2) 3.370(2) 3.363(2) 3.365(3)
122.02(0) 120.33(5) 124.92(4) 124.78(5) 119.89(4) 121.39(8)
3.472(1) 3.419(4) 3.528(2) 3.565(2) 3.458(2) 3.405(3)
117.07 115.34(5)s 116.74(5) 116.65(5) 115.68(5) 118.88(8)
3.490(2) 3.527(7) 3.585(3) 3.496(3) 3.491(3) 3.486(4)
129.87(0) 130.77(5) 132.32(4) 128.98(4) 130.11(4) 133.96(7)
3.736(1) 3.795(5) 3.807(2) 3.756(2) 3.761(2) 3.781(3)
151.51(1) 148.87(6) 151.59(5) 153.41(6) 143.69(1) 150.33(9)
3.834(2) 3.769(6) 3.763(3) 3.789(3) 3.777(3) 3.746(4)
176.40(1) 173.73(10) 174.21(4) 176.53(4) 174.98(4) 175.35(9)
(C-H) ¥ ¥ ¥Cl-�-Re (C-H) ¥ ¥ ¥Cl-�-Re (C-H) ¥ ¥ ¥Cl-�-Re (C-H) ¥ ¥ ¥Cl-�-Re (C-H) ¥ ¥ ¥Cl-�-Re (C-H) ¥ ¥ ¥Cl-�-Re
involving involving involving involving involving involving
BEDT-TTF/B BEDT-TTF/B BEDT-TTF/B BEDT-TTF/B BEDT-TTF/B BEDT-TTF/B
3.628(5) 3.651(3) 3.637(1) 3.643(1) 3.634(1) 3.600(2)
136.31(0) 134.44(4) 132.97(4) 137.18(4) 135.32(4) 130.42(7)
3.720(1) 3.698(5) 3.819(6) 3.796(2) 3.698(2) 3.680(3)
132.41(0) 129.08(4) 131.92(4) 132.55(5) 131.06(4) 129.87(7)
3.844(1) 3.751(6) 3.793(3) 3.757(2) 3.854(2) 3.781(3)
150.91(1) 155.92(6) 160.63(5) 148.82(5) 150.68(5) 150.33(9)
3.864(2) 3.954(4) 3.867(5) 3.896(3) 3.833(3) 3.940(3)
159.59(1) 153.93(6) 151.72(5) 165.99(5) 161.14(6) 152.05(8)
Re-�-Cl ¥ ¥ ¥H-OH2 Re-�-Cl ¥ ¥ ¥H-C ± Re-�-Cl ¥ ¥ ¥H-CCl3 Re-�-Cl ¥ ¥ ¥H-C Re-�-Cl ¥ ¥ ¥H-C
3.711(1) 3.515(5) 3.579(2) 3.545(2) 3.434(2)


140.37(6) 118.77(10) 110.42(10) 118.33(9)
3.937(1) 3.527(4) 3.554(3)


108.56(7) 113.11(10)
3.969(1) 3.572(4) 3.665(2)


116.34(6) 125.38(9)
3.776(7) 3.720(4)
134.72(6) 151.87(9)


H2O ¥ ¥ ¥H-C O ¥ ¥ ¥H-C ± ± ± N ¥ ¥ ¥H-C
3.506(1) (B) 3.296(3) (A) 3.646(2) (A)
116.61(1) 134.67(5) 135.11(8)
3.622(8) (A) 3.468(2) (A)
139.98(1) 121.30(5)
3.898(1) (A) 3.487(3) (B)
123.28(1) 140.95(5)
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observation consistent with the demonstration by Desiraju
that chlorine atoms linked to a carbon atom have no
hydrogen-bond-acceptor capacity.[15, 17] Therefore, CCl4 is
engaged in van der Waals interactions only, and will essen-
tially impose steric constraints at the interface.


���(1³4) (CHCl3), 10 : The single, neat Cl3C-H ¥ ¥ ¥Cl-�-Re hydro-
gen bond revealed in Figure 2e appears as anticipated, in
agreement with the acidic character of the chloroform hydro-
gen atom. Thus, in comparison with 9, the simple fact of
changing the chemical nature of the guest induces i) a typical
guest-fit pattern consistent with the chemical modification as
well as ii) the offset of the data point for 9 in Figure 4.


���(1³4) (CH2ClI), 11 (Figure 2f): The host cation ± anion
intermolecular interactions are identical for the CHCl3 and
CH2ClI solvates. It is significant that essentially all interfacial
hydrogen bonds are shorter in CH2ClI than the corresponding
ones in CHCl3, 10 (Table 6); this demonstrates that the larger
CHCl3 molecule increases the cation ± anion separation within
the host framework. Note also, that only one out of the two
hydrogen atoms of the guest molecule sees its hydrogen bond
demand satisfied by one IClHC-H ¥ ¥ ¥Cl-�-Re hydrogen
bond, similar to, albeit shorter than, the corresponding one
in 10.


���(1³4) (C5H4N), 15 (Figure 2c): Just like 1,4-dioxane, pyridine
is both a hydrogen bond donor and acceptor molecule.
Most hydrogen bonds, notably (C-H)BEDT-TTF ¥ ¥ ¥Cl-�-Re and
(C-H)guest ¥ ¥ ¥Cl-�-Re, appear shorter than for 3 (Table 6).
Remarkably though, the C-H ¥ ¥ ¥N bond distance (3.646(2) ä)
is significantly longer than the corresponding C-H ¥ ¥ ¥O in 3
(3.296(3) ä); this is in keeping with the enhanced availability
of the ether oxygen lone pairs.


As a conclusion of this analysis it appears that the guest
molecules are engaged in hydrogen bond interactions similar
in nature and strength to the robust (C-H)BEDT-TTF ¥ ¥ ¥Cl-�-Re
donor-anion interactions. Therefore, significant modifications
of the set of (C-H)BEDT-TTF ¥ ¥ ¥Cl-�-Re are observed for all five
pseudoisomorphs (Table 6). Thus, the most striking manifes-
tation of a global, balanced reconstruction of the interfacial
pattern of interactions upon guest incorporation is readily
apparent in the lengthening of one (C-H)BEDT-TTF ¥ ¥ ¥Cl-�-Re
from 3.405(3) ä for 15 to 3.565(2) ä for 10, or of another from
3.486(4) ä for 15 to 3.585(3) ä for 9 (Table 6). This demon-
strates the inherent cooperativity of the hydrogen-bond arrays
at the organic ± inorganic interface: changing the chemical
activity and HBDA character from one guest molecule to
another results in a small, balanced modification of an
homogenous set of donor-anion and specific guest interfacial
intermolecular interactions that affect the whole extended
interface, even at large length scales.


A dynamic virtual cavity : The above study demonstrates that
the shape, volume, and hydrogen-bond-donor ± acceptor char-
acter of the guest molecules are important factors in the
cavity-forming process. These factors are expressed by virtue
of the adaptability, defined as a chemical activity, of a virtual
receptor cavity. The concept of a dynamic virtual cavity is an


uncommon and distinctive feature of such series of pseudo-
polymorphs, an expression of the dynamics of balanced
intermolecular interactions at the organic ± inorganic inter-
face. The balance of hydrogen-bond strengths at the interface
has been shown to be affected by, and even to be specific to,
the nature of the guest molecule (Table 6). Each successful
inclusion qualifies a thermodynamic equilibrium:


cavity (free) � xguest� cavity (guest)x Kincl(guest)


with Kincl(guest)� ``a �cavity �guest	x
��
``a cavity �free	�� � a �guest	


here a designates an activity. Although acetonitrile is used as
the primary solvent, always in large excess of the putative
guest molecule solution volume in the electrocrystallization
experiments, the acetonitrile solvate 15 is only obtained for
pure acetonitrile solutions. This suggests that encapsulation of
the guest molecules during the electrocrystallization process
occurs under thermodynamic control. It follows that
acetonitrile molecules have less affinity for the virtual
cavity than those molecules selectively included, hence
Kincl (acetonitrile)�Kincl (included guest molecules). On the
other hand, the preparation of a number of solvates such as
dimethylformamide, methanol, alanine, and toluene has
either failed or has resulted in the incorporation of acetoni-
trile. Thus, for these guest molecules, Kincl (acetonitrile)�
Kincl (included guest molecules). Likewise, water molecules,
however sparse they may be during the electrocrystallization
experiments, have a stronger affinity for the virtual cavity
than dimethylformamide, that is, Kincl (dimethylformamide)�
Kincl (water). Consistently then, when experiments are con-
ducted in rigorously dried dimethylformamide, a novel
monoclinic phase is obtained;[9] this demonstrates that
Kincl (dimethylformamide)� 0. Estimation of these constants
would require a calculation of all weak intermolecular
interactions at the interface, hydrogen bonds and van der
Waals interactions alike, in a formalism which would embrace
their inherent cooperativity at various, eventually large length
scales.


Toward an enantiomeric molecular recognition?We have here
a versatile, albeit selective, virtual cavity. Just how sensitive is
the guest ± cavity entity forming process to allow enantiomeric
recognition along with crystallization at the vicinity of the
electrode surface? As a first step in this direction, single
crystals of 17 were successfully grown by using (�)-2-
hydroxytetrahydrofuran. A precise refinement of the posi-
tions of the guest molecule within the cavity and an analysis
of the Fourier difference maps provide evidence for a
slight imbalance in favor of one position of the hydroxy
group in the crystal, which would result in a 10% enantio-
meric excess. Note, however, that the high electron density
due the rhenium atoms of the anions precludes definitive
conclusions.


Metallic character, Fermi surface topology, and metal ± insu-
lator phase transitions : All thirteen phases, 1 ± 7, 9 ± 10, 13, 15,
17, and 19, for which the temperature dependence of the
transport properties has been investigated, exhibit metallic
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character at room temperature (Figure 5 and Figure 11 in the
Supporting Information). The water pseudoisomorphs 1 and 2
are the only two phases to remain metallic down to 4.2 K
(Figure 5a). All other phases experience a more or less
pronounced increase of their resistivity at low temperature.
For 3 and 10, which present sharper resistivity upturns
(Figure 5b and c), the metallic state was restored down to
4.2 K by application of hydrostatic pressures of 15 and 8 kbar,
respectively.


Figure 5. Temperature dependence of the resistivity measured by the four-
point method for one single crystal of a) 1, and at different pressures for
b) 3 and c) 10; the values of the room-temperature conductivities are
indicated.


In order to analyze the correlation between the crystal
structure and the transport properties of this set of phases we
have performed tight-binding band structure calculations for
many of these salts. Here we shall only report the results for
1 ± 3 and 19. This set of four salts should be representative of
the different situations encountered in this family. Salts 1 and


2 contain the same solvent but different anions so that the
donor ± donor transfer integrals (and thus the details of the
band structure and Fermi surface) can be different because
donors and anions are connected through hydrogen bonds.[6]


In contrast to 1 and 2, which keep their metallic character
down to very low temperature, 3 exhibits a sharp resistivity
upturn. Finally, salt 19 belongs to a different set of pseudo-
polymorphs, and this can also lead to differences in the band
structure.


Band structure and Fermi surfaces : The calculated band
structures near the Fermi level for the donor layers of 1 is
reported in Figure 6a. There are four donors per repeat unit of
the layer, so the four bands of Figure 6a are mainly built from


Figure 6. Calculated band structures for the donor layers of a) 1 and b) 19.
The dashed line refers to the Fermi level and �� (0,0), X� (a*/2,0), Z�
(0,c*/2), M� (a*/2,c*/2) and S� (�a*/2,c*/2).


the HOMO (highest occupied molecular orbital) of BEDT-
TTF. The HOMO of the two different donors of the layers are
quite similar in energy (i.e., the difference is usually within
0.1 eV) so that they strongly mix and lead to the quite
dispersive bands of Figure 6a. According to the usual
oxidation states, the average charge of the donors is �0.5
and consequently, there should be two holes in the bands of
Figure 6a. With four HOMO bands and two holes, the salt
could be either a semiconductor (if there is a band gap
between the two upper HOMO bands) or a metal (if the two
upper bands overlap). As shown in Figure 6a, the system is
predicted to exhibit metallic behavior at room temperature in
agreement with the resistivity measurements. The band
structures calculated for the donor layers of 2 and 3 are very
similar to that of Figure 6a and thus, the same conclusion
applies.
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The Fermi surfaces calculated for the donor layers of 1, 2
and 3 are shown in Figure 7a ± c, respectively. These Fermi
surfaces can be described as having two contributions: i) a
closed two-dimensional hole pocket centered at X, and ii) an
open pseudo-one-dimensional electron pocket parallel to the
a* direction. However, the Fermi surfaces of Figure 7a ± c can
also be seen as a superposition of ellipses (with approximately
the area of the Brillouin zone) if we disregard the band
hybridization, that is, the creation of gaps at the regions where
these ellipses superpose. This suggests that the systems with
donor layers of the ���(1³4) topology should be described as 2D
metals despite the presence of open lines in the Fermi surface.


Figure 7. Calculated Fermi surfaces for the donor layers of a) 1, b) 2, c) 3,
and d) 19. �� (0,0), X� (a*/2,0), Z� (0,c*/2), M� (a*/2,c*/2) and S�
(�a*/2,c*/2).


The main difference between the three Fermi surfaces of
Figure 7 is that the gap between the hole and electron pockets
increases from almost touching for 3 to being well separated
in 1. Can this fact be related to the difference in the resistivity
versus temperature behavior between salt 3 and salts 1 and 2?
In principle, the loss of metallic behavior at low temperature
could be due to three different mechanisms: i) the disappear-
ance of the Fermi surface through a Fermi-surface-nesting
mechanism that will lead to an additional modulation of the
charge or spin density, ii) a small structural change suppress-
ing the band overlap between the two upper HOMO bands
without changing the size of the repeat unit of the layer, and
iii) an electronic localization. The last possibility could be
favored by the intrinsic disorder in some of these systems.[18]


However, at least for 3, the resistivity upturn is too sharp to be
adequately explained by this kind of mechanism, and we
believe that most likely it should have a structural origin. Note
that mechanism (ii) does not require the appearance of a
modulation as it is the case for mechanism (i). The only thing
needed is some kind of structural change that slightly modifies
some of the transfer integrals in such a way that the dispersion
of the two upper bands decreases and they do not overlap any
more. The elliptical nature of the Fermi surface does not allow
for good nesting conditions, and thus the system appears to be
unable to undergo a Fermi surface driven distortion (mech-
anism (i)) at low temperature. However, the overlap between
the ellipses, and equally the overlap between the two upper
bands, is so large that the structural change underlying
mechanism (ii) should be too large, and we do not believe
that it provides for an adequate rationalization. Thus, no clear
explanation seems to emerge at this point. However we have
yet to consider a key point in the discussion of the electronic
structure of molecular metals: how stable are the Fermi
surfaces of Figure 7 with respect to small changes in the
donor ¥ ¥ ¥ donor interactions?


Understanding the crystal and electronic structures relation-
ship : In order to investigate the dependence of the shape of
the Fermi surface on the intermolecular contacts, a simulation
study with different values for the tHOMO-HOMO transfer
integrals was performed. The repeat unit of the donor layers
of all these systems contains four donor molecules (see
Figure 8a): two of type A and two of type B. Each of the
molecules is related to others of the same type by an inversion
center. The HOMO energy of the two donors are �8.430 eV
(A) and �8.454 eV (B) for 3, �8.527 eV (A) and �8.481 eV
(B) for 2, and �8.432 eV (A) and �8.524 eV (B) for 1. These
values, as well as the almost identical central carbon ± carbon
bond lengths within the molecules, indicate that molecules A
and B are crystallographically different but electronically
essentially the same for 3. However, for the systems contain-
ing water as a guest species the two molecules are electroni-
cally not as similar. This is more due to the ethylenedithio
groups and the small geometrical changes induced by them
than to the central carbon ± carbon double bond, which
remains practically identical in all these systems. This is an
important observation whose implications will become clear
later in our discussion
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The donor layers of these systems contain eight different
types of donor ¥ ¥ ¥donor interactions (labeled a ± h in Fig-
ure 8a). The calculated values of the tHOMO-HOMO transfer
integrals for 1 ± 3 are given in Table 7. The eight interactions
are of three different types. The first group consists of the
integrals a and b. Both of these interactions act in the a
direction and are quite small. These two interactions are small
due to the large separation between the mean planes of the
BEDT-TTF molecules. The second group of interactions is
those labeled c ± f. The organic donor layers can be seen as a
series of two different types of step-chains running in the c


direction. The first is associated with A-type molecules
through interactions c and d, whereas the second is associated
with B-type molecules through interactions e and f. Whereas
interactions c and d are very similar, interaction e is much
larger than f in the three salts. Thus, from the viewpoint of the
HOMO ±HOMO interactions, the step-chain consisting of A
molecules can be considered as uniform whereas the step-
chain consisting of B molecules can be considered as strongly
dimerized. As shown in Figure 8b and c, there are strong
structural reasons underlying this fact. For instance, in 1 there
are five S ¥ ¥ ¥ S contacts shorter than 3.9 ä for interaction e but
only two for interaction f. In contrast, the number of short
S ¥ ¥ ¥ S contacts is six and five for interactions c and d,
respectively. The third group of interactions are those labeled
g and h which act in the (a�c) direction. These integrals are of
intermediate strength because the HOMO ± HOMO overlap
is of the � type. The above classification of interactions allows
us to describe the layers of donors as consisting of a series
of parallel stacks of slipped donors along the a direction,
as a series of step-chains along the c direction, or as a series
of parallel chains of donors making lateral contacts along
the (a�c) direction. In the following, the three types of
chains will be refereed to as slipped-chains, step-chains and �-
chains.


Figure 8. a) Schematic representation of the donor layers of systems 1 ± 3 in which the different types of interactions and donors are labeled; b) step-chains
of donors A in 1 ± 3, and c) step-chains of donors B in 1 ± 3.


Table 7. Calculated tHOMO-HOMO transfer integrals (meV) for the donor
layers of 1, 2, and 3.


Interaction[a] 1 2 3


a � 65 � 48 � 45
b � 46 � 30 � 22
c 191 194 195
d 200 199 189
e 224 221 230
f 113 109 120
g � 81 � 71 � 68
h � 85 � 79 � 64


[a] See Figure 8a for labeling.
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The transfer integrals are very similar for the three phases 1,
2, and 3. From the values in Table 7 it is clear that, as far as the
HOMO ±HOMO interactions are concerned, these layers
should have a strong 1D character because of the large
interactions c ± f along the step-chains in the c direction.
However, these chains are coupled in the (a�c) direction
through the g ± h interactions, and hence the material acquires
a 2D character (Note that these interactions are not only
larger but also very uniform in contrast to the alternation of
the weaker interactions along the a direction. Both facts,
weakness and alternation, cooperate in making the role of the
last interactions quite small). The similar nature of the
transfer integrals for the three phases explains why both the
band shapes and overall band widths of these materials are
almost identical, but does not explain why we find a larger
separation of the closed and open parts of the Fermi surface
for the compounds in which water is the guest molecule.


In order to tackle this problem, we carried out a series of
numerical simulations of the electronic structure of these
compounds by using initially the transfer integrals of phase 3
and identical HOMO energies for donors A and B.[19] The
transfer integrals of each type (i.e., along the step-chains,
along the �-chains and finally along the slipped-chains) were
then changed individually or together within a given type into
their values for 1 or 2. We find this has practically no effect on
the separation of closed and open portions of the Fermi
surface: they always remained almost touching. We are
then led to the conclusion that for the electron filling and
the range of HOMO ± HOMO interaction strengths of these
systems there is no reason for the difference in the Fermi
surfaces.


We next carried out simulations in which the transfer
integrals were kept at their values for 3 but where the HOMO
energies of donors A and B were changed. When the
difference in HOMO energies was progressively changed
from 0.0 (approximately the situation for 3) to 0.10 eV
(approximately the situation for 1), we found that the
separation of the two portions of the Fermi surface pro-
gressively increases regardless of which donor, A or B,
possessed the lower HOMO. In fact, the Fermi surface
simulated when the HOMO of donor B is 0.10 eV lower in
energy is in excellent agreement with the real Fermi surface
for 1. Thus, from these simple numerical simulations, we may
conclude that these materials are all essentially identical from
the electronic standpoint, except for the fact that the differ-
ence in HOMO energies between the two donors controls the
overlap between the two upper HOMO bands and thus, the
separation between the closed and open portions of the Fermi
surface.


It is possible to go a step further in the understanding of the
electronic structure of these systems (and in general of any
donor layer of the ��� type). The main aspects of their
electronic structure can be understood on the basis of a very
simple qualitative scheme.[10, 20] Let us first assume that the
HOMO energies (�i) are equivalent; this provides us with
essentially four identical molecules in a unit cell. Thus, for the
sake of simplicity we shall construct our model using a value
of �� 0.0 eV for all four molecules in the unit cell. We shall
consider the variation in this parameter below. For further


simplicity, we average transfer integrals of the same type, thus
reducing the problem to one of only three transfer integrals:


t1� (tg� th)/2


t2� (ta� tb)/2


t3� (tc� td� te� tf)/4


in which t1, t2 and t3 are the transfer integrals along the �-
chains, slipped-chains, and step-chains, respectively. We will
take as the values of the transfer integrals those estimated
from the actual ones in 3 : t1��0.066 eV, t2��0.035 eV, and
t3� 0.185 eV. These assumptions allow us to reduce the
complex band structure of the four-molecule unit cell down
to a simple model for which one needs to solve only a one
molecule, one orbital per unit cell band structure. This
problem may be readily solved analytically and extended to
the larger four-molecule unit cell by artificially doubling the
unit cell in both the a and c directions to see how well it
reproduces the band structure of the real system. The details
of this approach will be given elsewhere,[20] but for the current
purposes this allows us to see what factors govern the overall
shape of the bands and then extract what effects the
disruption from high symmetry has on the electronic structure
of the donor layer. We summarize in Table 8 the energy levels
and the correlation of the
bands, with respect to the
Brillouin zone of the four-
molecule cell, which we
obtained from the simple
analytical treatment. We
also depict this as a sche-
matic band structure in
Figure 9a.


Let us briefly examine
this simple model to see
how well it captures the
flavor of the electronic
structure of these systems.
First consider the special
point �. These energy lev-
els provide the extreme
limits of the band with the
lowest energy orbital being
1 and the highest energy
orbital being 4 (see Fig-
ure 9a and Table 8). The
total bandwidth is related
to 4(� t1 � � � t3 � )� 1.004 eV, in good agreement with the
calculated value of 0.91 eV. Most of the difference is due to
mixing with lower energy orbitals, which occurs at the bottom
of the HOMO bands, a factor not present in this simple model
and which will slightly reduce the total bandwidth. Dispersion
along the �-X direction involves the integrals acting with a
component in the a direction (t1, t2). For the lower two bands
these two integrals act against each other and thus cancel; this
leads to relatively flat bands, whereas they work in an additive
fashion for the upper two bands; this leads to a large


Table 8. Summary of the results con-
cerning the band levels at special k
points from the model study.


k point band energy


� 1 2(t1� t2� t3)
2 2(� t1 � t2� t3)
3 2(t1 � t2 � t3)
4 2(� t1� t2 � t3)


X 1 � 2t3
2 � 2t3
3 2t3
4 2t3


Z 1 � 2t2
2 � 2t2
3 2t2
4 2t2


S 1 2t1
2 � 2t1
3 2t1
4 � 2t1


M 1 � 2t1
2 2t1
3 � 2t1
4 2t1
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Figure 9. a) Schematic band structure obtained from simple analytical
treatment. b) Simulated band structure from simple analytical treatment,
and c) Fermi surface associated with the band structure of Figure 9b.


dispersion. In the �-Z direction, integrals t2 and t3 are
involved. The fact that t3 is much larger than t2 leads to all
four bands having significant dispersion in this direction.
Similar arguments may be made for all directions in k space.


The overall picture obtained from the above description is
that the upper two bands are 2D and account for the elliptical
Fermi surface. However, the two dimensionality goes much
deeper. All this model is, is a folded one-orbital band acting in
two directions, that is, all the four HOMO bands are really just
one 2D HOMO band with gaps opened at specific points in
the Brillouin zone caused by the lower symmetry of the crystal
structure. Before discussing the effects of the lattice topology
on the HOMO bands, we consider the question of how well
this simple folded one-orbital approach reproduces the actual


bands and Fermi surface calculated for these materials. The
simulated band structure and Fermi surface from this simple
analytical model (the average transfer integrals and HOMO
energy levels for 3 were used in this simulation) are presented
in Figure 9b and c, respectively. The simple model does indeed
reproduce the band structure from the full calculation very
well. We also note that the simulated Fermi surface is found to
resemble a distorted ellipse of area equal to the Brillouin
zone, as well as that from the full calculation. Thus, we can
conclude that, to a large degree, the distortion of the lattice
from the ideal high symmetry situation is only a minor effect,
and that the electronic structure retains a strong memory of
the 2D one-orbital band.


It is now very easy to see how the actual band structures
(like that of Figure 6a) can be understood on the basis of the
ideal band structure (Figure 9a) when the details of the real
lattice topology are taken into account. First, this process
lowers the symmetries of all the bands and causes all of the
crossings to become avoided crossings. Second, the degener-
acies at X and Z are removed. At Z for example, it is the
dissymmetry in the step-chain interactions (i.e. , the dimeriza-
tion in the B-type step-chains) that is the major contributor to
the lifting of the degeneracies. At X, the major contributor to
the lifting of the degeneracies is the smaller interactions,
which are much more similar, and consequently the energy
splitting is much smaller. At M, it is again the dissymmetry in
the step-chain interactions that is the leading factor breaking
the degeneracies. Most of the details of the band structure of
any of these systems can thus be correlated with those of the
crystal structure in a similar vein once the transfer integrals
are calculated.


Finally, we must consider the effect of changing the energy
of the two HOMOs, that is, going away from the simple one-
orbital model. For relatively small (ca. 0.1 eV) differences,
such as those we noted above for these salts, it is very
simple to understand the consequences. These moderate
differences in the HOMO energies will introduce an addi-
tional dissymmetry into the lattice, which will provide for an
additional factor contributing to the lifting of the degener-
acies of the two upper bands. In other words, as the energy
difference between the two HOMOs increases, the two upper
bands will overlap less, and the separation between the closed
and open portions of the Fermi surface will increase. This
explains the differences between the Fermi surfaces of
Figure 7a, b and c.


Thus, we now have an in-depth picture of how the crystal
and electronic structures of the layers are related. What
remains to be seen is: how can we use this to help us
understand the phase transition in 3?


Origin of the metal-insulator transition in 3: We now turn to
using this information in order to understand how changes in
the tHOMO-HOMO transfer integrals of these systems (Table 7)
can change the shape of the Fermi surface. To do this, consider
the following observations. First, interactions c ± f are strong
and act only in the c direction (step-chains). Second,
interactions a ± b act purely in the a direction and are quite
small. Third, it is interactions g and h that couple the step-
chains and lead to the 2D character of the HOMO bands and
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Fermi surface. Hence one might expect that either an increase
or decrease of interactions a ± f by a reasonable amount will
not change the dimensionality but that interactions g and h
can. We note further that the topology of the lattice requires
that both interactions g and h decrease simultaneously in
order to achieve this.


Let us consider again the donor layers in 3 in which all
molecules can be considered equivalent. The integrals a ± f
were varied (individually or for a given type of chain) by
values of �20%, and it was found that the Fermi surface
remained a series of overlapping ellipses. This is in contrast to
the case of simultaneously decreasing interactions g and h,
which has the effect of reducing the Fermi surface dimension-
ality to 1D. In the limit of g and h approaching zero, these
contours become equivalent, and the Fermi surface may be
nested by the vector q� 0.5c*. This change in transfer
integrals leaves the lattice as a series of step-chains weakly
coupled in the a direction. We illustrate this in Figure 10,
where we plot the simulated Fermi surface as a function of the
parameter � which modulates the strength of the transfer
integrals for interactions g and h (i.e., tg�� �tg and th�� �th).
Thus, it can be concluded that a Fermi surface nesting
mechanism is a likely explanation for the metal ± insulator


Figure 10. Simulated Fermi surfaces as a function of the parameter �which
modulates the strength of the transfer integrals for interactions g and h (i.e.,
tg���tg and th�� �th): a) �� 1.0, b) �� 0.5, c) �� 0. The transfer integrals
and HOMO energies for 3 were used.


transition in 3, provided that the necessary structural require-
ments for decreasing those integrals are feasible. This kind of
™assisted∫ (because it needs some structural change to
conveniently modify the Fermi surface) or ™hidden∫ (because
it is not obvious from the room-temperature Fermi surface)
nesting mechanism is thought to be at the origin of the metal ±
insulator transition in (BEDT-TTF)2ReO4.[21]


At this point the question is, given the similar topology of
the crystal structures why do not all three of these phases
undergo such a distortion and therefore have a metal ± insu-
lator transition? For a Fermi surface containing four warped
open lines, like that in Figure 10c, the existence of a Fermi
surface driven metal ± insulator transition implies that one
nesting vector allows the simultaneous superposition of the
two lower and two upper lines. Given the inversion symmetry
of the reciprocal space, this means that this mechanism is an
interband nesting mechanism, exactly as it occurs in the blue
bronzes.[22] For this mechanism to work, the warping of the
two 1D components must be approximately the same. That
this is possible, as shown in Figure 10c, despite the fact that the
two step-chains are different (note that the actual transfer
integrals a ± f for 3 have been used in this simulation) is only
because the two molecules have practically the same HOMO
energy. Thus, at the limit of �� 0, where they are only coupled
by the small interactions a and b (which give the warping of
the Fermi surface lines), the two bands are both half-filled. As
our simulations, in which the energy difference between the
HOMOs of molecules A and B has been increased, clearly
show, when the filling of one band increases at the expense of
the other, this is no longer true: the warping of the two types
of lines starts to become different and thus the interband-
nesting mechanism becomes more unlikely.[23] Thus, the water-
containing salts cannot undergo a Fermi surface driven
metal ± insulator transition by the proposed mechanism with-
out also having the HOMOs of the A and B molecules more
alike. Thus, it is highly unlikely that this will occur in these
latter systems. In conclusion, it seems that the separation of
the closed and open portions of the Fermi surface, the
possibility of a structure-induced metal ± insulator transition,
and the similarity of the HOMO energies of the two BEDT-
TTF are intimately related for this series of systems.


All that remains now is to evaluate the likelihood that a
small molecular motion might in fact lead to the destruction of
the interactions g and h. A series of model calculations with
BEDT-TTF dimers oriented as in interactions g and f as the
starting point and then systematically changing the geometry,
showed that indeed relatively small geometrical changes in
the interaction could make these transfer integrals very weak.
Simply speaking, when the two BEDT-TTF molecules be-
come less coplanar, the �-type interaction in fact initially
decreases, so that the transfer integral becomes very small,
and increases again later when the �-type interactions start to
take over.[10] It thus seems that there are no structural reasons
against the proposed interband nesting mechanism although,
of course, the many degrees of freedom in these layers makes
it impossible to give a firm answer concerning this point just
on the basis of these calculations. However, they clearly
suggest that the mechanism is plausible. The simplest way to
test the proposed mechanism would be to carry out X-ray
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diffuse-scattering experiments.[24] If the interband nesting
mechanism occurs, additional Bragg spots at 1³2c* should exist
below the transition temperature.


Finally, we should point out that, in view of the intrinsic
disorder in many of these structures, it is not possible to rule
out that the loss of the metallic properties for other systems of
this series could be the result of an electronic localization. In
fact, we believe that there is competition between the two
types of mechanisms along the series. This feeling is re-
inforced when one remembers that these systems have two
holes per four molecules and two molecules of each type in
the repeat unit of the layer. Thus, it is clear that an increase in
the difference in energy between the two HOMOs decreases
the possibility of an interband-nesting mechanism; this
increases the stability of the metallic state, but at the same
time it also increases the possibility of an electron localization
in one of the two different types of molecules of the lattice.
For instance, our computations for the donor layers of 15 show
that the separation between the closed and open parts of the
Fermi surface is similar to that found for 1 and yet it loses its
metallic character. In that case, the resistivity upturn is clearly
less sharp than it is in 3, and we are tempted to believe that the
loss of the metallic behavior originates from electronic
localization. As mentioned above, the relatively small but
significant differences in the HOMO energies of the two
BEDT-TTF in these salts is mainly associated with the
terminal ethylenedithio groups, and the small geometrical
changes that they induce, and not, as is more usual, with
differences in the central carbon ± carbon double bonds. Thus,
even if electronic transport occurs within the donor layers, it is
clear that the solvent and anion components of these salts
have a strong control over the transport process through their
intrinsic disorder and the way they control the HOMO
energies of the two types of donors.


Different sets of pseudopolymorphs and electronic structure :
Of course the geometrical differences between the two sets of
pseudopolymorphs lead to differences in the individual tHOMO-


HOMO transfer integrals. However, as can be seen in Figure 6b
and Figure 7d, in which we report the calculated band
structure and Fermi surface for the donor layers of 19, the
differences are not really that significant (note that in contrast
to all other systems we have considered so far, the � angle is
here smaller than 90� and this leads to the ™apparent∫
difference in the orientation of the closed part of the Fermi
surface). Thus we shall not further elaborate on this issue and
shall just state that there are no major differences in the
electronic structures of the donor layers of the two sets of
pseudopolymorphs. We only note that the separation between
the closed and open parts of the Fermi surface is again large so
that, according to our analysis, either a stable metallic state or
a metal ± insulator transition due to electron localization
should be expected. In fact, the quite progressive loss of the
metallic behavior is a strong argument in favor of electronic
localization.


In conclusion, we propose that the electronic-band struc-
tures of all these systems are essentially identical, and that the
key factor controlling the transport properties is the similarity,
or difference, between the HOMO levels of the two BEDT-


TTF molecules in the lattice. When this difference is very
small, the metallic state can be unstable with respect to a
structural modulation. As the HOMO energy difference
increases, the stability of the metallic state toward the
insulating modulated state increases but, very soon, the
tendency toward an electronic localization also becomes
strong. The complex interplay between the three situations
seems to be essentially decided at the organic ± inorganic
interface.


Conclusion


An in-depth analysis of an homogeneous set of 21 accurate
layered structures of metallic pseudopolymorphs of general
formulation, ���-(BEDT-TTF)4 ¥ (guest)n ¥ [Re6Q6Cl8], (Q� S,
Se) with diverse low-temperature behaviors, which differ
solely by the nature of the solvent selectively included during
the electrocrystallization process, has allowed the entangled
issues of intermolecular interactions and Fermi surface to-
pologies to be deciphered. We have revealed that a concerted
balance of a precise set of weak intermolecular interactions at
the organic ± inorganic interface, none of which dominates
any of the others, takes place upon substituting one guest
molecule by another. The seemingly complex adjustment of
the host electronic structure to the weak perturbation
imposed by exchanging the guest molecules and balancing
interfacial interactions can be thought of as an activation by
up to 0.1 eV of the energy of the HOMO level of one of the
two independent �-donor molecules A and B, while keeping
the pattern of HOMO ± HOMO intermolecular interactions
in the layer essentially unaltered. It is concluded that, for
essentially identical HOMO energies, that is, for �A�B, the
system is likely to experience an interband nesting leading to
the occurrence of a metal-to-insulator phase transition at low
temperature, as in the prototypical dioxane pseudopolymorph
(TMI� 100 K), whose metallic character is restored, however,
at low temperature by the application of hydrostatic pressure.
For small but significantly different HOMO energies, the
nesting mechanism becomes less favorable, the structural
transition is less likely to occur, and the metallic character
becomes more stable. Meanwhile though, the two molecules
A and B are different, and the susceptibility of one of them to
become more oxidized is high. Hence, the transport data may
then show evidence for competing localization phenomena in
the form of a broad resistivity minimum, as is actually the case
for most pseudopolymorphs. Remarkably then, the water
phases remain metallic down to low temperature, either
because the HOMO energies of the two independent BEDT-
TTF molecules are not sufficiently different or because the
interface is particularly well ordered, as indeed observed.
With the exception of the dioxane phase, the resistivity
upturns observed for the THF, CCl4, CHCl3, and pyridine
phases are not very abrupt, a likely indication of localization
phenomena.


Despite the tangible weakness of the concerted response to
different guests of both the interfacial interactions and Fermi
surface topology, in the end, having analyzed a sample of 21
very similar structures, it is a simple and convincing fact that
such minute adjustments have sizeable manifestations on the
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macroscopic transport properties. One dominant tendency in
the chemistry of molecular materials has been to explore
many different structures associating many different �-donor
molecules and ions of a variety of shape, volume, and charge
to reveal diverse large structural and electronic effects that
ultimately proved difficult to correlate. By contrast, we have
demonstrated in this paper that keeping with one robust,
single basic host structure and allowing for numerous tiny
modifications, one discerns a concerted, inherently weak
structural response of the system that is proportional to the
magnitude of the underlying, equally weak activation of the
HOMO energy of a fraction of the �-donor molecules within
the slabs. One can then be confident that small variations on
the intermolecular scale within ordered complex supramo-
lecular systems, an issue of relevance to many current aspects
in supramolecular chemistry,[25] are indeed responsible for
comparatively larger collective electronic responses on the
macroscopic scale.


Experimental Section


Materials : BEDT-TTF was prepared and purified as described earlier.[26]


Crystals were grown by constant current oxidation of BEDT-TTF at
a platinum-wire electrode.[4] (Bu4N�)2[Re6Q6Cl8]2� (Q�S, Se)[8] and
(Bu4N�)[Re6S5OCl8]2� [27] were used as electrolytes and were prepared as
described previously.


X-Ray diffraction studies : Data collection was performed at 293 K for all
compounds, except for 17 (153 K), by using graphite monochromatized
MoK� radiation on a STOEIPDS single-�-axis diffractometer with a 2D
area detector based on the Imaging Plate technology for all compounds,
except 3 for which the data were collected on a �-axis ENRAF-NONIUS
CAD4-F diffractometer with a scintillation detector. The data for 3 were
processed with XCAD4, and for all other compounds the images were
processed with the set of programs from STOE.[28a] For all compounds an
absorption correction was applied by using either semiempirical proce-
dures based on an azimuthal psi-scan technique (compound 3) or multiscan
technique (compounds 2, 6, 9, 12, 13, 16, 18, 19) or numerical procedures
based on face indexing (1, 5, 8, 10, 11, 14, 15, 17, 20, 21). The structures were
solved by direct methods and refined by full-matrix least-squares based on
F 2, by using the program SHELX-97.[28b] All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were simply included for all
compounds in structure factor calculations at idealized positions, and
assigned to ride on the atoms to which they were bound. X-ray data for all
19 structures are collected in Tables 1 ± 5. CCDC-173636 ± 173654 contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retreiving.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).


Band-structure calculations: The tight-binding band structure calculations
were based upon the effective one-electron Hamiltonian of the extended
H¸ckel method.[29] The off-diagonal matrix elements of the Hamiltonian
were calculated according to the modified Wolfsberg ± Helmholz formu-
la.[30] All valence electrons were explicitly taken into account in the
calculations, and the basis set consisted of double-� Slater type orbitals for
C and S and single-� Slater type orbitals for H. The exponents, contraction
coefficients, and atomic parameters for C, S, and H were taken from
previous work.[6] The transfer integrals were calculated according to the
usual dimer splitting approximation.[31]
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Nonlinear Optical and Two-Photon Absorption Properties of 1,3,5-Tricyano-
2,4,6-tris(styryl)benzene-Containing Octupolar Oligomers


Bong Rae Cho,*[a] Ming Jun Piao,[a] Kyung Hwa Son,[a] Sang Hae Lee,[a] Soo Jung Yoon,[a]
Seung-Joon Jeon,[a] and Minhaeng Cho[b]


Abstract: Octupolar oligomers contain-
ing 2 ± 12 molecules of 1,3,5-tricyano-
2,4,6-tris(styryl)benzene derivatives
have been synthesized and their non-
linear optical and two-photon absorp-
tion (TPA) properties were determined.
The �(0) values are in the range of (85 ±
1219)� 10�30 esu and increase monoton-
ically with the increasing number of the
octupolar units within the molecule. The
two-photon-induced fluorescence exci-


tation spectra are quite similar to the
single-photon absorption spectra except
that the wavelength is doubled, indicat-
ing that the one- and two-photon al-
lowed excited states are the same. The
peak TPA cross-section values (�max)


measured with nanosecond pulses by
the two-photon-induced fluorescence
method are in the range (3010 ±
62930)� 10�50 cm4sphoton�1. The �max


increases as the number of the octupolar
units in the molecules increases. A linear
relationship is observed between �max


and �, and this � ± � relationship serves
as a useful design strategy for the syn-
thesis of novel octupolar oligomers and
polymers with large TPA and �.


Keywords: fluorescence ¥ nonlinear
optics ¥ octupole ¥ polymers ¥ two-
photon absorption ¥


Introduction


Organic nonlinear optical (NLO) materials have been exten-
sively investigated for possible application in optical and
opto-electronic devices. The useful NLO chromophores for
such application must have large molecular hyperpolarizabil-
ity, crystallize into a noncentrosymmetric structure to exhibit
efficient bulk nonlinear optical activity, and possess optimum
physical properties acceptable for device fabrication.[1, 2]


Much effort has been focused on the synthesis of the
donor ± acceptor dipoles with such properties. One of the
most important accomplishments in this endeavor is the
emergence of polymer-based electro-optic devices with huge
bandwidth acceptance and low modulation voltage.[1b] A
fundamentally different approach to the NLO materials is to
use octupolar molecules as alternative NLO chromophores.


Theoretical studies predicted, and experimental results have
confirmed that the � value of two-dimensional octupoles
increases gradually with the extent of charge transfer.[3]


Moreover, 1,3,5-tricyano-2,4,6-tris(styryl)benzene derivatives
spontaneously assembled into noncentrosymmetric crystals,
which exhibited significant SHG with no sign of relaxation for
a prolonged period of time.[4] This result provides a new
design strategy for the synthesis of NLO materials with
significant bulk nonlinearity, which may ultimately lead to the
electro-optic devices without electric poling.


Another optical nonlinearity under intensive research is the
two-photon absorption (TPA) process, which is the imaginary
part of the third-order molecular susceptibility. Materials with
large TPA cross-sections have been found to be useful for a
variety of applications such as three-dimensional optical
storage,[5±7] two-photon fluorescence excitation microsco-
py,[8±12] two-photon optical power limiting,[13±15] two-photon
upconverted lasing,[16, 17] and photodynamic therapy.[18] The
most frequently investigated structural motifs for efficient
TPA chromophore are donor ± bridge ± acceptor (D±� ±A)
and donor ± bridge ± donor (D ±� ±D).[19±22] Such derivatives
of fluorene,[19] triphenylamine,[20] dithienothiophene,[21] bis-
(styryl)benzene,[22] dihydrophenanthrene,[23] and dendrimers[24]


have been synthesized and their structure-property relation-
ships have been investigated. The results of these studies
revealed that the increases of the donor strength and the
conjugation length resulted in the increased TPA cross-
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section.[25] Very recently, we reported that the 1,3,5-tricyano-
2,4,6-tris(styryl)benzene derivatives not only show large first
hyperpolarizability, but exhibit efficient two-photon absorp-
tion property.[26] A linear relationship between these two
nonlinear optical properties of this series of compounds were
confirmed experimentally with additional supporting evi-
dence from semiempirical calculations.


For practical application of such materials it is useful to
incorporate the NLO chromophore into a polymer.[27] An
ideal approach for this goal would be to design the polymer
structure in such a way as to allow maximum utilization of
monomeric NLO properties. In the case of polymers contain-
ing dipolar NLO chromophores, both decrease and enhance-
ment of the monomeric optical nonlinearity have been


reported.[28] Nevertheless, there is only one report regarding
the nonlinear optical properties of octupolar polymers.[29]


Furthermore, although the third-order optical nonlinearity
of an octupolar oligomer containing the 2,4,6-tris(5�-alkylthio-
2,2�-bithienyl-5-yl)-1,3,5-triazine moiety has been studied, no
report regarding the two-photon absorption properties of
octupolar polymers exists.[30] In this work we have synthesized
octupolar oligomers containing 2 ± 12 units of 1,3,5-tricyano-
2,4,6-tris(styryl)benzene derivatives. The second-order non-
linear optical and two-photon absorption properties of these
molecules have been determined. In this paper, we present
the �, spectral properties, and the TPA cross-sections of the
octupolar molecules 1 ± 6. The structure-NLO property rela-
tionship of these molecules is established.
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Results and Discussion


Synthesis : The octupolar molecules that we have synthesized
are 1,3,5-tricyano-2,4,6-tris(styryl)benzene derivatives (1a ±
c), in which three stilbene moieties are incorporated within
a single molecule. All of the compounds were synthesized
either by the Horner ±Wittig reaction between 1,3,5-tricyano-
2,4,6-tris(diethoxyphosphorylmethyl)benzene (A) and one
equivalent of a substituted benzaldehyde to affordB, followed
by a second olefination using two equivalents of another
benzaldehyde, or by a similar procedure involving C
(Scheme 1). The yields of the products based on the starting
material Awere 31 ± 64%. The formation of the products was
confirmed by 1H and 13C NMR spectroscopy and elemental
analysis. Characteristic resonances of the vinylic protons at
7.1 ± 7.8 ppm with large trans coupling constants (J� 16 Hz)
were evident in the 1H NMR spectra.


Compounds 2 and 3 were obtained by the reaction of �,��-
dibromo-m-xylene and 1,3,5-tris(bromomethyl)mesitylene
with 1a in the presence of NaH in THF (Scheme 2). The 1H
and 13C NMR spectra of 2 and 3 were nearly identical to 1a,
indicating that they have symmetrical structures in solution.


Oligomer 4 was synthesized in two steps (Scheme 3). The
intermediate D was prepared by the reaction between B and
N,N-bis(p-formylphenyl)aniline under Horner ±Wittig reac-
tion conditions. When the reaction was almost complete, a
small amount of B was added to the reaction mixture to
convert the end groups to phosphonates. Excess N-(p-
formylphenyl)-N-phenylaniline was then allowed to react
withD to produce 4. The product was characterized by IR and
1H NMR spectroscopic analyses. An absorption attributable
to the C�N stretching vibration at 2221 cm�1 was clearly
evident in the FTIR spectrum. The 1H NMR spectrum had
doublets at �� 7.6 ± 7.8 ppm with coupling constants of 16 Hz,
indicating the presence of trans double bonds. Multiplets were
also present at �� 3.32, 1.63, 1.32, and 0.91 ppm that could be
assigned to the methylene and methyl protons of the n-hexyl
groups.


Reaction of 1b with tolylene-2,4-diisocyanate produced
polymer 5 in 75% yield (Scheme 4). The FTIR spectrum


revealed characteristic N�H, C�N, C�O, and C�O stretching
vibrations at 3372, 2214, 1726, and 1175 cm�1, respectively.
1H NMR spectrum was similar to 1b, except that all of the
peaks appeared as multiplets.


Synthesis of octupolar polymer 6 is summarized in
Scheme 5. Reaction of 1a with methacryloyl chloride pro-
duced the monomer E, which was polymerized under typical
free radical polymerization conditions (Scheme 5).


The FTIR spectrum of this compound displayed the C�O
and C�O stretching vibrations at 1719 and 1182 cm�1,
respectively, in addition to the C�N stretching vibration at
2214 cm�1. The 1H NMR spectrum was similar to E except
that the vinylic C�H bond resonances were absent and all of
the peaks were broadened.


The molecular weight and polydispersity of these oligomers
were determined relative to a polystyrene standard with a
GPC by using THFas the eluent. TheMw,Mn, and PDI of the
polymers are summarized in Table 1. These oligomers have
rather small molecular weights and contain 5 ± 12 octupolar
units within a molecule. The PDI ranges from 1.44 to 1.95. The
highest molecular weight polymer was obtained by the free
radical polymerization.


Nonlinear optical and two-photon absorption properties : The
one-photon absorption spectra of 1 ± 6 in CHCl3 solution are
depicted in Figure 1. They commonly exhibit two peaks at
305 ± 320 and 485 ± 505 nm, indicating that there are at least
two one-photon allowed excited states in the experimental


Scheme 1. Reaction conditions. a) 1) LDA/THF; 2) ArCHO, �78 ± 0 �C, 2 h; b) 1) LDA/THF; 2) ArCHO/THF, �78 �C±RT, 12 h, Bu4N�F�.


Scheme 2. Reaction conditions. a) NaH/THF, RT, 30 min; b) 1,3-
(BrCH2)2Ph, 40 �C, 48 h; c) 1,3,5-(BrCH2)3PhMe3, 40 �C, 48 h.







FULL PAPER B. R. Cho et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0817-3910 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 173910


Scheme 3. Reaction conditions. a) 1) LDA/THF, �78 �C, 1 h; 2) PhN(C6H4CHO)2, �78 �C±RT, 8 h; 3) B, RT, 4 h; b) 1) LDA/THF, �78 �C, 1 h; 2) p-
Ph2NC6H4CHO, �78 �C±RT, 8 h.


Scheme 4. Synthesis of polymer 5.


Scheme 5. Synthesis of polymer 6 by free radical polymerization of E.
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Figure 1. Absorption spectra of 1 ± 6.


frequency range. It is noted that the shapes and �max values of
the absorption and the NMR spectra of three compounds, 1a
(monomer), 2 (dimer), and 3 (trimer), are nearly identical.
This means that the electronic structures of each octupolar
unit in 2 and 3 are almost similar to the monomeric octupolar
molecule 1.


On the other hand, the oligomers show a slightly different
behavior. As the number of the repeating units increases in
compounds 5 and 6, the shapes of the spectra change
systematically, that is, the NMR peaks of 5 become broad in
comparison to those of 1. Also, the UV/Vis spectrum of
compound 6 is blue-shifted relative to those of 1a, 2, and 3,
and the NMR peaks of 6 are significantly broader than those
of 1a. By noting that only two carbon atoms separate the
repeating octupolar units in 6, the rotation of the pendant
chromophores seems to be restricted and causes such
effects.[31] Similar observations were also reported for other
NLO polymers.[28, 29] A slight bathochromic shift in the �max of


4 is apparently due to the extended conjugation. However,
interestingly, the molar extinction coefficients of the octupo-
lar oligomers 4 ± 6 are linearly proportional to the number of
octupolar units. These results suggest that the octupolar units
in 4 ± 6 behave more or less independently within the
oligomers.


The fluorescence spectra of 1 ± 6 are displayed in Figure 2.
Immediately, it is recognized that the fluorescence photon is
emitted from the lowest excited state. Also, the shapes and


Figure 2. Steady-state fluorescence spectra of 1 ± 6.


peak positions of the fluorescence spectra of 2, 3, and 5 are
essentially the same as 1a and 1b, respectively. On the other
hand, �fl


max of 6 shows a slight bathochromic shift relative to
1a, 2, and 3, probably as a result of the minor inter-
chromophore interactions. Even though all of the compounds
show large Stokes shifts of 3390 ± 4220 cm�1, the magnitude of
the Stokes shift of each oligomer (2 ± 5) is nearly the same as
those of the monomeric octupole 1 except for 6. The results
are summarized in Table 2.


Next, the nonlinear optical properties (�) of octupolar
oligomers will be discussed. Over the years, the most
notorious obstacles in utilizing the HRS method to measure
the first hyperpolarizability were: 1) the re-absorption of the
second-harmonic light by the chromophore, and 2) the
additive contribution from two-photon-induced fluorescence
to the HRS signal.[28b, 32±35] To ensure that these complications


Table 1. Molecular weights of octupolar oligomers.


Polymer Mw Mn PDI[a] n[b]


4 8166 4181 1.95 5.38(4.28)[c]


5 8472 5870 1.44 6.09
6 17730 11803 1.50 12.2


[a] Polydispersity index. [b] Number of the repeating units in the oligomer
except where otherwise noted. [c] Mn/MW (1c).
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did not hamper the measured � values, we carefully examined
the UV and fluorescence spectra of all the compounds. We
confirmed that none of the compounds absorbed light with a
wavelength of 780 nm and fluoresces at 780 nm (Figure 1 and
Figure 2). Also, the spectral purity of the detected signal was
confirmed by using different filters.[3f, 32] Thus, the detected
scattering signal at the wavelength of 780 nm is purely the
HRS field. Furthermore, the fact that the shapes of the one-
and two-photon-induced fluorescence spectra are nearly
identical, and the measured HRS signal is quadratically
dependent on the incident field intensity (see Figure 3)
provide convincing evidence that the measured signal solely
represents the HRS signal.


Figure 3. The quadratic dependence of the HRS signal (I2�) on laser
intensity (I�) for 6.


I2�(solution)/I2�(solvent) versus Nc of compounds 1 ± 6 are
plotted in Figure 4. In the low concentration region, they all
are linear (as expected from Equation (2), see Experimental
Section) and the fitting results are summarized in Table 3.
Also included are f�� �(0)/n, in which n is the number of
octupolar units in 2 ± 6. Although the �(0) values of 1a and 1b
are similar to each other because of their structural similarity,
�(0) of 1c is larger than those of 1a and 1b due to the
electron-donating group NPh2. This effect of the NPh2 group,
enhancing the nonlinear optical properties, has previously
been ascribed to a larger degree of charge transfer between
the ground and excited states.[26a, 36]


As emphasized earlier, the main goal of the work reported
herein is to elucidate the effects of polymerization on the
HRS intensity of the octupolar molecules. Note that the HRS
of NLO chromophores in solution is related to the fluctua-


tions of molecular orientation and local density. Therefore, it
is expected that the HRS intensity of the NLO chromophore
should decrease in the polymeric environment because the
corresponding fluctuation amplitude would be decreased.[28b]


Indeed, significant reduction of the monomeric � was
observed in semi-rigid NLO polymers such as helical poly(-
isocyanide)s with azo dyes,[28a] polynorbonenes with pendant
chromophores,[28c] and ruthenium-tris(bipyridyl)polyimide
chromophores.[29] In strong contrast, �(0) of the octupolar
oligomer 6 increases linearly with respect to the number of


Table 2. Absorption and fluorescence maxima and Stock shift of 1,3,5-
tricyano-2,4,6-tris(vinyl)benzene derivatives.


1a 1b 1c 2 3 4 5 6


��1�
max 498 485 490 495 495 505 488 487


(10�3 �)[a] (75) (74) (67) (164) (249) (363) (420) (895)
�fl
max


[b] 599 604 617 597 601 630 610 613
103��� [c] 3.39 4.06 4.20 3.45 3.56 3.93 4.10 4.22


[a] �max and the molar extinction coefficient of the one-photon absorption
spectra in nm.[b] �max of the fluorescence spectra in nm.[c] Stokes shift in
cm�1.


Table 3. Nonlinear optical and two-photon absorption properties of
octupolar compounds.


Compound ��1�
max


[a] ��2�
max


[b] �[c,d] �(0)[e,f] f�[g] 	[h] �max
[i] f�[j]


1a 498 990 171 91 1.0 0.101 3215 1.0
1b 485 990 152 85 1.0 0.0844 3010 1.0
1c 490 990 239 129 1.0 0.0841 5395 1.0
2 495 990 346 186 1.0 0.0826 7945 1.2
3 495 990 590 317 1.2 0.0632 8200 0.85
4 505 990 1298 506 0.90 0.0214 62930 2.7
5 488 800 1203 481 0.93 0.0371 24890 1.4
6 487 800 2213 1219 1.1 0.0175 50020 1.3


[a] �max of the one-photon absorption spectra in nm. [b] �max of the two-
photon-induced fluorescence excitation spectra in nm. [c] First hyper-
polarizability measured at 1560 nm. [d] The unit is 10�30 esu. [e] Corrected
at ��	 using a three-level model.[3b] [f] �(0) determined for 4-cyano-4�-
methoxystilbene is 10� 10�30 esu.[4] [g] �(0) per octupolar unit. [h] Quan-
tum yield. [i] The peak two-photon absorptivity in 10�50 cm4sphoton�1.
[j] �abs


max per octupolar unit.


Figure 4. Plots of HRS intensity versus number density of the octupoles.
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octupolar units and reaches a maximum value of 1219�
10�30 esu (Table 3). Division of the �(0) values by the number
of octupolar units in 2 ± 6 yields f�� 0.90 ± 1.2; this indicates
that nearly 100% of the octupolar �(0) contributes to the first
hyperpolarizability of the oligomers. This retention of mono-
meric �(0) observed in 4 ± 6 may be attributed to the lack of
the fluctuation effect. Because there are only four octupolar
units within the molecule 4, and 6 ± 12 octupoles are con-
nected by the flexible linkers in 5 and 6, the fluctuation
behavior of 4 ± 6 is not expected to be very much different
from the free octupole, and hence there is little difference in
HRS intensity. Note that the inter-chromophore interaction
observed for 6 is not strong enough to cause significant
influence on �. Recently, Wang reported nearly identical �
values for the disperse red 19 and its flexible polymer.[28b] The
retention of � seems to be a general phenomenon in a flexible
NLO polymer. Also, in dendrimers containing a dipolar
azobenzene chromophore in a noncentrosymmetric environ-
ment and an octupolar ruthenium complex in which the
chromophores are ordered in a semirigid, optimized acentric
organization, either enhancement or retention of the mono-
meric � was observed to result in a coherent second-harmonic
emission at the supramolecular level.[28c, 29] These results seem
to indicate that � of the NLO chromophore will be signifi-
cantly reduced upon polymerization if the structure of the
resulting polymer is rigid, whereas it could be retained in a
flexible polymer in which the fluctuation of chromophore
orientation and density is not very much different from the
free dye, and in dendrimers in which optimized acentric
ordering of the chromophore is possible.


Although the nonlinear optical properties of octupolar
oligomers and polymers have received much attention
recently, the two-photon absorption properties of octupolar
molecules have not. The two-photon-induced fluorescence
(TPF) excitation spectra for 1 ± 6 are given in Figure 5. The
TPF spectra of 1a ± c are quite similar to the single-photon
absorption spectra shown in Figure 1, except that the wave-
length is doubled, ��1�


max � ��2�
max/2. Unlike the quadrupolar


molecule with an inversion center, this result shows that
one- and two-photon allowed states of these octupolar
compounds are identical. As the number of octupolar
molecule unit increases, that is, in compounds 2 ± 6, another
strong TPF peak around 800 nm appears, indicating that these
compounds have additional two-photon allowed electronic
excited states. The intensity of this peak increases as the
number of octupolar units in the oligomers increases and it
becomes the strongest peak in the spectra of 5 and 6. The
wavelengths of the single- and two-photon absorption max-
ima (��1�


max and ��2�
max�, �(0), and the maximum values of the two-


photon absorption cross-section (�max) are summarized in
Table 3.


On the basis of the experimental results, we find that as the
number of octupolar unit increases, the TPA cross-section
increases, and the ��2�


max shifts to 800 nm. This trend turns out to
be very important for practical applications. Most of the TPF
microscopy uses a visible beam with a wavelength of 800 nm.
Therefore, the development of TPA dyes in this wavelength
region has been a primary target over the last decade. In this
respect, we believe that a novel strategy for synthesizing TPA


Figure 5. Two-photon-induced fluorescence excitation spectra of 1 ± 6.


dyes with octupolar molecules and oligomers has been
presented in this paper. The �max value increases monotoni-
cally as the number of octupolar units increases. The f� (��max/
n) value is in the range 0.85 ± 1.4, indicating that the �max of the
individual octupolar units fully contributes to the TPA cross-
section of the oligomers. However, compound 4 provides an
interesting exception to this trend. The TPA cross-section of 4
is much larger than that expected from the molecular weight
as indicated by f�� 2.7. This is to some extent unexpected
because the monomeric contribution to first hyperpolariz-
ability of 4 (f�) is 0.9. This disparity is not clear at this moment.
Nevertheless, to the best of our knowledge, �max� 62930 GM
determined for 4 is the largest TPA cross-section reported in
the literature.[19±22]


Recently, by using the simple four-state valence-bond
3-charge-transfer model, it was theoretically predicted that �
and � are linearly correlated with each other for octupolar
molecules. This relationship was confirmed by the ab initio
calculations and the experiments for a few series of octupolar
molecules.[4, 26] However, the previous investigation was
limited to a series of octupolar molecules with the same
conjugation linkers. The plots of �max versus �(0) for 1 ± 6 are
depicted in Figure 6, and we found that the two quantities are
indeed almost linearly proportional to each other. Thus, the
linear relationship seems to be valid even for a wide range of
oligomers and polymers consisting of octupolar molecule
units. Again, this result provides a useful design strategy for
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Figure 6. Plot of �max versus �(0).


the synthesis of the octupolar polymers with large � and TPA
cross-section.


In summary, octupolar oligomers containing 1,3,5-tricyano-
2,4,6-tris(styryl)benzene derivatives show unprecedentedly
large � and �max.


Conclusion


Herein, the first hyperpolarizabilities and TPA properties of
various octupolar oligomers have been systematically inves-
tigated. Overall, the effects of increasing the number of
octupolar units in the oligomers on the absorption, fluores-
cence, first hyperpolarizability, and TPA cross-section were
studied in detail. The TPA excitation spectra indicated a
gradual shift of ��2�


max from 990 to 800 nm with the number of
the octupolar units in the oligomers. A linear relationship
between the first hyperpolarizability and TPA cross-section of
the octupolar oligomers 1 ± 6 was found experimentally. We
have obtained octupolar oligomers with very large first
hyperpolarizabilities and TPA cross-sections by using appro-
priate spacers connecting the octupolar units. This result
provides a promising direction for the further development of
novel octupolar polymers with such properties.


Experimental Section


General methods : p-Dihexylaminobenzaldehyde, p-(N-hydroxypiperidyl)-
benzaldehyde, and (N-hydroxyethyl-N-methyl)aminobenzaldehyde were
available from a previous study.[4] The hydroxyl group of the benzaldehyde
derivatives was protected with tert-butyldimethylsilyl (TBDMS) chloride
by a known method.[37] N-(p-Formylphenyl)-N-phenylaniline and N,N-(p-
formylphenyl)aniline were synthesized by the reaction between triphenyl-
amine and POCl3 in DMF as reported in the literature.[38] The molecular
weights and polydispersity of polymers were determined by means of GPC
by using a Waters 600E GPC equipped with a Waters 410 differential
refractometer. GPC columns (Styragel HR 1, 2, 3, 4, and 5) were calibrated
relative to a polystyrene standard, and THF was used as the eluent.


1,3,5-Tricyano-2,4-bis[(diethoxyphosphoryl)methyl]-6-(p-dihexylaminos-
tyryl)benzene (B): Lithium diisopropylamide (LDA) (1.0 mL, 1.4 mmol)
was added dropwise to a stirred solution of 1,3,5-tricyano-2,4,6-tris[(die-
thoxyphosphoryl)methyl]benzene (A) (2.5 g, 4.1 mmol) in anhydrous THF
(50 mL) at �78 �C under nitrogen. The mixture was stirred for 30 min and
p-dihexylaminobenzaldehyde (0.4 g, 1.4 mmol) in THF (5.0 mL) was added
dropwise over a period of 10 min. After the mixture had been stirred for
10 min at �78 �C, the reaction temperature was allowed to rise to 0 �C, and


stirring was continued for 2 h. Water (1 mL) was added to this mixture, and
the solvent was evaporated. The crude product was taken up in CH2Cl2
(200 mL) and the organic layer was washed several times with water. The
solvent was evaporated, and the product was purified by column
chromatography with ethyl acetate as the eluent to give the title compound
(1.8 g, 59% yield). M.p. 153 ± 154 �C; 1H NMR (300 MHz, CDCl3): �� 7.81
(d, J� 16.4 Hz, 1H), 7.50 (d, J� 8.3 Hz, 2H), 7.18 (d, J� 16.4 Hz, 1H), 6.63
(d, J� 8.3 Hz, 2H), 4.24 (q, J� 6.9 Hz, 8H), 3.73 (d, J� 23.1 Hz, 4H), 3.32
(t, J� 7.2 Hz, 4H), 1.60 (m, 4H), 1.33 (m, 24H), 0.91 ppm (t, J� 7.2 Hz,
6H); IR (KBr): �� � 2231 cm�1 (C�N).


1,3,5-Tricyano-2-[(diethoxyphosphoryl)methyl]-4,6-bis(p-dihexylaminos-
tyryl)benzene (C): Synthesized from A and two equivalents of p-
dihexylaminobenzaldehyde by the procedure described for B to give the
title compound in 53% yield. M.p. 83 ± 85 �C; 1H NMR (300 MHz, CDCl3):
�� 7.80 (d, J� 16.5 Hz, 2H), 7.51 (d, J� 9.0 Hz, 4H), 7.18 (d, J� 16.5 Hz,
2H), 6.63 (d, J� 9.0 Hz, 4H), 4.24 (q, J� 7.2 Hz, 4H), 3.74 (d, J� 23.1, 2H),
3.32 (t, J� 7.8 Hz, 8H), 1.59 (m, 8H), 1.34 (m, 30H), 0.91 ppm (t, J� 6.6 Hz,
12H); IR (KBr): �� � 2215 cm�1 (C�N).


1,3,5-Tricyano-2,4-bis(p-dihexylaminostyryl)-6-{[(N-hydroxyethyl-N-meth-
yl)amino]styryl}benzene (1a): Synthesized from C and one equivalent of
{N-[2-(O-TBDMS)ethyl]-N-methyl}aminobenzaldehyde by the procedure
described for B, followed by the deprotection of the TBDMS group with
Bu4NF to give the title compound in 59 % yield. M.p. 151 ± 153 �C; 1HNMR
(300 MHz, CDCl3): �� 7.76 (d, J� 15.9 Hz, 2H), 7.72 (d, J� 16.5 Hz, 1H),
7.54 (d, J� 8.7 Hz, 2H), 7.52 (d, J� 8.7 Hz, 4H), 7.22 (d, J� 16.5 Hz, 1H),
7.20 (d, J� 15.9 Hz, 2H), 6.78 (d, J� 8.7 Hz, 2H), 6.63 (d, J� 8.7 Hz, 4H),
3.87 (t, J� 5.1 Hz, 2H), 3.59 (t, J� 5.1 Hz, 2H), 3.32 (t, J� 7.2 Hz, 8H), 3.08
(s, 3H), 1.58 (m, 8H), 1.33 (m, 24H), 0.91 ppm (t, J� 6.6 Hz, 12H);
13C NMR (75 MHz, CDCl3): �� 150.80, 149.50, 149.28, 149.20, 142.01,
141.57, 129.70, 129.44, 123.64, 122.16, 116.76, 116.58, 115.44, 112.06, 111.35,
105.65, 105.43, 60.21, 54.66, 51.10, 39.07, 31.74, 27.31, 26.84, 22.75,
14.15 ppm; IR (KBr): �� � 3423 (OH), 2215 cm�1 (CN); elemental analysis
calcd (%) for C60H78N6O: C 80.13, H 8.74, N 9.35; found: C 80.13, H 8.63, N
9.42.


1,3,5-Tricyano-2-(p-dihexylaminostyryl)-4,6-bis{[(N-hydroxyethyl-N-meth-
yl)amino]styryl}benzene (1b): Synthesized from B and two equivalents of
{N-[2-(O-TBDMS)ethyl]-N-methyl}aminobenzaldehyde by the procedure
described for B, followed by the deprotection of the TBDMS group with
Bu4NF to give the title compound[37] in 79% yield. M.p. 213 ± 215 �C;
1H NMR (300 MHz, CDCl3): �� 7.77 (d, J� 15.3 Hz, 1H), 7.73 (d, J�
16.1 Hz, 2H), 7.53 (d, J� 8.4 Hz, 4H), 7.51 (d, J� 8.1 Hz, 2H), 7.22 (d, J�
16.1 Hz, 2H), 7.20 (d, J� 15.3 Hz, 1H), 6.77 (d, J� 8.4 Hz, 4H), 6.64 (d, J�
8.1 Hz, 2H), 3.86 (t, J� 5.1 Hz, 4H), 3.58 (t, J� 5.1 Hz, 4H), 3.32 (t, J�
7.4 Hz, 4H), 3.08 (s, 6H), 1.61 (m, 4H), 1.33 (m, 12H), 0.91 ppm (t, J�
6.6 Hz, 6H); 13C NMR (75 MHz, CDCl3): �� 150.82, 149.51, 149.25, 149.15,
142.11, 141.66, 129.74, 129.48, 123.52, 122.08, 116.69, 116.43, 115.30, 112.03,
111.32, 105.72, 105.49, 60.19, 54.63, 51.10, 39.09, 31.74, 27.30, 26.84, 22.76,
14.16 ppm; IR (KBr): �� � 3423 (OH), 2215 cm�1 (C�N); elemental analysis
calcd (%) for C51H60N6O2: C 77.63, H 7.66, N 10.65; found: C 77.60, H 7.72,
N 10.83.


1,3,5-Tricyano-2-(p-dihexylaminostyryl)-4,6-bis(diphenylaminostyryl)ben-
zene (1c): Synthesized from B and two equivalents of p-diphenylamino-
benzaldehyde by the procedure described for B to afford the title
compound in 45% yield. M.p. 83 ± 84 �C; 1H NMR (300 MHz, CDCl3):
�� 7.82 (d, J� 15.9 Hz, 1H), 7.67 (d, J� 15.9 Hz, 2H), 7.52 (d, J� 8.7 Hz,
2H), 7.49 (d, J� 8.7 Hz, 4H), 7.30 (m, 8H), 7.27 (d, J� 15.9 Hz, 2H), 7.16 (d,
J� 15.9 Hz, 1H), 7.13 (m, 12H), 7.05 (d, J� 8.7 Hz, 4H), 6.63 (d, J� 8.7 Hz,
2H), 3.32 (t, J� 7.8 Hz, 4H), 1.60 (m, 4H), 1.33 (m, 12H), 0.91 ppm (t, J�
6.6 Hz, 6H); 13C NMR (75 MHz, CDCl3): �� 149.73, 149.60, 149.15, 149.08,
146.79, 142.60, 141.32, 129.91, 129.34, 128.88, 128.33, 125.16, 123.80, 121.97,
118.75, 116.35, 114.94, 111.39, 106.78, 106.20, 51.13, 31.75, 27.32, 26.85,
22.76, 14.16 ppm; IR (KBr): �� � 2215 cm�1 (C�N); elemental analysis calcd
(%) for C69H64N8: C 84.80, H 6.60, N 8.60; found: C 84.87, H 6.71, N 8.60.


Octupolar dimer 2 : A solution of 1a (0.15 g, 0.17 mmol) in THF (2 mL) was
added dropwise to a stirred suspension of oil-free sodium hydride (0.033 g,
0.82 mmol) in THF (2 mL), and stirring was continued for 30 min. �,��-
Dibromo-m-xylene (0.025 g, 0.09 mmol) in THF (1 mL) was added to this
solution, and the mixture was heated for 48 h at 40 �C. The reaction mixture
was filtered, evaporated, and the product was purified by column
chromatography with ethyl acetate/hexane (1:3) as eluent to afford the
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title compound (0.045 g, 28% yield). M.p. 126 ± 128 �C; 1H NMR
(300 MHz, CDCl3): �� 7.75 (d, J� 15.9 Hz, 4H), 7.74 (d, J� 15.9 Hz,
2H), 7.51 (d, J� 8.7 Hz, 12H), 7.21 (m, 4H), 7.19 (d, J� 15.9 Hz, 2H), 7.18
(d, J� 15.9 Hz, 4H), 6.69 (d, J� 8.7 Hz, 4H), 6.62 (d, J� 8.7 Hz, 8H), 4.50
(s, 4H), 3.65 (m, 8H), 3.31 (t, 16H, J� 7.2 Hz), 3.05 (s, 6H), 1.60 (m, 16H),
1.32 (m, 48H), 0.91 ppm (t, J� 6.6 Hz, 24H); 13C NMR (75 MHz, CDCl3):
�� 150.38, 149.47, 149.21, 149.16, 141.94, 141.73, 138.19, 129.69, 129.48,
128.40, 126.66, 126.43, 123.12, 122.19, 116.77, 116.21, 115.49, 111.72, 111.34,
105.54, 105.38, 67.59, 52.18, 51.11, 39.20, 31.73, 29.76, 27.31, 26.84, 22.75,
14.15 ppm; IR (KBr): �� � 2215 cm�1 (C�N); elemental analysis calcd (%)
for C128H162N12O2: C 80.88, H 8.59, N 8.84; found: C 80.77, H 8.68, N 8.27.


Octupolar trimer 3 : Synthesized according to the procedure described for 2
except that 1a (0.15 g, 0.17 mmol), NaH (0.03 g, 0.82 mmol), and tris(bro-
momethyl)mesitylene (0.02 g, 0.02 mmol)[39] were used to give the title
compound (0.05 g, 32% yield). M.p. 113 ± 116 �C; 1H NMR (300 MHz,
CDCl3): �� 7.75 (d, J� 15.9 Hz, 9H), 7.53 (d, J� 8.7 Hz, 6H), 7.50 (d, J�
8.7 Hz, 12H), 7.20 (d, J� 15.9 Hz, 3H), 7.16 (d, J� 15.9 Hz, 6H), 6.67 (d,
J� 8.7 Hz, 6H), 6.61 (d, J� 8.7 Hz, 12H), 4.54 (s, 6H), 3.71 (t, J� 4.8 Hz,
6H), 3.60 (t, J� 4.8 Hz, 6H), 3.30 (t, J� 7.2 Hz, 24H), 3.02 (s, 9H), 2.37 (s,
9H), 1.60 (m, 24H), 1.32 (m, 72H), 0.91 ppm (t, J� 6.6 Hz, 36H); 13C NMR
(75 MHz, CDCl3): �� 150.26, 149.42, 149.14, 141.85, 141.73, 137.95, 132.42,
129.66, 129.49, 123.06, 122.17, 116.80, 116.17, 115.48, 111.65, 111.30, 105.47,
105.31, 68.054, 67.64, 52.24, 51.08, 39.28, 31.73, 29.75, 27.30, 26.83, 22.74,
14.15 ppm; IR (KBr): �� � 2213 cm�1 (CN); elemental analysis calcd (%) for
C192H246N18O3: C 80.80, H 8.69, N 8.83; found: C 80.88, H 8.66, N 8.06.


Oligomer 4 : LDA (1.4 mL, 2.1 mmol) was added dropwise to a stirred
solution of B (0.5 g, 0.7 mmol) in anhydrous THF (10 mL) at �78 �C under
nitrogen, and stirring was continued for 1 h. N,N-Bis-(4-formylphenyl)ani-
line (0.21 g, 0.7 mmol) in THF (5 mL) was added dropwise to this solution.
The mixture was stirred for 10 min at�78 �C, the reaction temperature was
allowed to rise to room temperature, and stirring was continued overnight.
The mixture was cooled to 0 �C, a small amount of B (25 mg, 0.03 mmol) in
THF (2 mL) was added, and the reaction was continued for 4 h at room
temperature. N-(4-Formylphenyl)-N-phenylaniline (19 mg, 0.07 mmol) in
THF (2 mL) was added at 0 �C, and the mixture was stirred overnight at
room temperature. The reaction was quenched with water, and the mixture
was poured into methanol. The deep red solid that precipitated was washed
several times with methanol and dried under vacuum overnight to afford
the title compound (0.40 g, 77% yield). Mw� 4200; PDI� 1.95; m.p.
�280 �C; 1H NMR (300 MHz, CDCl3): �� 7.84 (d, J� 15.9 Hz, 1H), 7.68
(d, J� 16.5 Hz, 2H), 7.54 (m, 6H), 7.33 (m, 3H), 7.16 (m, 6H), 6.64 (d, J�
8.1 Hz, 2H), 3.32 (s, 4H), 1.63 (m, 4H), 1.32 (m, 12H), 0.91 ppm (m, 6H);
IR (KBr): �� � 2214 cm�1 (C�N).


Polymer 5 : Compound 1b (1.7 g, 2.2 mmol), tolylene-2,4-diisocyanate
(0.4 g, 2.2 mmol), and DMSO/methyl isobutyl ketone (MIBK) (3 mL, 1:1)
were added to a three-neck flask equipped with a mechanical stirrer and a
condenser under nitrogen. The mixture was stirred at 70 �C until all of the
reactants were dissolved, and heated for 3 h at 120 �C. The reaction mixture
was then cooled to room temperature and poured into a large amount of
water. The crude product was dissolved in a small amount of CH2Cl2 and
precipitated by adding ethyl acetate. The product was filtered and dried in
vacuo to afford the title compound (1.6 g, 75% yield). Mw 8500; PDI 1.44;
m.p. 194 ± 200 �C; 1H NMR (300 MHz, CDCl3): �� 7.68 (m, 3H), 7.45 (m,
6H), 7.06 (m, 4H), 6.60 (m, 8H), 4.28 (m, 2H), 3.54 (m, 8H), 3.28 (m, 4H),
2.96 (m, 6H), 2.05 (m, 3H), 1.60 (m, 4H), 1.32 (m, 12H), 2.10 ppm (m, 6H);
IR (KBr): �� � 3372 (N�H), 2214 (C�N), 1726 (C�O), 1175 cm�1 (C�O).


Monomer E : Methacryloyl chloride (110 mg, 1.1 mmol) was added drop-
wise to a stirred solution of 1a (0.77 g, 0.86 mmol) and Et3N (0.25 g,
2.5 mmol) in anhydrous THF (10 mL), and stirring was continued for 1 h at
0 �C under nitrogen. The solvent was evaporated and the crude product was
taken up in CH2Cl2. The product was isolated by the usual workup
procedure and purified by column chromatography with ethyl acetate/
hexane (1:5) as eluent to afford the title compound (0.41 g, 50% yield) as a
red oil. 1H NMR (300 MHz, CDCl3): �� 7.77 (d, J� 16.2 Hz, 2H), 7.73 (d,
J� 15.9 Hz, 1H), 7.53 (d, J� 8.4 Hz, 2H), 7.51 (d, J� 9 Hz, 4H), 7.21 (d, J�
15.9 Hz, 1H), 7.19 (d, J� 16.2 Hz, 2H), 6.74 (d, J� 8.4 Hz, 2H), 6.63 (d, J�
9 Hz, 4H), 6.06 (s, 1H), 5.56 (s, 1H), 4.34 (t, J� 5.7 Hz, 2H), 3.71 (t, J�
5.7 Hz, 2H), 3.31 (t, J� 7.8 Hz, 8H), 3.06 (s, 3H), 1.92(s, 3H), 1.60 (m, 8H),
1.32 (m, 24H), 0.91 (t, J� 6.3 Hz, 12H); 13C NMR (300 MHz, CDCl3): ��
167.04, 150.14, 149.48, 148.23, 148.18, 141.98, 141.57, 135.75, 129.68, 129.44,
125.93, 123.62, 122.15, 116.72, 116.59, 115.42, 111.83, 111.33, 105.66, 105.42,


61.72, 51.08, 50.77, 38.74, 31.72, 27.30, 26.82, 22.73, 18.38, 14.13 ppm;
elemental analysis calcd (%) for C64H82N6O2: C 79.46, H 8.54, N 8.69;
found: C 79.59, H 8.94, N 8.31.


Polymer 6 : Compound E (0.22 g, 0.23 mmol), 2,2�-azobisisobutronitrile
(AIBN; 5 mg, 0.03 mmol), and anhydrous THF (1 mL) were introduced
into a pressure tube under nitrogen. The pressure tube was sealed and
heated for 24 h at 70 �C. The mixture was cooled to room temperature and
poured into methanol. The product that precipitated was filtered, washed
with methanol, and dried under vacuum to afford the title compound
(0.12 g, 55% yield). Mw� 17730; PDI� 1.50; m.p. 136 ± 142 �C; 1H NMR
(300 MHz, CDCl3): �� 7.67 (m, 3H), 7.37 (m, 6H), 6.67 (m, 3H), 6.53 (m,
6H), 3.99 (m, 2H), 3.48 (m, 2H), 3.24 (m, 8H), 2.94 (m, 3H), 1.55 (m, 8H),
1.26 (m, 26H), 0.87 ppm (m, 15H); IR (KBr): �� � 2216 (C�N), 1726 (C�O),
1181 cm�1 (C�O).


Single-photon absorption, one- and two-photon fluorescence spectra :
Absorption spectra were measured with a HP-8453 UV/Vis system, and the
one-photon fluorescence spectra were obtained with an Aminco Bowman
Series 2 luminescence spectrometer. The excitation wavelength for the
emission spectra of 1 ± 5 and 6 were 531 and 558 nm, respectively.


The two-photon-induced fluorescence spectra were obtained by exciting
the solution containing the octupolar molecules with the nanosecond laser
pulses as described below. The fluorescence quantum yield was determined
by the literature method using rhodamine B as the reference.[40]


Hyper-Rayleigh scattering determination of first hyperpolarizabilty (�):
The � values of the octupoles were measured at 1560 nm by the hyper-
Rayleigh scattering (HRS) method as described in elsewhere.[32] To avoid
complications due to multiphoton excitation, the excitation wavelength was
shifted to 1560 nm with the OPO laser (Continuum Surelite OPO, 5 ns
pulses), which was pumped by the 355 nm third-harmonic of a Nd:YAG
laser (Continuum SL-II-10, Q-switched, 10 Hz).[33] The spectral purity of
the detected signal was checked by using different filters as described in the
literature.[3f, 32]


The chromophores were dissolved in CHCl3 at a concentration of (0.10 ±
6.6)� 10�7�. The HRS intensities of the solvent and the CHCl3 solutions of
the chromophores were collected under the same conditions. The HRS
intensity of each solution was plotted against the number density of the
chromophores. The HRS intensity of a very dilute NLO solution is given by
Equation (1) in which Ns andNc represent the concentration of solvent and


I2�(solution)�K(Ns� �s
2��Nc� �c


2� )I�2 (1)


chromophore, respectively;��2� is the orientationally-averaged � ; I� and
I2� are the intensities of incident and scattered second-harmonic radiation;
and K is a proportionality constant depending upon the scattering
geometry and the solvent environment of the chromophore.[32±35]


Equation (1) can be rewritten as Equation (2).


I2�(solution)/I2�(solvent)� 1� Nc� �c
2� /Ns� �s


2� (2)


Equation (2) indicates that the slope of the line, that is, I2�(solution)/
I2�(solvent) versus Nc, corresponds to the ratio, ��c


2� /� �s
2� , so that �c


can be experimentally estimated once the reference value (��s
2� ) is


known.


Two-photon absorption cross-section (�) measurement : The two-photon
absorption cross-section of the octupolar compounds has been measured
with the two-photon-induced fluorescence method by using the nano-
second laser pulses as described before.[22b, 26a, 41] The same aforementioned
OPO laser was used as the excitation source.


Samples were dissolved in CHCl3 at concentrations of (0.60 ± 2.5)� 10�6�,
and the two-photon-induced fluorescence intensity was measured. The plot
of the fluorescence intensity against the sample concentration was a
straight line at low concentration but showed a downward curve at higher
concentration, probably as a result of the concentration quenching. The
highest concentration in the linear region was used for the measurement,
that is, 1a ± c (1.50� 10�6�), 2 and 3 (2.50� 10�6�), 4 (1.75� 10�6�), 5
(8.00� 10�7�), 6 (6.00� 10�7�). The TPA cross-sections were measured at
800 ± 1050 nm using rhodamine B in MeOH (1.00� 10�4�) as the refer-
ence. The intensities of the two-photon-induced fluorescence spectra of the
reference and sample emitted at the same excitation wavelength were
determined. The TPA cross-section, measured by using the two-photon-
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induced fluorescence measurement technique, can be measured by using
Equation (3), in which the subscripts s and r stand for the sample and
reference molecules, respectively.[22b]


�� Ss	r�rcr
Sr	s�scs


�r (3)


The intensity of the signal collected by a PMT detector was denoted as S.	
is the fluorescence quantum yield. � is the overall fluorescence collection
efficiency of the experimental apparatus. The number density of the
molecules in solution was denoted as c. �
 is the TPA cross-section of the
reference molecule.
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Synthesis of Monocarbenepalladium(0) Complexes and Their Catalytic
Behavior in Cross-Coupling Reactions of Aryldiazonium Salts


Kumaravel Selvakumar, Alexander Zapf, Anke Spannenberg, and Matthias Beller*[a]


Dedicated to Professor Wolfgang Beck on the occasion of his 70th birthday


Abstract: The first monocarbenepalladium(0) complexes with benzoquinone and
naphthoquinone as additional ligands have been prepared. As demonstrated by
NMR spectroscopy and X-ray analysis, the complexes show a unique coordination
mode giving quinone-bridged dimers. The monocarbenepalladium(0) complexes
allow efficient cross-coupling reactions of aryldiazonium salts with olefins (Heck
reaction) and arylboronic acids (Suzuki reaction).


Keywords: carbenes ¥ Heck
reaction ¥ homogeneous catalysis ¥
palladium ¥ Suzuki reaction


Introduction


Palladium-catalyzed coupling reactions of aryl ±X derivatives
are among the most powerful tools for organic synthesis.
These processes offer opportunities for an environmentally
more friendly production of fine chemicals and possibilities to
reduce the number of steps in the synthesis of pharmaceut-
icals and agrochemicals. Hence, the development of new
catalysts has been a major goal in organometallic chemistry
and catalysis. Most of the developed complexes have been
applied on laboratory-scale. In addition, some industrial
applications of this methodology have emerged.[1] One of
the earliest examples of a palladium-catalyzed coupling
reaction realized on an industrial scale is the Matsuda ±
Heck reaction of an aryldiazonium salt with 1,1,1-trifluoro-
propene in the presence of a dibenzylidenacetonepalladi-
um(0) complex (Scheme 1). The reaction sequence was
developed elegantly by Baumeister, Blaser, and co-workers
from Ciba ±Geigy and is performed, nowadays, on a multi-ton
scale by Syngenta for the synthesis of the herbicide Prosul-
furon.[2]


Apart from the industrial synthesis of Prosulfuron, various
palladium-catalyzed Heck reactions of diazonium salts have
also been studied.[3] Compared to similar reactions of aryl
iodides and bromides, the Heck coupling of aryldiazonium
salts proceeds with comparably low catalyst efficiency. Critical
for the success of this coupling reaction is the easy formation
of low-coordinate palladium(0) complexes at ambient con-
ditions. For such reactions, ideally a palladium(0) precatalyst
would be used which generates a defined highly reactive 12e
or 14e palladium complex at low temperature (� 50 �C). We[4]


and others[5] have studied palladium-catalyzed Heck and
Suzuki reactions of aryl halides with defined low-coordinate
palladium phosphine complexes. Unfortunately, diazonium
salts often undergo side reactions in the presence of phos-
phine ligands. Thus, we were interested in the synthesis of
other defined low-coordinate palladium(0) complexes without
phosphine ligands. We thought that monocarbenepalladi-
um(0) complexes might be suitable catalysts for coupling
reactions of aryldiazonium salts. In the last five years
palladium± carbene complexes have become increasingly
important as catalysts for Heck, Suzuki, and Sonogashira


coupling reactions, copolymer-
izations, and amination of aryl
halides.[6] Most recently, the
use of in situ generated palla-
dium± carbene complexes for
coupling reactions of aryldia-


zonium salts has been demonstrated by Andrus and Song.[7]


This prompted us to disclose our results on this topic. Herein
we report the synthesis of new monocarbenepalladium(0)
complexes, their unusual coordination chemistry, and their
catalytic performance in various coupling reactions of aryl-
diazonium salts.
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Scheme 1. Synthesis of Prosulfuron.







FULL PAPER M. Beller et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0817-3902 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 173902


Results and Discussion


Synthesis and characterization of monocarbenepalladium
complexes : Despite the increasing interest in palladium±
carbene complexes, there are only few examples of palla-
dium(0) ± carbene complexes known.[8] So far only one
phosphine-free monocarbenepalladium(0) complex, 1,3-dime-
sitylimidazol-2-ylidenepalladium(0)-�2,�2-1,1,3,3-tetramethyl-
1,3-divinyldisiloxane (1; [(IMes)Pd0(dvds)] has been synthe-
sized and characterized by us.[9] Complex 1 was prepared by


reacting the palladium(0) diallyl-
ether complex [(Pd2(dae)3][10]


with 1,3-dimesitylimidazol-2-yli-
dene carbene (IMes)[11] in the
presence of excess of 1,1,3,3-
tetramethyl-1,3-divinyldisiloxane
(dvds) at �30 �C. In this com-
plex, the central palladium atom
is coordinated by two olefin


units from H2C�CHSiMe2OSiMe2HC�CH2 and the carbene
ligand in a trigonal-planar coordination. Complex 1 has
already been proved to be an outstanding catalyst for
telomerization reactions. Having been successful with telo-
merization reactions, we tested
this complex for other coupling
reactions such as Heck and
Suzuki reactions. Initial studies
on the Heck reaction of aryl-
diazonium salts with acrylic
acid derivatives using catalyst
1 gave good yields of the de-
sired coupling products, but the
catalyst decomposed during
catalysis leaving palladium
black (see section Catalysis be-
low). Hence, we focused on the
preparation of other defined
stable monocarbenepalladium complexes as precursors for
active palladium catalysts for Heck and Suzuki reactions.
Initial attempts to prepare monocarbenepalladium(0)mo-


noolefin complexes from [Pd2(dae)3] similar to complex 1
using p-quinones as monoolefins were not successful. Thus, we
tried to perform a selective exchange of a cyclooctadiene
ligand (COD) from known [(cod)Pd(quinone)] (quinone�
p-benzoquinone (BQ), 1,4-naphthoquinone (NQ)) complexes[12]


by one equivalent of free carbene. Indeed, facile exchange of
COD takes place upon the addition of one equivalent of free
carbene to [(cod)Pd(quinone)] in tetrahydrofuran as solvent.
During the course of the reaction the initial yellow color
changes to dark red, showing the formation of a new complex
(Scheme 2 and Scheme 3). We initially believed that the
complexes 2 and 3 were monomeric 14e monocarbenepalla-
dium(0)quinone complexes; however, the detailed NMR and
X-ray analysis of complexes 2 and 3 showed that they exist as
dimeric palladium species in which quinones are coordinated
in a novel coordination mode. In complex 2, both the olefinic
bonds of benzoquinone are coordinated with one palladium
atom, and one of the carbonyl groups of benzoquinone is
coordinated with the other palladium atom thereby producing
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Scheme 2. Synthesis of complex 2.


a benzoquinone-bridged dimer (Scheme 2). Similarly in com-
plex 3, the olefinic bond of naphthoquinone is coordinated
with one palladium atom, and one of the carbonyl groups is
coordinateded with the other palladium atom to produce a
naphthoquinone-bridged dimer (Scheme 3).
The olefinic protons of quinones coordinated to the


palladium centers in complexes 2 and 3 show a shift of
2.02 ± 3.22 ppm toward lower frequency in the 1H NMR
spectra, which is in accordance with observations for
[Pd(L2)(�2-alkene)] complexes.[13] The 1H NMR spectrum of


complex 2 shows two doublets at �� 4.55 and 4.76 ppm clearly
indicating the presence of two kinds of olefinic protons. Of the
three peaks in the low-field region of the 13C NMR spectrum,
one can be assigned to a carbene-carbon atom bound to a
palladium center, and the other two to the nonequivalent
carbonyl groups of benzoquinone. The 1H NMR spectrum of
complex 3 shows the same pattern as 2 in the coordinated
olefinic region. There are two doublets at �� 3.88 and
3.94 ppm, indicating two nonequivalent olefinic protons.
Similar to the 13C NMR spectrum of complex 2, that of
complex 3 shows peaks in the low-field region, one for a
carbene-carbon atom bound to a palladium center and two for
the nonequivalent carbonyl groups of naphthoquinone.
Suitable crystals of complex 3 for X-ray crystal structure


analysis were obtained by slow diffusion of diethyl ether into a
solution of 3 in dichloromethane. The molecular structure of 3
(Figure 1) shows its dimeric form and a distorted trigonal-
planar coordination geometry at the palladium centers. Each
palladium atom is coordinated by one carbene ligand. The
distances Pd1�C7 (2.025(5) ä) and Pd2�C14 (2.028(5) ä) are
in the expected range.[14] The angles between the plane of the
naphthoquinone residue and the coordination plane (94.7�


N


N
Pd


Si
O


Si


1


N


N


Me Me


Me


MeMe


Me


N


N


Me Me


Me


MeMe


Me


O


O
Pd


O


O N


N


MeMe


Me


Me Me


Me


Pd
[(cod)Pd(NQ)]


THF, -78 oC  to RT


3


Scheme 3. Synthesis of complex 3.
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Figure 1. Crystal structure of 3 (30% probability ellipsoids). For clarity
hydrogen atoms have been omitted. Selected bond lengths [ä] and angles
[�]: Pd1�C1 2.100(5), Pd1�C6 2.128(5), Pd1�C7 2.025(5), Pd1�O3 2.170(4),
Pd2�C8 2.098(5), Pd2�C13 2.152(5), Pd2�C14 2.028(5), Pd2�O1 2.154(4);
C7-Pd1-O3 92.5(2), O3-Pd1-CE(C1/C6) 132.4, C7-Pd1-CE(C1/C6) 134.7,
C14-Pd2-O1 96.3(2), O1-Pd2-CE(C8/C13) 132.4, C14-Pd2-CE(C8/C13)
131.0; CE�midpoints of the coordinated C�C bonds.


and 92.5�) show that the metal ± alkene bond is approximately
perpendicular to the plane of the napthoquinone ligand. The
bond lengths of both the alkene and the carbonyl groups are
longer than those in free quinone.[15] The bond lengths of the
coordinated olefinic bonds C1�C6 (1.405(7) ä) and C8�C13
(1.406(8) ä) are comparable with such bonds in other quinone
complexes of palladium.[13] The crystal structure shows two
kinds of carbonyl groups. The bond lengths of C�O bonds
coordinated to a palladium atom are longer (C5�O1 1.280(6),
C12�O3 1.266(7) ä) than those of the noncoordinated C�O
groups (C2�O2 1.233(6), C9�O4 1.220(7) ä). The Pd1�O3
(2.170(4) ä) and Pd2�O1 (2.154(4) ä) bond lengths are in the
expected range.[16]


The IR spectra of the complexes 2 and 3 show a bath-
ochromic shift of the stretching frequency �(C�O) of the
coordinated as well as noncoordinated carbonyl groups. The
shift is small for noncoordinated carbonyl groups (���
14 cm�1 for 2 and 28 cm�1 for 3)[13c] compared to that for the
coordinated carbonyl groups (��� 127 cm�1 for 2 and
130 cm�1 for 3).
Quinones are commonly used as ligands for the synthesis of


palladium(0) and platinum(0) complexes due to their strong �-
acceptor properties which stabilize the metal(0) center in
these complexes. Interestingly, the coordination of quinone to
the palladium center occurs through both olefinic and
carbonyl functionalities in complexes 2 and 3. To the best of
our knowledge, such a bonding mode has not been described
earlier.


Catalysis:With suitable monocarbenepalladium(0) complexes
in hand we tested the Heck reaction[17] of different diazonium
salts with styrene and acrylic acid esters. All reactions were
run in methanol as solvent with a catalyst concentration of
1 mol% Pd. Initially, we compared the three defined mono-
carbene complexes 1, 2, and 3 in the reaction of 4-methoxy-
benzenediazonium tetrafluoroborate with 2-ethylhexyl acryl-
ate to give 2-ethylhexyl 4-methoxycinnamate, which is a


commercially important sun-screen agent. The Heck reaction
with these substrates using catalyst 1 gave the desired product
in 92% yield. However, 1 decomposed to a palladium mirror
during the course of the reaction. The catalysts 2 and 3
performed well in this reaction and the yields were 96 and
91%, respectively. Fortunately, no palladium black formation
was observed.
After the initial comparison of catalysts, we continued the


coupling reactions with 3 as catalyst. Diazonium salts such as
4-methoxybenzenediazonium tetrafluoroborate, 4-(N,N-di-
ethylamino)benzenediazonium tetrafluoroborate, 4-nitroben-
zenediazonium tetrafluoroborate and 4-bromobenzenediazo-
nium tetrafluoroborate were used for this catalysis with ethyl
acrylate, 2-ethylhexyl acrylate, and styrene as olefins
(Scheme 4; Table 1). The reactions proceed smoothly at 50 ±
65 �C within 1-3 h yielding the corresponding stilbenes and
cinnamic esters in good to excellent yield (87 ± 96%).
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Scheme 4. Heck reaction of aryldiazonium salts with various olefins.


Apparently there is no significant difference in reactivity
between aryldiazonium salts with electron-donating or elec-
tron-withdrawing groups. In the case of the bromo derivative,
a selective activation of the diazonium group by the carbe-
nepalladium complex is observed. Nevertheless, activation of
the C�Br and even C�Cl bonds is possible at higher temper-
atures.[18]


In addition to Heck reactions, the cross-coupling reactions of
aryl ±X and arylboronic acids (Suzuki reaction) are of general
interest to organic synthesis. The Suzuki reaction is the most
versatile and important method for the synthesis of unsym-
metrically substituted biaryl compounds.[19] So far only a few
studies of Suzuki reactions with aryldiazonium salts have
appeared.[20] Here, we performed the reactions of different
aryldiazonium salts with different arylboronic acids in the
presence of 3 (Scheme 5; Table 2). The reactions of aryldiazo-


Table 1. Heck reaction of aryldiazonium salts.


Entry Cata-
lyst


R1 R2 Tempera- Time Yield
ture [�C] [h] [%]


1 1 OMe CO2CH2CH(Et)(CH2)3CH3 50 1 92
2 2 OMe CO2CH2CH(Et)(CH2)3CH3 50 1 96
3 3 OMe Ph 50 3 87
4 3 OMe CO2Et 50 1 91
5 3 OMe CO2CH2CH(Et)(CH2)3CH3 50 1 91
6[a] 3 NEt2 Ph 75 1 88
7 3 NEt2 CO2Et 50 1 88
8 3 NEt2 CO2CH2CH(Et)(CH2)3CH3 50 1 99
9 3 NO2 Ph 65 2 97
10 3 NO2 CO2Et 65 1 61
11 3 NO2 CO2CH2CH(Et)(CH2)3CH3 65 1 96
12 3 Br Ph 50 2 51
13 3 Br CO2CH2CH(Et)(CH2)3CH3 50 2 89


[a] Ethanol is used as solvent.
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Scheme 5. Suzuki reaction of aryldiazonium salts with various arylboronic
acids.


nium salts with arylboronic acids were smooth at 50 �C.
Similar to the Heck reaction, no pronounced effect of
substituents on the yield of the biaryl is observed. In all cases,
the coupling products (even with 3-thiophenylboronic acid)
were obtained in good to excellent yields (62 ± 100%).
While most of the catalyst tests were performed in the


presence of 0.5 mol% of 3, we were also interested in
reactions with lower catalyst loading due to the high price
of palladium (Scheme 6). As shown in Table 3, the coupling of
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Scheme 6. Suzuki reaction at lower catalyst loadings.


4-(N,N-diethylamino)benzenediazonium tetrafluoroborate
with phenylboronic acid and 3-ethoxyphenylboronic acid
proceeds efficiently even in the presence of 0.1 mol% of 3.
Hence, turnover numbers (TON) up to 495 with respect to Pd
can be achieved at high product yields. Further decrease of the
amount of catalyst leads to lower yields due to unspecific side
reactions of the aryldiazonium salts.
After having shown that diazonium salts can be coupled


with high yield in the presence of monocarbenepalladium
complexes, we focused on similar coupling reactions of


anilines in the presence of a diazotization reagent. This one-
pot procedure has the advantage that isolation of the
diazonium salt can be omitted. Indeed, the coupling of
4-nitroaniline with phenylboronic acid proceeds in methanol
as solvent in the presence of one equivalent of tert-butylni-
trite. Without optimization 4-nitrobiphenyl is obtained in
52% yield within 1 h. Also a similar yield is obtained when the
coupling was carried out in water, demonstrating the stability
of the complex.


Conclusion


We have prepared the first monocarbenepalladium(0) mono-
olefin complexes 2 and 3. These quinone complexes are air-
and moisture-stable. NMR spectroscopy and X-ray analysis of
the complexes reveal a remarkable bidentate bonding mode
of the quinone. The catalytic activity of the defined mono-
carbenepalladium(0) complexes is promising and yields of
more than 90% in Heck and Suzuki coupling reactions with
different aryldiazonium salts have been achieved.


Experimental Section


General : All chemicals were commercially available (Fluka or Aldrich)
and used without further purification. Carbenes[11] and [(cod)Pd(qui-
none)][12] were synthesized according to the literature. The complexes were
characterized by elemental analysis, IR, 1H, and 13C NMR spectroscopy,
and MS. Coupling products were identified by GC-MS, and 1H and
13C NMR spectroscopy. The data of non commercially available coupling
products are given below.


X-ray crystallographic study of complex 3 : X-ray data of 3 were collected
on a STOE-IPDS diffractometer by using graphite-monochromated MoK�
radiation. The structure was solved by direct methods (SHELXS-86)[21] and
refined by full-matrix least-squares techniques against F 2 (SHELXL-93).[22]


All non-hydrogen atoms were refined anisotropically. The hydrogen atoms
were included at calculated positions and refined by using the riding model.
XP (BRUKER axs) was used for the structure representation. Crystal data
for 3 : crystal size 0.3� 0.3� 0.2 mm, red prism, space group P21/n,
monoclinic, a� 11.635(2), b� 25.521(5), c� 18.391(4) ä, �� 98.87(3)�,
V� 5396(2) ä3, Z� 4, �calcd� 1.401 gcm�3, 12784 reflections measured,
7030 were independent of symmetry and 4968 were observed (I� 2�(I)),
R1� 0.044, wR2 (all data)� 0.112, 649 parameters, residual electron density
(max.) 0.514 eä�3. CCDC-183538 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk)).
Synthesis of [(1,3-dimesitylimidazol-2-ylidene)(benzoquinone)palladi-
um(0)]2 (2): 1,3-Dimesitylimidazol-2-ylidene (304 mg, 1.0 mmol) dissolved
in tetrahydrofuran (20 mL) was added slowly to a pale yellow solution of
(1,5-cyclooctadiene)(benzoquinone)palladium(0) (322.5 mg, 1.0 mmol) in
tetrahydrofuran (40 mL) at �78 �C with stirring. The solution became dark
red after the complete addition. The reaction mixture was allowed to warm
slowly to room temperature. Then stirring was continued for 2 h at room
temperature. The solvent was evaporated until a volume of approximately
3 mL remained. Subsequently, diethyl ether (30 mL) was added slowly.
Dark brown crystals obtained were separated and washed with diethyl
ether (2� 10 mL) and dried under vacuo. Yield: 452 mg, 87%; 1H NMR
(400 MHz, [D8]THF, 23 �C): �� 1.99 (s, 24H; o-CH3), 2.34 (s, 12H; p-CH3),
4.55 (d, 3J(H,H)� 8.1 Hz, 4H; bq-CH), 4.76 (d, 3J(H,H)� 8.3 Hz, 4H; bq-
CH), 6.95 (s, 8H; aryl-CH), 7.22 ppm (s, 4H; imidazole-CH); 13C NMR
(100 MHz, [D8]THF, 23 �C): �� 18.1 (CH3), 21.2 (CH3), 95.9 (bq-CH), 107.9
(bq-CH), 123.8 (CH), 129.5 (CH), 136.9, 138.1, 138.9, 171.3, 183.6,
190.8 ppm; IR (KBr): �� � 3441, 1632, 1587, 1519, 1488, 1401, 1322, 845,


Table 2. Suzuki reaction of aryldiazonium salts using catalyst 3.


Entry R1 R2 R3 R4 Yield [%]


1 NEt2 H H H 97
2 NEt2 Me H H 100
3 NEt2 H OEt H 99
4 NEt2 H H Br 99
5 NEt2 1-naphthyl 87
6 NEt2 3-thiophenyl 94
7 OMe H H H 62
8 NO2 H H H 87
9 Br H H H 75


Table 3. Suzuki reaction at lower catalyst loadings.


Entry R1 R2 Catalyst Time Yield TON
3 [mol%] [h] [%]


1 H H 0.05 6 41 410
2 H H 0.10 6 76 380
3 H H 0.15 5 99 330
4 H H 0.20 3 99 195
5 OEt H 0.05 6 45 450
6 OEt H 0.10 6 99 495
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740, 691 cm�1; MS (FAB): m/z (%): 1038 (5) [M]� , 822 (100), 714 (62);
elemental analysis calcd (%) for C54H56N4O4Pd2 (1037.9): C 62.49, H 5.44, N
5.39; found: C 62.75, H 5.42, N 5.30.


Synthesis of [(1,3-dimesitylimidazol-2-ylidene)(naphthoquinone)palladi-
um(0)]2 (3): Complex 3 was prepared similar to 2 from (1,5-cyclooctadie-
ne)(naphthoquinone)palladium(0) (372.5 mg, 1 mmol). Yield: 480 mg,
84%; 1H NMR (400 MHz, [D8]THF, 23 �C): �� 1.85 (s, 12H; CH3), 2.09
(s, 12H; CH3), 3.34 (s, 12H; CH3), 3.88 (d, 3J(H,H)� 6.5 Hz, 2H; nq-CH),
3.94 (d, 3J(H,H)� 6.5 Hz, 2H; nq-CH), 6.84 (s, 8H; aryl-CH), 7.15 (m, 4H;
aryl-CH), 7.17 (s, 4H; imidazole-CH), 7.34 (d, 3J(H,H)� 7.3 Hz, 2H; aryl-
CH), 7.37 ppm (d, 3J(H,H)� 7.5 Hz, 2H; aryl-CH); 13C NMR (100 MHz,
[D8]THF, 23 �C): �� 19.0 (CH3), 19.1 (CH3), 19.5 (CH3), 56.2 (nq-CH), 72.1
(nq-CH), 124.7 (CH), 125.9 (CH), 126.9 (CH), 130.1 (CH), 130.3 (CH),
130.9 (CH), 131.6 (CH), 136.0, 137.8, 138.1, 139.1, 139.8, 140.9, 170.4, 184.3,
192.9 ppm; IR (KBr): �� � 3448, 1632, 1577, 1530, 1488, 1319, 1298, 1009,
850, 783 cm�1; MS (FAB): m/z (%): 1138 (3) [M]� , 821 (100), 714 (30);
elemental analysis calcd (%) for C62H60N4O4Pd2 (1137.6): C 65.44, H 5.31, N
4.92; found: C 65.79, H 5.48, N 4.80.


General procedure for Heck and Suzuki reactions : Aryldiazonium salts
(1.0 mmol), olefin (1.5 mmol) or arylboronic acid (1.5 mmol), and 3
(5.7 mg, 0.005 mmol, 1 mol% Pd) were charged in a Schlenk tube under
argon. Methanol (5 mL) was syringed in and the solution was stirred at
50 �C for 1 h. Diethyleneglycol di-n-butyl ether (200 �L) was added as
internal standard and the yield was determined by GC. After the organic
phase had been washed with water and brine, the solvent was evaporated.
The product was isolated by column chromatography (silica gel, hexane/
ethyl acetate mixtures).


Analytical data of coupling products


2�-Ethylhexyl 4-methoxycinnamate : 1H NMR (400 MHz, CDCl3, 23 �C):
�� 0.91 (m, 6H), 1.32 ± 1.58 (m, 9H), 3.84 (s, 3H), 4.11 (m, 2H), 6.31 (d,
3J(H,H)� 15.9 Hz, 1H), 6.89 (d, 3J(H,H)� 8.7 Hz, 2H), 7.47 (d, 3J(H,H)�
8.7 Hz, 2H), 7.62 ppm (d, 3J(H,H)� 16.1 Hz, 1H); 13C NMR (100 MHz,
CDCl3, 23 �C): �� 11.5, 14.5, 23.4, 24.3, 29.4, 30.9, 39.3, 55.8, 67.2, 114.7,
116.2, 127.6, 130.1, 144.6, 161.7, 168.0 ppm; MS (70 eV): m/z (%): 290 (23)
[M]� , 178 (100).


2�-Ethylhexyl 4-N,N-diethylaminocinnamate : 1H NMR (400 MHz, CDCl3,
23 �C): �� 0.82 (m, 6H), 1.11 (t, 3J(H,H)� 6.9 Hz, 6H), 1.15 ± 1.58 (m, 9H),
3.32 (q, 3J(H,H)� 6.9 Hz, 4H), 4.02 (m, 2H), 6.12 (d, 3J(H,H)� 15.9 Hz,
1H), 6.55 (d, 3J(H,H)� 8.9 Hz, 2H), 7.32 (d, 3J(H,H)� 8.9 Hz, 2H),
7.52 ppm (d, 3J(H,H)� 15.7 Hz, 1H); 13C NMR (100 MHz, CDCl3, 23 �C):
�� 11.5, 13.0, 14.5, 23.4, 24.3, 29.4, 30.9, 39.3, 44.9, 67.0, 111.6, 112.4, 121.8,
130.4, 145.5, 149.7, 168.7 ppm; MS (70 eV): m/z (%): 331 (60) [M]� , 316
(100).


2�-Ethylhexyl 4-nitrocinnamate : 1H NMR (400 MHz, CDCl3, 23 �C): ��
0.85 (m, 6H), 1.25 ± 1.60 (m, 9H), 4.08 (m, 2H), 6.50 (d, 3J(H,H)� 16.0 Hz,
1H), 7.61 (m, 3H), 8.18 ppm (d, 3J(H,H)� 8.7 Hz, 2H); 13C NMR
(100 MHz, CDCl3, 23 �C): �� 11.4, 14.5, 23.4, 24.2, 29.4, 30.8, 39.2, 67.8,
123.1, 124.6, 129.1, 141.0, 141.9, 148.9, 166.6 ppm; MS (70 eV):m/z (%): 305
(28) [M]� , 176 (35), 70 (100).


2�-Ethylhexyl 4-bromocinnamate : 1H NMR (400 MHz, CDCl3, 23 �C): ��
0.84 (m, 6H), 1.24 ± 1.36 (m, 8H), 1.57 (m, 1H), 4.05 (m, 2H), 6.36 (d,
3J(H,H)� 16.1 Hz, 1H), 7.34 (d, 3J(H,H)� 8.5 Hz, 2H), 7.44 (d, 3J(H,H)�
8.3 Hz, 2H), 7.55 ppm (d, 3J(H,H)� 16.1 Hz, 1H); 13C NMR (100 MHz,
CDCl3, 23 �C): �� 11.5, 14.5, 23.4, 24.3, 29.4, 30.9, 67.5, 119.5, 124.9, 129.9,
132.5, 133.8, 143.5, 167.4 ppm; MS (70 eV): m/z (%): 340 (4) [M]� , 338 (4),
228 (84), 226 (74), 70 (100).


Ethyl 4-methoxycinnamate : 1H NMR (400 MHz, CDCl3, 23 �C): �� 1.32 (t,
3J(H,H)� 7.1 Hz, 3H), 3.83 (s, 3H), 4.24 (q, 3J(H,H)� 7.2 Hz, 2H), 6.30 (d,
3J(H,H)� 15.8 Hz, 1H), 6.89 (d, 3J(H,H)� 8.7 Hz, 2H), 7.46 (d, 3J(H,H)�
8.7 Hz, 2H), 7.63 ppm (d, 3J(H,H)� 15.9 Hz, 1H); 13C NMR (100 MHz,
CDCl3, 23 �C): �� 14.8, 55.7, 60.7, 114.7, 116.1, 127.6, 130.1, 144.6, 161.7,
167.7 ppm; MS (70 eV): m/z (%): 206 (60) [M]� , 161 (100).


Ethyl 4-N,N-diethylaminocinnamate : 1H NMR (400 MHz, CDCl3, 23 �C):
�� 1.32 (t, 3J(H,H)� 7.1 Hz, 6H), 1.45 (t, 3J(H,H)� 7.1 Hz, 3H), 3.55 (q,
3J(H,H)� 6.9 Hz, 4H), 4.39 (q, 3J(H,H)� 7.1 Hz, 2H), 6.35 (d, 3J(H,H)�
15.9 Hz, 1H), 6.79 (d, 3J(H,H)� 8.9 Hz, 2H), 7.55 (d, 3J(H,H)� 8.9 Hz,
2H), 7.75 ppm (d, 3J(H,H)� 15.9 Hz, 1H); 13C NMR (100 MHz, CDCl3,
23 �C): �� 13.0, 14.9, 44.9, 60.4, 111.6, 112.2, 121.8, 130.5, 145.6, 149.7,
168.4 ppm; MS (70 eV): m/z (%): 247 (58) [M]� , 232 (100).


4-Methoxystilbene : 1H NMR (400 MHz, CDCl3, 23 �C): �� 3.83 (s, 3H),
6.90 (d, 3J(H,H)� 8.5 Hz, 2H), 6.97 (d, 3J(H,H)� 16.2 Hz, 1H), 7.06 (d,
3J(H,H)� 16.2 Hz, 1H), 7.23 ± 7.36 (m, 3H), 7.45 (d, 3J(H,H)� 8.7 Hz, 2H),
7.48 ppm (d, 3J(H,H)� 7.5 Hz, 2H); 13C NMR (100 MHz, CDCl3, 23 �C):
�� 55.8, 114.6, 126.7, 127.0, 127.6, 128.1, 128.6, 129.1, 130.6, 138.1,
159.7 ppm; MS (70 eV): m/z (%): 210 (100) [M]� .


4-N,N-Diethylaminostilbene : 1H NMR (400 MHz, CDCl3, 23 �C): �� 1.09
(m, 6H), 3.29 (m, 4H), 6.59 (d, 3J(H,H)� 8.5 Hz, 2H), 6.81 (d, 3J(H,H)�
16.3 Hz, 1H), 6.36 (d, 3J(H,H)� 16.3 Hz, 1H), 6.99 ± 7.19 (m, 3H), 7.24 (m,
2H), 7.31 (d, 3J(H,H)� 8.9 Hz, 2H), 7.39 ppm (m, 2H); MS (70 eV): m/z
(%): 251 (66) [M]� , 236 (100).


4-Nitrostilbene : 1H NMR (400 MHz, CDCl3, 23 �C): �� 7.14 (d, 3J(H,H)�
16.2 Hz, 1H), 7.25 ± 7.42 (m, 4H), 7.55 (d, 3J(H,H)� 7.4 Hz, 2H), 7.63 (d,
3J(H,H)� 8.7 Hz, 2H), 8.22 ppm (d, 3J(H,H)� 8.7 Hz, 2H); 13C NMR
(100 MHz, CDCl3, 23 �C): �� 123.1, 125.2, 125.8, 126.0, 127.8, 127.9, 132.3,
135.1, 142.8, 145.7 ppm; MS (70 eV): m/z (%): 225 (100) [M]� .


4-Bromostilbene : 1H NMR (400 MHz, CDCl3, 23 �C): �� 6.96 (d,
3J(H,H)� 16.3 Hz, 1H), 7.03 (d, 3J(H,H)� 16.3 Hz, 1H), 7.20 (m, 1H),
7.28 (m, 4H), 7.42 ppm (m, 4H); 13C NMR (100 MHz, CDCl3, 23 �C): ��
121.8, 127.0, 127.8, 128.3, 128.4, 129.2, 129.9, 132.2, 136.7, 137.8 ppm; MS
(70 eV): m/z (%): 260 (56) [M]� , 258 (54), 179 (93), 178 (100).


4-N,N-Diethylaminobiphenyl : 1H NMR (400 MHz, CDCl3, 23 �C): �� 1.20
(t, 3J(H,H)� 6.9 Hz, 6H), 3.40 (q, 3J(H,H)� 6.9 Hz, 4H), 6.75 (d,
3J(H,H)� 8.7 Hz, 2H), 7.24 (m, 1H), 7.39 (t, 3J(H,H)� 7.5 Hz, 2H), 7.48
(d, 3J(H,H)� 8.7 Hz, 2H), 7.55 ppm (d, 3J(H,H)� 7.7, 2H); 13C NMR
(100 MHz, CDCl3, 23 �C): �� 13.1, 44.9, 112.4, 126.2, 126.6, 128.4, 128.5,
129.1, 141.8, 147.6 ppm; MS (70 eV): m/z (%): 225 (59) [M]� , 210 (100).


4-N,N-Diethylamino-2�-methylbiphenyl : 1H NMR (400 MHz, CDCl3,
23 �C): �� 1.13 (t, 3J(H,H)� 6.9 Hz, 6H), 2.25 (s, 3H), 3.31 (q, 3J(H,H)�
7.1 Hz, 4H), 6.64 (d, 3J(H,H)� 8.7 Hz, 2H), 7.11 ± 7.18 ppm (m, 6H);
13C NMR (100 MHz, CDCl3, 23 �C): �� 13.1, 21.2, 44.8, 111.6, 126.2, 126.8,
129.2, 130.4, 130.6, 130.7, 135.9, 142.5, 147.1 ppm; MS (70 eV):m/z (%): 239
(56) [M]� , 224 (100).


4-N,N-Diethylamino-3�-ethoxybiphenyl : 1H NMR (400 MHz, CDCl3,
23 �C): �� 1.12 (t, 3J(H,H)� 6.9 Hz, 6H), 1.36 (t, 3J(H,H)� 6.9 Hz, 3H),
3.31 (q, 3J(H,H)� 6.9 Hz, 4H), 4.00 (q, 3J(H,H)� 6.9 Hz, 2H), 6.65 (d,
3J(H,H)� 8.9 Hz, 2H), 6.70 (dd, 3J(H,H)� 8.1 Hz, 4J(H,H)� 2.2 Hz, 1H),
7.02 (d, 4J(H,H)� 1.9 Hz, 1H), 7.05 (d, 3J(H,H)� 7.7 Hz, 1H), 7.20 (dd,
3J(H,H)� 5.9 Hz, 3J(H,H)� 6.5 Hz, 1H), 7.40 ppm (d, 3J(H,H)� 8.9 Hz,
2H); 13C NMR (100 MHz, CDCl3, 23 �C): �� 13.1, 15.4, 44.8, 63.8, 112.2,
112.3, 112.9, 119.1, 128.3, 128.4, 130.0, 143.3, 147.7, 159.7 ppm; MS (70 eV):
m/z (%): 269 (61) [M]� , 254 (100).


4-N,N-Diethylamino-4�-bromobiphenyl : 1H NMR (400 MHz, CDCl3,
23 �C): �� 1.20 (t, 3J(H,H)� 7.2 Hz, 6H), 3.33 (q, 3J(H,H)� 6.9 Hz, 4H),
6.66 (d, 3J(H,H)� 8.7 Hz, 2H), 7.33 (d, 3J(H,H)� 8.5 Hz, 2H), 7.36 (d,
3J(H,H)� 8.9 Hz, 2H), 7.41 ppm (d, 3J(H,H)� 8.52H, 2H); 13C NMR
(100 MHz, CDCl3, 23 �C): �� 13.0, 44.8, 112.3, 120.1, 127.0, 128.1, 128.2,
132.1, 140.6, 147.8 ppm; MS (70 eV): m/z (%): 305 (62) [M]� , 303 (56), 290
(100).


1-(4�-N,N-Diethylaminophenyl)naphthalene : 1H NMR (400 MHz, CDCl3,
23 �C): �� 1.16 (t, 3J(H,H)� 7.1 Hz, 6H), 3.36 (q, 3J(H,H)� 7.2 Hz, 4H),
6.72 (d, 3J(H,H)� 8.5 Hz, 2H), 7.23 ± 7.44 (m, 6H), 7.71 (d, 3J(H,H)�
8.1 Hz, 1H), 7.81 (d, 3J(H,H)� 7.9 Hz, 1H), 7.99 ppm (d, 3J(H,H)�
8.1 Hz, 1H); 13C NMR (100 MHz, CDCl3, 23 �C): �� 13.2, 44.9, 111.8,
117.0, 126.0, 126.1, 126.2, 126.9, 127.2, 128.0, 128.7, 131.5, 132.4, 134.4, 141.1,
147.5 ppm; MS (70 eV): m/z (%): 275 (50) [M]� , 260 (100).


3-(4�-N,N-Diethylaminophenyl)thiophene : 1H NMR (400 MHz, CDCl3,
23 �C): �� 1.11 (t, 3J(H,H)� 7.1 Hz, 6H), 3.30 (q, 3J(H,H)� 7.2 Hz, 4H),
6.63 (d, 3J(H,H)� 8.7 Hz, 2H), 7.18 (s, 1H), 7.26 (d, 3J(H,H)� 2.0 Hz, 2H),
7.38 ppm (d, 3J(H,H)� 8.7 Hz, 2H); 13C NMR (100 MHz, CDCl3, 23 �C):
�� 13.1, 44.8, 112.3, 117.6, 126.1, 126.6, 127.9, 136.1, 143.1, 147.4 ppm; MS
(70 eV): m/z(%): 231 (65) [M]� , 216 (100).
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Heterodinuclear Ln�Na Complexes with an Asymmetric Macrocyclic
Compartmental Schiff Base


Mauro Botta,*[a] Umberto Casellato,[b] Cristina Scalco,[b] Sergio Tamburini,*[b]
Patrizia Tomasin,[b] Pietro A. Vigato,[b] Silvio Aime,[c] and Alessandro Barge[c]


Abstract: Heterodinuclear lantha-
nide(���) ± sodium(�) complexes [LnNa(L)-
(Cl)2(CH3OH)] (Ln�La ±Nd, Sm±Lu),
where H2L is a [1�1] asymmetric com-
partmental macrocyclic ligand contain-
ing a N3O2 Schiff base and a O3O2


crown-ether-like coordination site, have
been prepared and characterized by IR,
1H, 13C, and 23Na NMR spectroscopy,
mass spectrometry, and electron micros-
copy. In the solid state, the lanthani-
de(���) ions coordinate the Schiff-base
N3O2 site, and the sodium ion occupies
the O3O2 crownlike cavity, as shown by
the X-ray crystal structures of the Nd,
Eu, Gd, and Yb derivatives. In these
complexes, the lanthanide(���) ion is
coordinated by two chlorine atoms in


the trans position and by three nitrogen
and two negatively charged phenol oxy-
gen atoms of the Schiff base, and the ion
is heptacoordinated with a pentagonal
bipyramidal geometry. The sodium ion is
coordinated by three etheric oxygen
atoms and the two phenolic oxygens
that act as a bridge. A methanol mole-
cule is also coordinated in the apical
position of the resulting pentagonal
pyramidal polyhedron. A detailed 1H
and 13C NMR study was carried out in
CD3OD for both diamagnetic and para-


magnetic heterodinuclear complexes
[LnNa(L)(Cl)2(CH3OH)]. The com-
plexes are also isostructural in solution,
and their structures parallel those found
in the solid state. Moreover, some signi-
ficative distances determined in the solid
state and in solution are comparable.
Finally, the potential use of these com-
plexes as molecular probes for the
selective recognition of specific metal
ions has been tested. In particular, their
ability to act as shift reagents and the
selectivity of the O3O2 site towards Li�,
Ca2�, and K� were investigated by 23Na
NMR spectroscopy.Keywords: lanthanides ¥


macrocyclic ligands ¥ Schiff bases ¥
shift reagents ¥ sodium


Introduction


In the last two decades, considerable efforts have been made
to design and synthesize compartmental macrocyclic systems,


owing to their well-known ability to secure, in close proximity,
two metal ions in well-defined structural environments.[1±4]


The compartmental macrocyclic complexes may provide
unique routes to highly selective molecular recognition
processes as well as to a number of peculiar physico-chemical
properties.[5±7] In the early studies, [2�2] symmetric tetraimine
cyclic Schiff bases, prepared by one-step condensation of 2,6-
diformyl-4-substituted derivatives with appropriate diamines
in the presence of suitable metal ions as templating agents,
were used. These symmetric Robson-type macrocycles, owing
to the identity of the two adjacent chambers, form almost
exclusively homodinuclear complexes.[8±12] Heterodinuclear
complexation is also possible under particularly favorable
experimental conditions, which allow the formation of a well-
defined mononuclear complex to be used as a ligand for
further heterocomplexation.[13±15] However, this synthetic
strategy can give rise to a number of scrambling reactions,
with the formation of a mixture of positional isomers, of
homodinuclear complexes, and so on.
More recently, in order to overcome these problems,


asymmetric compartmental ligands have been designed, and
their coordination ability towards different metal ions has
been extensively investigated. A marked difference in the set
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of donor atoms of the two adjacent chambers favors the
formation of heterodinuclear complexes rather than homo-
dinuclear ones, and thus this limits considerably the possibility
of positional heterodinuclear isomers.[2, 16] It is expected that
the resulting heterodinuclear metal-ion association can yield
significative mutual interactions, which may be exploited for
applications in different areas of chemical research.[2, 3, 7, 17±21]


Schiff bases have been extensively used in the design of
coordination systems capable of securing lanthanide(���) or
transition-metal ions. Moreover, crown ethers have been
specially designed for Group IA and IIA metal ions. Com-
partmental ligands containing a Schiff base and a crown-ether
moiety fused together may then provide interesting coordi-
nation possibilities. In this direction, a number of hetero-
dinuclear complexes have been prepared and fully charac-
terized by X-ray diffractometry.[6, 22±29] Furthermore, several
molecular devices, based on such recognition capability, have
been proposed.
The alkali-metal cations Na� and K� and the alkaline-earth-


metal cations Mg2� and Ca2� are ubiquitous in living systems.
The role of sodium and potassium ions stems essentially from
their unequal distributions in the intra- and extracellular
compartments and related transmembrane transport process-
es. The divalent magnesium and calcium cations possess a
more marked binding ability towards macromolecules, poly-
electrolytes, and biological surfaces, and thus their role is
more differentiated. In the form of aqua complexes, Mg2� is
concentrated in the cells whereas Ca2� is excluded. The
distribution of alkali- and alkaline-earth-metal ions in the
inner and outer cell compartments is crucial to the viability of
any organism. Thus their qualitative and quantitative deter-
mination is essential, and NMR spectroscopy offers unique
tools to reach this goal. The separation of the NMR signals
from the two compartments is possible when their magnetic
environments are made different by the presence of a
paramagnetic agent, which selectively distributes in one
compartment only. A successful separation of in and out
signals is strongly dependent upon the interaction that the
cation of interest is able to set up with the paramagnetic agent.
In this context, compartmental ligands can be very useful. In
fact, one may design systems containing in one chamber a
suitable lanthanide(���) ion endowed with a high magnetic
moment and a non-S electronic configuration, whereas the
second chamber is available for coordination of an alkali- or
alkaline-earth-metal ion, which is possibly involved in an
exchange process with the free ions.
Using this procedure, quite interesting and powerful shift


reagents have been proposed, in particular for Na�.[20, 30] The
lanthanide(���) ions offer the unique possibility of modifying
progressively their physical properties (and hence their ability
to act as shift reagents) while maintaining the same chemical
properties. In previous investigations, it was found that the
asymmetric macrocyclic ligand H2L (Scheme 1), derived by
the condensation of 3,3�-(3-oxapentane-1,5-diyldioxy)bis(2-
hydroxybenzaldehyde) with 1,5-diamino-3-azamethylpen-
tane, containing a N3O2 Schiff-base chamber and a O3O2


crown-ether-like moiety when reacted with lanthanide(���)
salts, coordinates the metal ion in the crown-ether chamber
rather than in the N3O2 Schiff base.[25, 27] X-ray diffractometric


investigations of [Ln(H2L)(H2O)4](Cl)3 ¥ nH2O (Ln�Ce, Dy,
n� 1; Ln�Lu, n� 3) showed that the coordination number of
nine for LnIII is reached by bonding five oxygen atoms from
the ligand and four oxygen atoms from water molecules.[25]


It is well documented that alkali-metal ions coordinate
crown ethers quite well, and in fact the same crown-ether
chamber is involved in the coordination of alkali-metal ions in
the case of the complexes with H2L.[31, 32] Thus, although both
ions prefer coordination at the O2O3 chamber, we surmise that
the use of the Na�-containing complex may force the
coordination of the lanthanide(���) ion in the Schiff-base
chamber. This synthetic strategy was successfully pursued,
and here we report the synthesis and characterization of
heterodinuclear lanthanide(���) ± sodium(�) complexes with the
asymmetric compartmental ligand H2L. Furthermore, de-
tailed NMR studies were carried out in order to assess the
solution behavior of these complexes. A brief account of the
YbIII derivative has been recently published in a preliminary
communication.[33]


Results and Discussion


Preparation and properties of the compounds : The H2L [1�1]
macrocyclic ligand and its homo- and heterodinuclear com-
plexes have been prepared according to Scheme 1. The
diformyl precursor 3,3�-(3-oxapentane-1,5-diyldioxy)bis(2-hy-
droxybenzaldehyde), H2L�, and its related disodium deriva-
tive Na2L� were prepared as pale yellow solids, stable in air
and soluble in organic solvents, by the reaction of the
appropriate ditosylate with 2,3-dihydroxybenzaldehyde in
anhydrous dimethylsulfoxide and in the presence of NaH.
Pure H2L� has been obtained by chromatography on silica gel
with CHCl3 as eluant. The IR spectrum of H2L� shows a strong
�(C�O) at 1659 ± 1646 cm�1. The 1H NMR (CDCl3) spectrum
consists of a singlet at 9.94 ppm, due to CH�O protons, a
singlet at 10.96 ppm assigned to the phenolic oxygens,
multiplets at 7.15, 4.26, and 3.96 ppm associated with the
aromatic and the aliphatic protons of the crown-ether chain,
respectively. The IR and 1H NMR spectra of Na2L� parallel
those of H2L�.
The [1�1] macrocyclic ligand H2L has been synthesized by


self-condensation in methanol of H2L� with 1,5-diamino-3-
azamethylpentane (1:1 molar ratio). Alternatively, H2L can
be obtained by the same condensation reaction in the
presence of Ba(ClO4)2 as a templating agent. By following
this route, the yellow [1�1] macrocylic complex [Ba(H2L)]-
(ClO4)2 has been demetalated by guanidinium sulfate, and the
resulting macrocycle H2L extracted from water with CHCl3.
Finally H2L can be conveniently prepared in high yield by the
condensation of H2L� and 1,5-diamino-3-azamethylpentane in
diethyl ether by using the high-dilution technique. The latter
synthetic route is the chosen method as it gives the macro-
cyclic ligand in high yield without the need of any further
purification. H2L is a yellow solid; its [1�1] cyclic nature was
inferred by the presence of the parent peak [M��H] at m/z
428 in the mass spectrum and by the presence of a strong
�(C�N) band in the IR spectrum at 1634 cm�1, whereas the
bands attributable to �(C�O) or �(NH2) completely disap-
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pear. Moreover the 1H NMR spectrum in CDCl3 shows a
singlet at 8.19 ppm for the iminic protons, multiplets at
6.75 ppm for the aromatic protons, at 4.20 and 3.95 ppm
assigned to the methylenic protons of the crown-ether chain,
at 3.63 and 2.78 ppm due to methylenic protons of the iminic
chain, and a singlet at 2.32 ppm for the methyl group. The
1H NMR spectrum of Na2L, obtained from the condensation
of the acyclic derivative Na2L� with H2N(CH2)2N(CH3)-
(CH2)2NH2, shows significative differences from H2L owing
to the coordination of the Na� ions in the N3O2 and O3O2


coordination chambers. As mentioned above, the reaction of
H2L with LnCl3 ¥ nH2O in alcoholic solution gives rise to the
mononuclear complex [Ln(H2L)(H2O)4](Cl)3. The condensa-
tion of H2L� with 1,5-diamino-3-azamethylpentane, in the
presence of LnCl3 ¥nH2O as templating agent, forms the same
mononuclear complex. In these complexes, the lanthanide(���)


ion invariably self-coordinates in
the O3O2 chamber. The mono-
nuclear complexes [Ln(H2L)-
((H2O)4]Cl)3 have a free N3O2


chamber, which is potentially
available for further metal-ion
complexation. However, the re-
action of these complexes with
alkali- or alkali-earth-metal salts
gives rise to heterodinuclear
complexes, which are not very
stable in solution. This is possibly
due to an imperfect fit of the
ionic radius of Na� in the N3O2


chamber; the Na� in fact does
not enter into the N3O2 plane but
remains above it and is hence
weakly coordinated. As a conse-
quence, the chemical shift of 23Na
is very small also when strong
paramagnetic lanthanide(���) ions
coordinate the crown-ether O3O2


site.
Thus we have pursued the syn-


thesis of positional isomers, in
which the O3O2 site is occupied
by an alkali-metal ion (i.e. Na�),
and the N3O2 chamber is occu-
pied by a 4f ion in order to
increase the stability of these
heterodinuclear complexes and
to enhance the mutual metal ±
metal interactions. Quite simply,
we thought that the occupancy of
the O3O2 site by a Na� ion would
force the LnIII ion to fill the
Schiff-base N3O2 site. Thus by
reacting Na2L with the appropri-
ate lanthanide(���) trichloride in
methanol and in 1:1 molar ratio,
the heterodinuclear complexes
[LnNa(L)(Cl)2(CH3OH)] are ob-
tained. Alternatively, the macro-


cycle H2L can be treated with NaOH, and the subsequent
addition of LnCl3 yields the same heterodinuclear complexes
[LnNa(L)(Cl)2(CH3OH)]. The complexes are yellow solids,
stable in the solid state and in solution, which yield well-
formed crystals when recrystallized from alcoholic solution.
The homogeneity of the obtained crystals and the occurrence
of the correct Ln/Na/Cl ratio (1:1:2) have been checked by
electron microscopy and EDX (energy-dispersive X-ray)
analysis. As an example, the BSE (backscattering electrons)
micrography and the EDX spectrum of the complex [Dy-
Na(L)(Cl)2(CH3OH)] are given in Figure 1.
The IR spectra of [LnNa(L)(Cl)2(CH3OH)] show a lower


value of �(C�N) at 1617 ± 1632 cm�1 compared with that of
the free ligand (1634 cm�1). Noticeably, the �(C�N) lies
at 1635 ± 1660 cm�1 for the mononuclear complexes
[Ln(H2L)(H2O)4](Cl)3 in which Ln3� occupies the O3O2 site,


Scheme 1. Synthesis of the ligand H2L and the LnIII complexes.
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Figure 1. SEM and EDX analyses of the complex [DyNa(L)-
(Cl)2(CH3OH)].


with a relevant shift (��� 29 ± 38 cm�1) towards higher
wavelengths compared with those for H2L. The IR differences
in the C�N stretching frequencies are clearly related to the
change in the coordination mode of the lanthanide(���) ion on
going from the mononuclear to the heterodinuclear complex.


X-ray structure of the heterodinuclear complexes : Crystals,
grown by slow diffusion of diethyl ether into a methanolic
solution of the appropriate complex, are monoclinic (space
group P21/n) with four molecules in the unit cell (Table 1).
The complexes [LnNa(L)(Cl)2(CH3OH)] (Ln�Nd, Eu, Gd,
Yb) are isostructural. Only the ORTEP representation of the
crystal structure of the Nd complex is shown in Figure 2. The
two positions of the methanol oxygen atom are indicated.
The cyclic ligand coordinates the lanthanide(���) ion in the


N3O2 chamber and the sodium ion in the O2O3 one. The
heptacoordination around the lanthanide(���) ion is obtained


by two chloride ions, trans to each other, by two phenolic
oxygens (also involved in the coordination of the sodium ion),
and three nitrogens of the Schiff-base chamber in an
equatorial plane. The resulting coordination polyhedron can
be best described as a pentagonal bipyramid with the two
chlorine atoms in the apical position. As for other complexes
with similar cyclic ligands, the molecule adopts a butterfly
shape with the two benzene rings as wings that are not
symmetric in relation to the mean plane containing the five
donor atoms bonded to the lanthanide ion: O1, O2, N1, N2,
and N3. In fact the dihedral angle is of about 11� (mean of the
four values) for the ring C1�C6 and about 32� (mean) for the
ring C14�C19. The lanthanide ions are displaced from the
mean basal plane: 0.099 ä for Nd, 0.072 ä for Eu, 0.070 ä for
Gd, and 0.040 ä for Yb. The two apical chlorine atoms are
symmetrically disposed along an axis perpendicular (176�) to
the mean basal plane. Some differences in the coordination


Figure 2. ORTEP diagram of [NdNa(L)(Cl)2(CH3OH)] showing the atom-
labeling scheme.


Table 1. Crystal and intensity data for Nd, Eu, Gd, and Yb complexes.


Coordinated metal Nd Eu Gd Yb


formula C24H30N3O6Cl2NaNd C24H30N3O6Cl2NaEu C24H30N3O6Cl2NaGd C24H30N3O6Cl2NaYb
unit cell monoclinic
space group P21/n (No. 14)
a [ä] 12.567(3) 12.547(3) 12.556(4) 12.586(3)
b [ä] 13.267(4) 13.241(3) 13.236(4) 13.127(3)
c [ä] 16.769(4) 16.779(4) 16.822(5) 16.690(3)
� [�] 100.6(4) 100.4(5) 100.43(5) 101.08(3)
V [ä3] 2757(1) 2741(1) 3315(2) 2706(1)
Z 4
� [g cm�3] 1.616 1.644 1.652 1.776
absorption � [mm�1] (MoK�) 2.13 2.53 2.66 3.713
range of relat. transmission factor[a] [%] 91 ± 100 88 ± 100 89 ± 100 88 ± 100
scanned � [�] 6.1� �� 52 6.1� �� 60 6.1� �� 52 6.2� �� 60
total/unique refl. 4050/3883 5568/5299 4426/4268 7338/7038
data observed 3849 [F� 3�(F)] 5163 [F� 3�(F)] 4209 [F� 3�(F)] 6903 [F� 3�(F)]
parameters (observ. per param.) 306 (12.5) 306 (16.9) 306 (13.7) 306 (22.5)
Robs 0.038 0.035 0.054 0.041
wR (all) 0.101 0.096 0.153 0.120
highest map resid. [eä�3] 0.80 1.13 2.96 2.17
CCDC number 172974 172972 172973 172975


[a] Corrections: Lorentz polarization and absorption (empirical, � scan).
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bonds to lanthanide ions are observed that are the direct
consequence of the decrease of the ionic radius across the
lanthanide series (Nd3� : 0.995 ä; Eu3� : 0.950 ä; Gd3� :
0.938 ä; Yb3� : 0.858 ä). In Table 2 we report representative
bond lengths between the central metal ion and the donor
atoms of the coordination sphere. A regular decrease of the
bond lengths is observed: the Ln�Cl bond lengths decrease by
about 0.13 ä (Nd�Cl: 2.746 ä, mean; Yb�Cl: 2.160 ä,
mean), whereas for the Ln�O and Ln�N bond lengths the
differences are of about 0.1 ä. On the other hand, the
corresponding angles (Table 3) are not influenced by the


lanthanide contraction, apart from the bridging oxygen
atoms: the angle O1�Ln�O2 decreases from 80.7� for the
Nd complex to 77.8� for Yb. As a direct consequence, the
O1�Na�O2 angle decreases from 78.8� for the Nd complex to
73.3� for the Yb complex.
The conformation of the torsion angles N1�C8�C9�N2 and


N2�C11�C12�N3 are g� (�54.5�, mean value) and g�


(�62.0�, mean value), respectively, and the direction of C10
is towards the convex part of the molecule, the same direction
of Cl2 and the methanol bonded to the sodium ion. The
coordination polyhedron around the sodium ion is a pentag-
onal pyramid, in which the six-coordinated oxygen atoms are
from the O2O3 chamber of the macrocyclic ligand and from a
methanol molecule placed at the vertex of the pyramid. The
sodium atom is displaced by about 0.62 ä from the mean
basal plane.


The conformations of the torsion angles O3�C21�C22�O4
and O4�C23�C24�O5 are g� and g�, respectively, in all the
complexes, and the values are between 50 and 55�. The
contact distances Ln�Na present small variations around a
mean value of 3.55 ä.


Solution structure: NMR spectra of diamagnetic complexes :
The 13C NMR spectrum of the diamagnetic complex
[YNa(L)(Cl)2(CH3OH)], recorded at 298 K and 75.4 MHz
in CD3OD, shows 12 resonances: five in the aliphatic region,
due to the ethylenic and the methyl groups, and seven
between 115 and 171 ppm, assigned to the aromatic and iminic
carbon atoms (Figure 3, bottom). The resonances of the
aliphatic carbons are assigned to the methyl group (42 ppm),
to the methylenic carbons of the oxoethylenic bridges (67 and
69 ppm), and to the methylenic carbons of the N3O2 coordi-
nation site (57 and 58 ppm). The occurrence of such a simple
spectral pattern is indicative of the presence in solution of a
symmetry plane perpendicular to the molecule and passing
through the Ln�Na axis. In the solid state, the complex has a
lower symmetry, arising from the presence of a twist angle
between the two aromatic rings of 41.52� (mean value) and the
orientation of the methyl group directed towards one of the
two halves of the molecule. Thus in methanolic solution there
is a fluxional process that averages out pairs of carbon
resonances. This dynamic behavior can be easily visualized as
the result of a twisting motion of the two aromatic moieties.


Figure 3. 300 MHz 1H (top) and 75.4 MHz 13C (bottom) NMR spectra of
the diamagnetic complex [YNa(L)]2� in CD3OD at 298 K.


Table 2. Bond lengths [ä] of lanthanide- and sodium-ion coordination polyhedra.


donor atom LnIII NaI


Nd Eu Gd Yb Nd complex Eu complex Gd complex Yb complex


Cl1 2.722(2) 2.674(1) 2.661(2) 2.583(1)
Cl2 2.770(2) 2.729(2) 2.718(2) 2.638(1)
O1 2.298(5) 2.266(3) 2.268(4) 2.204(3) 2.372(5) 2.362(4) 2.351(5) 2.343(4)
O2 2.319(4) 2.286(3) 2.285(4) 2.226(3) 2.339(5) 2.330(4) 2.325(5) 2.296(4)
N1 2.554(6) 2.520(4) 2.519(6) 2.459(4)
N2 2.678(5) 2.643(4) 2.643(5) 2.593(4)
N3 2.571(6) 2.538(4) 2.532(6) 2.470(4)
O3 2.394(5) 2.388(4) 2.387(6) 2.370(5)
O4 2.394(5) 2.408(4) 2.423(5) 2.444(5)
O5 2.372(5) 2.355(4) 2.364(6) 2.316(4)
O6 (mean) 2.31 2.31 2.34 2.39
M ¥ ¥ ¥Na contact 3.552(2) 3.555(2) 3.560(3) 3.540(2)


Table 3. Selected bond angles [�] of lanthanide- and sodium-ion
coordination polyhedra.


�nIII


Nd Eu Gd Yb


Cl1�M�Cl2 172.22(5) 172.30(4) 172.40(6) 172.14(4)
O1�M�O2 80.7(2) 79.7(1) 79.0(2) 77.8(1)
O1�M�N1 72.9(2) 73.7(1) 74.2(2) 74.9(1)
N2�M�N1 67.7(2) 67.7(1) 67.8(2) 67.6(1)
N2�M�N3 67.1(2) 67.7(1) 67.7(2) 67.8(1)
O2�M�N3 72.2(2) 72.1(1) 72.2(2) 73.1(1)
O1�Na�O2 78.8(2) 76.9(1) 76.6(2) 73.7(1)
O2�Na�O3 67.3(2) 67.9(1) 68.2(2) 68.7(1)
O3�Na�O4 67.4(2) 67.1(1) 66.7(2) 65.7(2)
O4�Na�O5 67.5(2) 67.4(1) 67.2(2) 67.0(2)
O1�Na�O5 67.5(2) 68.5(1) 68.6(2) 69.9(1)
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This process has a low activation energy cannot be frozen out
even at low temperature (233 K).
The corresponding 1H NMR spectrum of the YIII complex


(300 MHz, 298 K) shows 11 resonances (Figure 3, top): a
singlet at 8.4 ppm due to the iminic protons 4 (see Scheme 2),
two doublets of doublets at 7.0 and 7.1 ppm attributed to the
meta protons 2 and 3, a triplet at 6.7 ppm (1), six multiplets


Scheme 2. Structure of the ligand with the labeling used to assign the
resonances in the NMR spectra.


in the region 2.8 ± 4.4 ppm, and a singlet at 2.6 ppm easily
assigned to the methyl group 7. The presence of multiplets for
the methylenic protons reveals a much higher degree of
stereochemical rigidity for the heterodinuclear complexes as
compared with the corresponding mononuclear ones, for
which a time-averaged planar structure was present in
methanolic solution.[25] This additional rigidity is provided
by the coordination of the Na� ion into the crown-ether site. A
400 MHz HMQC (heteronuclear multiple quantum coher-
ence) experiment (298 K) allowed the correlation of the
multiplets at 3.2 and 2.8 ppm with the 13C resonance at
58 ppm, the multiplet at 3.9 ppm with the 13C resonance at
57 ppm, the multiplet at 4.0 ppm with the 13C resonance at
69 ppm, and the two multiplets at 4.1 and 4.4 ppm with the
carbon peak at 67 ppm. Finally, a 2D NOESY 1H experiment
provided the basis for the complete assignment of the proton
and carbon spectra. At 298 K and by using a mixing time of
280 ms, cross peaks were observed between the imino protons
and the resonances at 7.0 and 3.9 ppm, which are then assigned
to the protons 3 and 5, respectively, between the methyl group
and the multiplets at 2.8 and 3.2 ppm (6), and between the
proton 2 and the resonances at 4.1 and 4.4 ppm (9). The
protons of the four ethylenic groups are in a staggered
conformation and show a pattern consisting of two triplets of
doublets (axial protons) and two doublets of doublets
(equatorial). Interestingly, both the N3O2 and the O3O2 sites
show a very similar multiplicity pattern, and this indicates that
the conformation observed in the solid state is maintained in
solution. Almost identical NMR spectra were observed for
the corresponding LuIII complex. Finally, in both the 1H and
13C NMR spectra only a single solvent peak is observed. This
implies that in solution the two chloride anions are displaced
by two solvent molecules that are in rapid exchange (on the
NMR timescale) with the bulk of the solvent.
The spectra of the diamagnetic complexes do not provide a


firm indication of the coordination sites occupied by the LnIII


and the Na� ions and do not allow the assessment of structural
changes in solution across the LnIII series, as often observ-


ed.[20a, 34] These points may be conveniently addressed by
considering the 1H NMR spectra of the corresponding
paramagnetic derivatives.


1H NMR spectra of paramagnetic complexes : The 1H NMR
spectra were recorded in CD3OD at 2.1 T for the para-
magnetic complexes [LnNa(L)]2� (Ln�Ce, Pr, Nd, Sm, Eu,
Tb, Dy, Ho, Er, Tm, Yb) (Figure 4).


Figure 4. 300 MHz 1H NMR spectra of the paramagnetic complexes
[LnNa(L)]2� in CD3OD at 298 K: Ln�Eu (A), Tb (B), and Yb (C).


All the spectra consist of 13 resonances and are charac-
terized by very different chemical-shift ranges, from 11 ppm
(Sm) to about 480 ppm (Dy), and different linewidths. Apart
from one peak (methyl resonance, relative intensity 1.5), all
the signals have an identical area (relative value 1), and this
represents a strong limitation to the spectral assignment.
However, some useful information can be inferred from a
qualitative analysis of the spectra. The resonances can be
divided into two different groups according to their different
values of the bandwidth at half-height (��1/2) and of the
chemical shift:[35] i) six signals present chemical-shift values
remarkably shifted from the diamagnetic spectral region and
large bandwidths; ii) the second group of seven signals is
characterized by values of � and ��1/2 , which are much closer
to those typical of the diamagnetic derivatives. The reso-
nances endowed with large values of both the isotropic
paramagnetic shifts and the linewidths are associated with the
protons in the proximity of the paramagnetic ion. Since the
methyl group belongs to this set of peaks, we may assume that
the LnIII ion in solution is coordinated in the N3O2 Schiff-base
compartment, as found in the solid state. A further proof of
this conclusion was gained by calculating the average H�Ln
distance for the methyl group by a well-established procedure,
which exploits the quadratic magnetic field dependence of the
Curie-spin relaxation mechanism.[36] For any magnetically
active nucleus of the ligand in a complex of a paramagnetic
lanthanide ion other than Gd, the paramagnetic contribution
to the longitudinal relaxation rate is given by the following
expression [Eq. (1)].
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�H and �S are the proton and electron Larmor frequencies,

S is the electron spin relaxation time (typically of the order of
0.1 ps), �B is the Bohr magneton, 	I is the magnetogyric ratio
of the nucleus I, gJ is the Lande¡ factor, J is the total angular
momentum of the lanthanide ion, and 
R is the reorientational
correlation time. The first term in Equation (1) represents the
electron-nucleus dipolar interaction, whereas the second term
refers to the Curie-spin relaxation mechanism, characterized
by a quadratic dependence on the nuclear Larmor frequency.
By plotting the longitudinal relaxation rates as a function of
�2
H, a straight line is obtained, the slope of which allows the


value of the Ln�H distance to be extracted, if 
R can be
independently estimated. The rotational correlation time, 
R,
can be conveniently calculated by a series of 13C NMR
experiments on a diamagnetic derivative. The protonated
carbon atoms of the ligand relax mainly through a modulation
of the dipolar interaction with the directly attached proton(s)
with a correlation time given by 
R [Eq. (2)].


Rdd
1 � n


4	2C	2H�2S�S � 1�
3r6C�H



r (2)


In Equation (2), n is the number of hydrogen atoms bound
to the carbon, 	H and 	C are the proton and carbon magneto-
gyric ratios, respectively, � is the Planck constant, rC�H is the
C�H distance, and S is the spin quantum number (S� 1³2).
Since the C�H distance for a methinic group is known to a
high degree of accuracy (r� 1.08 ä), the value of 
R can be
derived from Rdd


1 . The dipolar contribution to the relaxation
rate, Rdd


1 , is assessed by the measurements of the longitudinal
relaxation rate (Robs


1 � and of the NOE factor (�) through the
following expression [Eq. (3)].[37]


Robs
1 /Rdd


1 � �max/� (3)


The 13C 1/T1 value for the iminic carbon of the YIII complex
was found to be 2.0 s�1 at 300 K and 100.6 MHz, and the NOE
factor was found to have the maximum value of 1.99.[37] From
these data, a 
R value of 88 ps is then calculated by assuming a
C�H distance of 1.08 ä. Finally, longitudinal relaxation rates
of 265, 320, and 388 s�1 were measured for the methyl
resonance of the YbIII complex at 90, 270, and 400 MHz (and
at 300 K). By adopting the 
R value previously calculated, we
obtained from Equation (1) a distance r of 3.2 ä, in fairly
good agreement with the value derived from crystallographic
data. By following the same procedure, it was then possible to
estimate the Yb�H distances associated with the other
resonances of the 1H NMR spectrum (see Supporting
information). The calculated values confirm the previous
qualitative analysis: a group of peaks corresponds to ™short∫
distances of 3.0 ± 4.0 ä (protons of the imino group and of the
N2O3 site), whereas the other peaks correspond to ™long∫
distances ranging from 4.8 to 6.0 ä (aromatic protons and
protons of the O2O3 site).
In conclusion, all the NMR data indicate that the complexes


from Nd to Yb maintain the same type of coordination
polyhedron in methanolic solution as those found in the solid
state, and thus this suggests a high degree of isostructurality
across the series. This is in contrast to what has been observed
for the corresponding mononuclear complexes, in which two


rapidly interconverting isomeric species were present in
solution for the Yb and Lu derivatives. This different behavior
is likely to be associated with the high stereochemical rigidity
imposed by the coordination of the Na� ion in the O2O3


crownlike binding site.


23Na NMR spectra : The 23Na NMR spectra, in CD3OD at
298 K, of the Tb, Dy, Tm, and Yb complexes show the
presence of a broad resonance characterized by a large shift
from the peak of the free ion (Figure 5). This band is due to a
Na� ion coordinated in the O3O2 site of the complexes which


Figure 5. Variable-temperature 79.3 MHz 23Na NMR spectra of
[TmNa(L)]2� (ca. 20 mmolL�1) in CD3OD in the presence of added NaCl.


results in slow exchange at room temperature on the NMR
timescale. The slow exchange is confirmed by the presence of
a small peak at 0 ppm corresponding to the free ion (1 ± 3%)
in the spectrum of the Tm complex; the peak originates from
the coprecipitation of NaCl during the recrystallization of the
complex. Upon addition of a small amount of NaCl to the
methanolic solution of the complex, only an increase of this
resonance is observed.
After increasing the temperature, the broad resonance


sharpens and shifts downfield (upfield for the Tm complex).
The exchange-averaged signal is observed only at temper-
atures above 320 K, and this indicates the strong binding of
the sodium cation in the O2O3 site. A quantitative analysis of
the spectra in order to obtain the kinetic parameters of the
dynamic process was not attempted because of the predom-
inant contribution of the paramagnetic relaxation to the
bandwidth of the isotropically shifted signal at each temper-
ature.
The observed isotropic shift is very large for all the three


complexes and is positive for Tm and negative for Tb, Dy, and
Yb (340, �614, �157, and �40 ppm, respectively, at 253 K).
The magnitude of the 23Na hyperfine shifts is a consequence of
the very short Ln�Na distance found in these complexes as
compared with those of the currently available shift reagents,
in which the alkali-metal cations only form ion pairs with
polar groups of the ligand.[20a, 34] This feature is very important
for the development of 23Na shift reagents of enhanced
efficacy for the separation of the intra- and extracellular 23Na
resonances in biomedical studies.[20a] To this goal, future work
will be directed to a suitable modification of the ligand in
order to improve the water solubility of the complexes.
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Another interesting aspect is the selectivity of this ligand
for Na� compared with other cations of the Groups I and II.
We have addressed this problem by recording the 23Na NMR
spectra of the Ln�Na complexes (Ln�Tb, Dy, Tm, Yb) in the
presence of equimolar amounts of LiCl, KBr, and CaCl2. The
transmetalation reaction is revealed by the decrease in the
intensity of the resonance of the bound Na� cation and the
appearance of the signal corresponding to the free Na�. The
reaction occurs, to a different extent, with all the three cations,
and the binding affinity of the ligand follows the order Ca2��
Na��K��Li�. The high selectivity of the ligand for Ca2� is
probably due to an optimal fit of the ionic radius of the cation
to the coordination site. It is possible that a chloride anion is
coordinated to Ca2� in order to maintain the electroneutrality,
and this could also contribute to the stabilization of the
complex. In order to check that the added cations only
displace Na� and not the lanthanide ion, we recorded the
1H NMR spectra of the Tb�Na complex at 303 K in the
presence of an equimolar amount of CaCl2. Under these
conditions, we clearly see (Figure 6) a decrease in the intensity
of the peaks associated with the Tb�Na complex and the
appearance of a new set of resonances covering an almost
identical chemical-shift range and easily attributable to the
Tb�Ca complex. Hence, the transmetalation reaction does
not involve the lanthanide cation.


Figure 6. 90 MHz 1H NMR spectrum of [TbNa(L)]2� (15 mmolL�1) in the
presence of a twofold excess of CaCl2. The resonances attributed to the
complex [TbCa(L)]3� are labeled with �.


Finally, we may anticipate that the complexes are expected
to present good stability in water. When a small amount of
water (four drops) is added to a methanolic solution (0.5 mL)
of the Tb complex in the NMR tube, no changes are detected
in the 1H NMR spectrum over a period of three days. The
corresponding 23Na NMR spectra only show some line
broadening as a function of the added water. This suggests
that the LnIII complexes will not dissociate in water and that
the exchange between ™free∫ and ™bound∫ sodium cations will
be accelerated, a favorable condition for possible in vivo
applications.


Conclusion


We have prepared a series of stable NaI�LnIII complexes with
a macrocyclic ligand containing two adjacent cavities, a N3O2


Schiff-base site, and a O2O3 crown-ether-like site. The


preference of Na� for the polyoxa cavity is the key to the
synthesis of well-defined, stable heterodinuclear Ln�Na
complexes, in which Na� resides in the O3O2 chamber, and
the LnIII cation in the Schiff-base site. The complexes show a
high degree of isostructurality both in methanolic solution and
in the solid state. Furthermore, unlike the mononuclear
complexes, the [LnNa(L)(Cl)2(CH3OH)] complexes are char-
acterized in solution by a marked stereochemical rigidity as a
consequence of the presence of two metal ions in the two
adjacent coordination sites. The 23Na NMR resonance of the
bound cation is markedly shifted from that of the free ion by
the paramagnetic LnIII center. In the case of the Tb, Dy, and
Tm complexes, the bound shifts are of the order of several
hundreds ppm (in methanol), more than one order of
magnitude greater than the corresponding values estimated
(in water) for the shift reagents currently available.[20a, 38] The
23Na paramagnetic shift depends upon the geometrical
position of the sodium ion relative to the magnetic symmetry
axis of the complex and upon the Ln�Na distance. Under the
simplified hypothesis that the lanthanide complex is charac-
terized by an effective axial symmetry (often a good
approximation),[34] the magnitude of the shift is proportional
to a term of the type D1(3cos2�� 1)/r3, in which � is the angle
between the Ln�Na vector and the principal magnetic axis of
the complex, and r is the Ln�Na distance. In the hetero-
dinuclear Ln�Na complexes, the distance r is only approx-
imately 3.55 ä, much shorter than that estimated for the
corresponding polyaminopolycarboxylic (ca. 3.9 ä) and poly-
oxa tetraaza macrocyclic (5.3 ä) complexes.[39] Furthermore,
the negative sign of the hyperfine 23Na shifts for the Tb, Dy,
and Yb complexes (D1� 0) suggests that the angle � is close to
90�, and thus that the principal magnetic susceptibility axis of
the complex is orthogonal to the molecular plane. This
hypothesis is supported by the fact that in the 1H NMR
spectrum of the Yb complex (for which the dipolar contribu-
tion to the paramagnetic shift has the largest contribution) all
the resonances have negative chemical-shift values (see
Supporting Information).
At temperatures above approximately 40 �C, a fast ex-


change occurs between the ™free∫ and ™bound∫ sodium
cations, and an average signal is observed. All these properties
make the heterodinuclear Ln�Na complexes very promising
candidates for the development of highly effective shift
reagents for metal cations of biological importance.
Future work will be directed to the improvement of both


the solubility of the complexes in water through a suitable
modification of the ligand and the selectivity towards Na� by
changing the size of the crown-ether-like cavity.


Experimental Section


Materials : All the solvents, the reagents, and the lanthanide chlorides,
LnCl3 ¥ nH2O, were purchased from Aldrich and Fluka and used without
further purification. Dimethylsulfoxide was distilled prior to use.[40]


Physico-chemical measurements : Elemental analyses were carried out by
using a Fison1108 analyzer. IR spectra were recorded as KBr pellets on a
Mattson FTIR spectometer. The 1H and 13C NMR spectra for the
diamagnetic complexes were recorded on a BrukerAMX300 spectrometer
equipped with a broad-band multinuclear probe and a variable-temper-
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ature unit. 23Na NMR spectra were recorded on the same spectrometer
with solutions (15 ± 25 mmolL�1) of the LnIII complexes (Ln�Tb, Dy, Tm,
Yb) in CD3OD. Typically 2000 transients were necessary to obtain a
satisfactory signal-to-noise ratio. The data were processed by using a line
broadening of 20 Hz and a baseline correction. 23Na chemical shifts were
measured in relation to the 23Na signal of a solution of NaCl (5�) in
CD3OD. Downfield-induced shifts are denoted as positive. The chemical
shifts (23Na) and the peak widths were determined by fitting the signals to a
Lorenzian line function. 2D NOESY and HMQC experiments for the
diamagnetic complexes were performed on a Bruker AVANCE400
spectrometer. 1H NMR spectra of the paramagnetic complexes were
recorded at 0, 30, and 60 �C on a JEOLEX-90 spectrometer operating at
2.1 T. All the samples examined were dissolved in deuterated methanol
used also as an internal reference. The T1 longitudinal relaxation times
were measured on JEOLEX90, EX270, and EX400 spectrometers
(operating at 2.1, 6.4, and 9.4 T, respectively) at 30 �C by using the standard
inversion recovery pulse sequence.


The morphology, homogeneity, and the metal/chlorine ratio of the
complexes were investigated by using a PhilipsXL40 model scanning
electron microscope equipped with an EDAXDXPRIME X-ray energy
dispersive spectrometer.[41] The solvent content (H2O or MeOH) was
evaluated by thermal analysis curves by using NetzschSTA429 thermo-
analytical equipment. The tests were performed under a nitrogen
atmosphere (flux rate 250 mLmin�1; heating rate 5 �Cmin�1) and in air
under the same conditions. Neutral alumina (Carlo Erba, Milano, Italy)
was used as reference material. All mass spectrometric measurements were
performed on a VGZAB2F instrument (VG Analytical Ltd.) operating
under fast-atom-bombardment (FAB) conditions (8 keV Xe atoms bom-
barding a solution of the sample in nitrobenzyl alcohol). Also ESI-MS
spectra have been recorded by using a Finnigan LCQ mass spectrometer
and methanolic solutions of the samples (10�5�).[42]


Preparation of H2L� and Na2L�: The diformyl precursor 3,3�-(3-oxapentane-
1,5-diyldioxy)bis(2-hydroxybenzaldehyde) (H2L�) and the disodium deriv-
ative (Na2L�) were prepared by a modification of the literature proce-
dure.[25, 27, 29]


Preparation of H2L : A methanolic solution (3 mL) of 1,5-diamino-3-
azamethylpentane (5 mmol) was diluted with diethyl ether (300 mL). A
solution (5 mL) in CHCl3 of the diformyl precursor 3,3�-(3-oxapentane-1,5-
diyldioxy)bis(2-hydroxybenzaldehyde) (5 mmol) was added dropwise at
room temperature. The yellow precipitate was stirred for 15 ± 20 min, then
filtered, washed twice with a solution in diethyl ether/methanol, and dried
in vacuum. The yellow compound was identical to that prepared by other
methods reported in the recent literature.[25, 27]


1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 8.19 (s, 2H; CNH), 6.75 (m,
6H; Ar�H), 4.20 (m, 4H; CH2O), 3.95 (m, 4H; CH2O), 3.63 (m, 4H;
CNCH2), 2.78 (m, 4H; CH2NCH3), 2.32 (s, 3H; CH3); elemental analysis
calcd (%) for C23H29N3O5 ¥H2O: C 62.71, H 6.73, N 9.28; found: C 62.01, H
7.01, N 9.43.


Preparation of Na2L : The compound 1,5-diamino-3-azamethylpentane
(15 mmol) in methanol (10 mL) was added dropwise to a methanolic
solution (150 mL) of the disodium salt of 3,3�-(3-oxapentane-1,5-diyldi-
oxy)bis(2-hydroxybenzaldehyde) (15 mmol). The brown solution was
refluxed for 2 h until a yellow precipitate was formed. It was collected by
filtration, washed twice with methanol and diethyl ether, and dried in
vacuo.
1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 8.15 (s, 2H; CNH), 6.74 (d,
2H; Ar�H), 6.50 (d, 2H; Ar�H), 6.21 (t, 2H; Ar�H), 3.96 (m, 4H; CH2O),
3.50 (m, 4H; CNCH2), 3.48 (m, 4H; CH2O), 3.10 (m, 4H; CH2NCH3), 2.29
(s, 3H; CH3); elemental analysis calcd (%) for C23H27N3O5Na2: C 58.60, H
5.77, N 8.91; found: C 58.36, H 5.69, N 8.38.


Preparation of [LnNa(L)(Cl)2(CH3OH)] (Ln�Y, La, Ce, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Lu): Two alternative methods were used: a) the
appropriate lanthanide trichloride hydrate, LnCl3 ¥ nH2O (1 mmol), and
1,5-diamino-3-azamethylpentane (1 mmol) in methanol (10 mL) were
added in succession to a methanolic solution (30 mL) of the disodium
derivative of the diformyl precursor 3,3�-(3-oxapentane-1,5-diyldioxy)-
bis(2-hydroxybenzaldehyde) (Na2L�, 1 mmol). The resulting yellow solu-
tion was refluxed for 3 h. The solvent was evaporated to dryness under
reduced pressure, and the yellow residue was treated twice with ethanol
(30 mL) (for the Lu, Nd, and Ce complexes n-propanol was used), filtered,


washed with diethyl ether, and dried in vacuo. A yellow powder was
obtained which was recrystallized by slow diffusion of diethyl ether in a
solution in methanol to yield well-formed yellow crystals suitable for X-ray
analysis; b) NaOH (2 mmol) in methanol (10 mL) and LnCl3 ¥ nH2O
(1 mmol) in methanol (30 mL) were added in succession to a methanolic
solution (50 mL) of the macrocycle H2L (1 mmol). The resulting yellow
solution was refluxed for 3 h and then evaporated to dryness. The yellow
residue was washed twice with ethanol and diethyl ether (for the Lu, Nd,
and Ce complexes n-propanol was used). The resulting yellow powder was
recrystallized as in method a.


[LaNa(L)(Cl)2(CH3OH)]: IR (KBr): � � 1632 cm�1 (C�N); elemental
analysis calcd (%) for [LaNa(L)(Cl)2(CH3OH)]: C 41.76, H 4.53, N 6.09;
found: C 41.16, H 4.41, N 5.44.


[YNa(L)(Cl)2(CH3OH)]: IR (KBr): � � 1626 cm�1 (C�N); elemental
analysis calcd (%) for [YNa(L)(Cl)2(CH3OH)]: C 45.02, H 4.88, N 6.56;
found: C 45.27, H 5.04, N 6.49.


[LuNa(L)(Cl)2(CH3OH)]: IR (KBr): � � 1628 cm�1 (C�N); elemental
analysis calcd (%) for [LuNa(L)(Cl)2(CH3OH)]: C 39.69, H 4.30, N 5.78;
found: C 40.00, H 4.36, N 5.67.


[YbNa(L)(Cl)2(CH3OH)]: IR (KBr): � � 1628 cm�1 (C�N); elemental
analysis calcd (%) for [YbNa(L)(Cl)2(CH3OH)]: C 39.79, H 4.31, N 5.80;
found: C 39.05, H 4.26, N 5.61.


[TmNa(L)(Cl)2(CH3OH)]: IR (KBr): � � 1627 cm�1 (C�N); elemental
analysis calcd (%) for [TmNa(L)(Cl)2(CH3OH)]: C 40.02, H 4.34, N 5.83;
found: C 40.14, H 3.95, N 5.59.


[EuNa(L)(Cl)2(CH3OH)]: IR (KBr): � � 1631 cm�1 (C�N); elemental
analysis calcd (%) for [EuNa(L)(Cl)2(CH3OH)]: C 40.98, H 4.44, N 5.97;
found: C 40.95, H 4.29, N 5.93.


[NdNa(L)(Cl)2(CH3OH)]: IR (KBr): � � 1620 cm�1 (C�N); elemental
analysis calcd (%) for [NdNa(L)(Cl)2(CH3OH)]: C 41.44, H 4.49, N 6.04;
found: C 40.60, H 4.20, N 5.83.


[CeNa(L)(Cl)2(CH3OH)]: IR (KBr): � � 1617 cm�1 (C�N); elemental
analysis calcd (%) for [CeNa(L)(Cl)2(CH3OH)]: C 41.89, H 4.13, N 6.37;
found: C 40.73, H 4.10, N 6.48.


[SmNa(L)(Cl)2(CH3OH)]: IR (KBr): � � 1629 cm�1 (C�N); elemental
analysis calcd (%) for [SmNa(L)(Cl)2(CH3OH)]: C 39.41, H 4.43, N 5.95;
found: C 39.17, H 3.78, N 5.72.


[TbNa(L)(Cl)2(CH3OH)]: IR (KBr): � � 1619 cm�1 (C�N); elemental
analysis calcd (%) for [TbNa(L)(Cl)2(CH3OH)]: C 40.58, H 4.40, N 5.92;
found: C 41.00, H 4.32, N 5.88.


[HoNa(L)(Cl)2(CH3OH)]: IR (KBr): � � 1623 cm�1 (C�N); elemental
analysis calcd (%) for [HoNa(L)(Cl)2(CH3OH)]: C 40.37, H 3.98, N 6.14;
found: C 39.82, H 3.36, N 6.35.


[GdNa(L)(Cl)2(CH3OH)]: IR (KBr): � � 1625 cm�1 (C�N); elemental
analysis calcd (%) for [GdNa(L)(Cl)2(CH3OH)]: C 40.83, H 4.02, N 6.21;
found: C 41.01, H 4.03, N 6.26.


[DyNa(L)(Cl)2(CH3OH)]: IR (KBr): � � 1621 cm�1 (C�N); elemental
analysis calcd (%) for [DyNa(L)(Cl)2(CH3OH)]: C 40.38, H 4.38, N 5.89;
found: C 39.98, H 4.15, N 6.08.


[ErNa(L)(Cl)2(CH3OH)]: IR (KBr): � � 1625 cm�1 (C�N); elemental
analysis calcd (%) for [ErNa(L)(Cl)2(CH3OH)]: C 39.52, H 3.89, N 6.01;
found: C 38.42, H 3.63, N 5.12.


X-ray crystallography : Diffraction data were collected at room temper-
ature on a PhilipsPW1100 automatic four-circle diffractometer (FEBO
System) using graphite-monochromated MoK� radiation and the �� 2�
scan method. Lattice parameters were obtained from a least-squares
refinement of the setting angles of 30 reflections with 12� 2�� 25�. Table 2
lists a summary of the crystallographic data and structure refinement. No
sign of crystal deterioration was revealed when monitoring three standard
reflections every 200 measurements. The structures were solved by stand-
ard Patterson methods and subsequently completed by a combination of
least-squares techniques and Fourier syntheses with the SHELX pro-
gram.[43] All the benzene rings were refined as rigid bodies, the hydrogen
atoms were included in the idealized positions with fixed C�H distances
(C�H� 1.08 ä), and isotropic temperature factors fixed to 1.2 times U(eq)
of the preceding carbon or nitrogen atom.


The asymmetric unit of all the compounds contained, coordinated to the
sodium ion, a disordered methanol molecule with two different positions of
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the oxygen atom, refined to final values of about 20 and 80%. Listings of
selected bond lengths and angles pertinent to the coordination polyhedron
are summarized in Table 2 and Table 3. Additional crystallographic data,
atomic coordinates, anisotropic thermal parameters, and full listings of
bond lengths and angles have been deposited with CCDC.


CCDC 172972 ± 172975 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).
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Abstract: Mercury(��) halides HgX2
(X�Cl, Br, I) were inserted into the
voids of the crystalline microporous
SiO2 modifications deca-dodecasil 3R
(short term: DDR), silica-theta-1
(TON), silica-ferrierite (FER) and sili-
calite-1 (MFI) by vapour phase loading.
The properties of the occluded guest
species were studied by X-ray absorp-
tion spectroscopy (X-ray absorption
near-edge structure (XANES) and ex-
tended X-ray absorption fine structure
(EXAFS) analysis), UV/Vis spectrosco-
py, and IR and Raman spectroscopy.
The methods reveal the presence of
HgX2 molecules in the insertion com-
pounds. The interactions between these
electroneutral guest molecules and the
electroneutral surrounding SiO2 frame-
work are weak. In addition, no indica-
tion of any significant guest ± guest in-
teraction between the embedded mole-
cules was found, in contrast to the
analogous iodine insertion compounds,
where these become more important
with increasing pore dimensionality (G.


Wirnsberger et al., Angew. Chem. 1996,
108, 2951 ± 2953; Angew. Chem. Int. Ed.
Engl. 1996, 35, 2777). Analysis of the
HgL3 EXAFS confirms a coordination
number of two for Hg and gives Hg�X
bond lengths of 2.26� 0.02, 2.38� 0.02
and 2.57� 0.02 ä for the trapped HgCl2,
HgBr2 and HgI2 molecules, respectively.
These values are very close to those of
the corresponding molecules in the va-
pour phase and are the shortest deter-
mined for HgX2 molecules in solid-state
compounds to date (a comparably short
distance only appears in the recently
reported [Cu(2-pyrazinecarboxylato)2-
HgI2] ¥HgI2 with d(Hg�I)� 2.577(2) ä;
Dong et al., Angew. Chem. 2000, 112,
4441 ± 4443; Angew. Chem. Int. Ed.
2000, 39, 4271). Thus, there emerges a
picture of almost unperturbed HgX2
molecules, similar to those in the vapour


phase or in non-coordinating solvents, in
a solid crystalline matrix of high temper-
ature stability, a very unusual state of
matter. Despite the weakness of the
host ± guest interactions, investigations
on small crystallites of the HgX2 ±TON
composites using a Raman microscope
show a strong polarization dependence,
providing evidence for an orientational
alignment of the HgX2 molecules inside
the one-dimensional pore system of this
host. For these reasons, the host matrices
used in this study can be viewed as
orienting solid solvents, coordinating
only very weakly to the inserted HgX2
guest molecules, but exhibiting a strong
geometrical template function for their
alignment. The concept of using electro-
neutral SiO2 modifications as host com-
ponents for a modular construction of
new host ± guest compounds thus allows
the designed construction of ordered
guest assemblies, with the pore systems
of the rigid host matrices acting as space-
confining and ordering templates for the
guest components.


Keywords: host ± guest systems ¥
insertion compounds ¥ mercury ¥
porosils ¥ zeolite analogues


[a] Dr. G. Wirnsberger, Prof.Dr. A. Popitsch
Institut f¸r Anorganische Chemie der Universit‰t Graz
Schubertstrasse 1, 8010 Graz (Austria)


[b] Prof.Dr. P. Behrens, Dr. B.M. Pillep
Institut f¸r Anorganische Chemie, Universit‰t Hannover
Callinstrasse9, 30167 Hannover (Germany)
Fax: (�49) (0)511-762-3660
E-mail : peter.behrens@mbox.acb.uni-hannover.de


[c] Prof.Dr. P. Knoll
Institut f¸r Experimentalphysik der Universit‰t Graz,
Universit‰tsplatz 5, 8010 Graz (Austria)


FULL PAPER


Chem. Eur. J. 2002, 8, No. 17 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0817-3927 $ 20.00+.50/0 3927


Supporting information for this article is available on the WWWunder
http://www.chemeurj.org/ or from the author. The following figures and
data are available in addition: Diffuse reflectance UV/Vis spectra in the
range 200 ± 800 nm for all insertion compounds (1 figure), pre-edge fit
data for both 77 K and 293 K XANES spectra (1 page), graphical
illustration of the HgL3 EXAFS fits at 77 K for all substances (3
figures), results of the EXAFS fits for HgBr2 and HgI2 insertion
compounds at 300 K (1 page). See any current masthead page for
ordering information.
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Introduction


The controlled and designed synthesis of novel host ± guest
compounds with new and unusual physical or chemical
properties has become a highly desirable goal in recent solid
state chemistry.[1] In such compounds, organisation on the
molecular level is achieved by host ± guest interactions which
span the full range from weak van der Waals coupling to
strong Coulomb interactions. With porous host matrices
possessing a three-dimensional framework, the host topology
remains nearly unchanged after the insertion of a guest, that is
the structural response of the host to the guest component is
small. For this reason, these host systems are well suited for
the rational design of new host ± guest compounds, as the
structure of one component (the host) of the target composite
is well-known and pre-determined. Design considerations can
then focus on the geometrical fit between the pore system and
the guest, and the tuning of host ± guest interactions. The
structural state of the guest species in these host ± guest
compounds can be either isolated (molecules/clusters in cage-
like voids) or can possibly extend to one, two or three
dimensions (when the host structure possesses channel-like
voids) depending on the space offered by the host structure.
Among the host systems used, crystalline microporous host


frameworks (zeotypes) have attracted much interest,[2±4] since
they possess well-defined voids which are easily accessible for
the guest components. Such frameworks typically have void
sizes (channel or cage diameters) in the range 2.4 ± 15 ä,
allowing sufficiently small molecules to enter their voids, but
ruling out the formation of bulk phases. Due to their intrinsic
chemical, thermal and mechanical stability, framework struc-
tures relying on inorganic compositions (such as silica,
aluminosilicate, aluminophosphate) are prime candidates for
host structures. Many chemically different classes of mole-
cules have been successfully introduced into such zeotypes,
including organic,[5] organometallic[6, 7] and inorganic spe-
cies,[4] resulting in composite materials with new properties.
One of the most spectacular examples is the observation of
second harmonic generation on the composite of para-nitro-
aniline in AlPO4-5,[8] which does not occur in centrosymmetric
bulk para-nitroaniline. The interest in such studies relies on
the possibility of designing structures that are organised on
the nanometer scale by regarding the microporous host
framework as a negative template for the arrangement of
the guest species. The concept of a pure templating function is
realised when the host ± guest interactions are very weak,
apart from the geometrical exclusion of space occupied by the
host framework. In this sense, the topochemical synthesis of
zeotype composites by insertion of the guest species into
porous frameworks may be considered as ™structure-limited∫,
compared to the ™structure-directed∫ synthesis[9, 10] of the host
structures themselves.
Often zeolites have been used as host compounds for the


chemical constructions mentioned above. Zeolites feature an
aluminosilicate framework, which is negatively charged;
therefore, charge-compensating cations (e.g. Na�, H�) must
be present. This leads to strong electrostatic coupling between
the host framework and its guest species and in turn to
considerable reactivity that is exploited in the typical appli-


cations of zeolites: ion-exchange, catalysis, adsorption. For
assembling host ± guest composites, this intracrystalline reac-
tivity can be of advantage when molecules inserted into the
voids react at the inner zeolite surface so that strong
anchoring of the introduced species is achieved.[11] On the
other hand, however, host ± guest interactions then dominate
the physical properties of the composites, and the design of
composites by providing well-defined empty spaces within
porous host compounds becomes very complicated when not
only the geometrical arrangement of the guest species, but
also their electronic states are influenced by their interactions
with the host (or by interactions with the charge-compensat-
ing cations).
We have previously shown[12±17] that by the use of micro-


porous silica modifications (so-called porosils)[18] instead of
zeolites this problem can be eliminated. For example, the
properties of iodine insertion compounds in various porosils
are mainly determined by guest ± guest interactions, which are
in turn restricted by the available space in the porous host
frameworks. Due to the electroneutrality (no charge-com-
pensating cations necessary) and chemical inertness of the
SiO2 host, host ± guest interactions are reduced to weak van
der Waals forces.[12±17]


Here, we report the modular assembly of new host ± guest
compounds using porosils as rigid and inert host matrices and
mercury(��) halides as the guest components.[17] Various
porosils have been used, spanning the full range of pore
dimensionalities from zero- to three-dimensional. The char-
acteristic features of their structures are depicted in Figure 1,


Figure 1. Zeosil host structures of the insertion compounds and of their
pore systems (oxygen atoms are omitted for clarity).


and some structural data are summarised in Table 1. Deca-
dodecasil 3R (short term: DDR)[19] possesses cage-like voids,
thus representing the case of a quasi zero-dimensional host
system. The cages are interconnected by means of eight-
membered ring windows. In going from silica-theta-1 (TON)
to silica-ferrierite (FER) and silicalite-1 (MFI), the pore
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dimensionality increases from one- to two- to three-dimen-
sional. The idea behind the dimensionality concept is to
possibly tune guest ± guest interactions by restricting the
geometrical arrangements of the guest species.[13] Besides
dimensionality, the free space available within the pores is
another important feature of the host systems. All framework
structures used in this study possess 8- or 10-ring channels.[20]


Hence, the space available for the guest molecules perpen-
dicular to the channel axis is approximately the same for all
porosils of higher pore dimensionality and is also comparable
to the free diameter of the DDR cage. Therefore, the guest
properties in hosts with different pore dimensionalities may
be compared with each other.
The mercury(��) halides HgX2 (with X�Cl, Br, I) form an


interesting class of guest species. These substances form low-
dimensional structures in the solid state (molecular crystals
are formed by HgCl2, HgBr2 and the yellow modification of
HgI2, whereas red HgI2 possesses a layered structure) and are
readily volatised, so that the insertion or intercalation can be
carried out easily by vapour transport. HgCl2, for example,
readily forms graphite intercalation compounds,[21] and HgBr2
and HgI2 have been intercalated into oxidic superconduc-
tors.[22]


Results


Compositions: In contrast to iodine insertion compounds of
porosils, where the density of the guest molecules increases
with host pore dimensionality,[13] no analogous trends regard-
ing the composition can be found for the mercury halide
insertion compounds (Table 2); however, some interesting
facts can be recognised. For the DDR host, the loading
decreases on going from HgCl2 to HgI2. The guest loadings
indicate that in the case of HgCl2, nearly every cage is
occupied (5.87 out of 6 per 120 formula units SiO2), whereas
in the case of HgBr2 and HgI2 only approximately two thirds
(3.95 out of 6) or one half (2.74 out of 6), respectively, of this
value is obtained. These findings can be readily explained on


the basis of purely geometrical considerations. The approx-
imate lengths of the HgX2 molecules along their molecular
axes, as calculated from the interatomic distances and the van
der Waals radii of the halogen atoms, are 8.2 (HgCl2), 8.7
(HgBr2) and 9.5 ä (HgI2), respectively. The maximum free
diameter between framework oxygen atoms at the top and
bottom of the cages in the DDR structure with their
ellipsoidal shape (Figure 1) is about 9.2 ä. Evidently, the
small HgCl2 molecule finds sufficient space within one cage
and aligns itself to its long diameter, corresponding to the c
axis of the host structure. Thus, each cage can be filled with
one molecule. However, for the heavier mercury halide
molecules this is not possible, since their van der Waals
lengths are close to, or exceed, the free diameter of the DDR
cages along the c axis, respectively. Correspondingly, under
the condition that the molecules do not interact strongly with
the host framework, that is that no contacts below the van der
Waals distance occur, their arrangement must be different.
Possibly, they are oriented with their long diameter within the
ab plane, making use of the additional space provided by the
8-ring windows. Then, one HgBr2 (or HgI2) molecule may,
with its center of mass (the Hg atom), be located either at the
center of the 8-ring window or at the center of the cage, in the
latter case with its halogen atoms protruding into neighbour-
ing cage(s); either position rules out the occupation of all
cages by one HgBr2 or HgI2 molecule. The different loadings
of the DDR-based composites can thus be rationalised in
terms of the increasing space requirements of the mercury
halide molecules.
Another interesting feature of the composite stoichiome-


tries is that the loading of the FER insertion compounds of
HgX2 are significantly lower than that of the corresponding
iodine-loaded compound. For reference, the I2-FER com-
pound has a unit cell composition of 36SiO2:3.2 I2.[13] In the
case of the mercury halides investigated here, the amount of
guest species sorbed is clearly smaller (around 1.3 molecules
per 36SiO2). This fact clearly illustrates the geometrical
control of the host structure on the guest species. The FER
structure consists of two types of channels, extended 10-ring
channels and small 8-ring channels interconnecting them
(Figure 1).[23] In the case of the iodine insertion compounds,
both types of channels are filled, whereas in the HgX2-FER
samples, the inserted molecules probably only occupy the 10-
ring channels.


Electronic spectra : The UV/Vis spectra of HgX2 molecules
are dominated by strong absorptions arising from dipole-
allowed electronic transitions from the 1�g


� ground state to
the 1�u and 1�u


� states.[24] For the HgCl2- and HgBr2-loaded
samples, only the former transition was detected within the
instrumental wavelength range, for HgI2 composites both
transitions were observed (see Figure 2 for some representa-
tive examples). Generally, the broad bands (1�u� 1�g


�) peak
in the range of 200 ± 207 nm for inserted HgCl2 and 228 ±
235 nm for inserted HgBr2. The two resolved peaks for the
HgI2 insertion compounds have their maxima between 210
and 218 nm (1u� 1�g


�) and 273 and 285 nm (1�u�� 1�g
�),


respectively. The spectra resemble those of the molecules in
the vapour phases of the halides[25] and those of mercury


Table 1. Some structural data of the porosils used for the insertion of
mercury(��) halides.


Porosil DDR TON FER MFI


pore dimensionality 0
�


� �
1
�


� �
2
�


� �
3
�


� �


free channel diameter [ä] 3.6� 4.4 4.7� 5.5 3.5� 4.8
and 4.2� 5.4


5.1� 5.5
and 5.3� 5.6


reference [49] [50] [51] [52]


Table 2. Compositions of HgX2 insertion compounds.


Host Unit cell composition (formula units/unit cell)
SiO2 HgCl2 HgBr2 HgI2


DDR 120 5.87 3.95 2.74
TON 24 1.41 1.35 0.62
FER 36 1.38 1.37 1.16
MFI 96 6.14 6.15 5.92
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halides in weakly interacting solvents.[26] There is no evidence
for clustered (HgX2)n species, as was obtained for HgX2
insertion compounds of zeolites.[27]


X-Ray absorption spectroscopy: XANES : The discussion of
the XANES spectra begins with the spectra of the bulk
mercury halides (Figure 3). Two features, labeled A and B in
Figure 3, can be discerned on the rising edge of the HgL3


XANES spectra of HgCl2 and HgBr2. In ref. 28, similar


features were observed in solutions containing HgX2 mole-
cules. These authors assigned them to the dipole-allowed
transitions 2p3/2� 6s and 2p3/2� 6d.[29] Whereas peak A is
clearly seen in the spectra of solid HgCl2 and HgBr2, peak B is
broader, possibly due to intermolecular interactions in the
solid state (even when bulk HgCl2 and HgBr2 must be
considered as ™molecular∫ solids composed of linear mole-
cules, there are additional intermolecular Hg ±X interactions,
resulting in 2�4 coordination). This effect becomes consid-
erably stronger for red HgI2, where only a very weak
transition in the region of peak A and no significant peaking
of the absorption in the region of feature B is observed. Red
HgI2 is a (wide band-gap) semiconductor with a pronounced
band structure,[30] and electronic transitions to empty bands
(as compared to empty molecular orbitals) are expected to be
significantly broadened, explaining the damped intensity of
peak A and the absence of further distinct features in the
XANES of red HgI2.
Turning this argument around, a sharpening of XANES


peaks corresponding to electronic transitions can be taken as
a signature of reduced interactions between molecules. This is


observed for the peak B on
going from the pure halides to
the insertion compounds of
HgCl2 and HgBr2 (Figure 4). It
has also been reported that the
pre-edge peak A sensitively
reflects the local surrounding
of Hg in mercury(��) compounds
and that its intensity strongly
depends on the coordination
geometry, for example linear,
trigonal planar or octahedral.[31]


The intensities and the shapes of this peak are very similar for
the pure halides and for the insertion compounds of HgCl2
and HgBr2 (see Supporting Information), indicating that the
local geometry around the Hg-absorber atom remains linear
in the insertion compounds with no evidence for additional
coordination from the porosil framework. Turning to the HgI2
insertion compounds, the sharpening of the features A and B
is even more pronounced. This can be rationalised on the basis
that the electronic structure changes from a semiconductor
band structure[30] to a molecular orbital picture, with the
discrete final states of the inserted molecules giving rise to
sharper transitions. Quantitative data analysis by least-
squares fitting of the peaks A and B for the spectra measured
at 77 and 293 K indicates that the intensities and the widths
are similar (see Supporting Information). Therefore, neither
at room temperature nor at the lower temperatures examined
here, is there evidence for additional coordination of the guest
molecules by the SiO2 framework.[32]


For HgBr2-containing compounds, spectra at the BrK edge
were recorded, too. An analysis of their pre-edge peaks, which
are assigned to 1s� 4p transitions, deserves special attention
due to the fact that the white-line intensity has been shown to
change with the electron transfer from the host lattice in the
case of oxidic superconductors.[22c] For the HgBr2 ± porosil
composites, however, the pre-edge peaks remain essentially
unchanged upon insertion. Therefore, the investigations on
the BrK edge demonstrate that no electron transfer occurs
between the SiO2 framework and the inserted HgBr2 mole-
cules, another indication of the weakness of the interactions
between host and guest.
Within each series of spectra, the multiple scattering


features appearing at energies above the edge are quite
similar (except for that of bulk HgI2), again indicating a
similar local environment of the Hg atoms. This is in line with
the assumption that in all cases monomeric linear HgX2
molecules are present.


EXAFS : As typical examples of the results from HgL3
EXAFS measurements, the Fourier transforms (FTs) of
HgX2 ±DDR composites are presented in Figure 5 (see
Supporting Information for more analyzed EXAFS spectra).
The first peaks in the FTs correspond to the halogen atoms
neighboring the mercury atoms. The back-transformed
EXAFS oscillation corresponding to this coordination shell
is also shown in Figure 5. The results of a quantitative analysis
obtained by fitting the EXAFS oscillations of the back-
transforms of the first peak in the FTs are summarised in


Figure 2. Representative UV/Vis spectra (represented by their Kubelka-Munk functions) of mercury(��) halides
inserted in DDR: a) HgCl2 ±DDR, b) HgBr2 ±DDR, c) HgI2 ±DDR. Spectra for the same inserted mercury
halides in different host systems are very similar.


Figure 3. HgL3 XANES spectra of bulk mercury halides (measured at
77 K). The pre-edge feature A and the main-edge feature B are denoted by
arrows. Spectra are offset vertically for clarity.
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Table 3 for all insertion compounds and for the bulk HgX2
solids (bond lengths of the HgX2 molecules in the vapour
phase are also given). The data given here refer to measure-
ments at 77 K; results derived from measurements at 293 K


are very similar (except for larger �2 values), indicating that
no substantial differences appear in the local environments of
the inserted HgX2 molecules within this temperature range.
From the BrK spectra of the HgBr2 insertion compounds, a
similar procedure yields Br�Hg distances between 2.36 and
2.38 ä, in good agreement with the data resulting from the
analysis of the HgL3 EXAFS oscillations of these compounds
(Table 3).
For all insertion compounds, the Hg�X bond lengths of the


occluded HgX2 molecules are very near to those of the
corresponding molecules in the vapour phase[33] and are the
shortest observed in the solid state so far (with one exception:
in an isolated HgI2 molecule in the structure of [Cu(2-
pyrazinecarboxylato)2HgI2] ¥HgI2 a Hg�I distance of similar
length is found, d(Hg�I)� 2.577(2) ä).[34] Especially, for the
inserted HgBr2 and HgI2 molecules, these distances are
significantly shorter than those of the solid-state structures
of the pure halides (Table 3). Thus, for the insertion com-
pounds of HgBr2 and HgI2, the EXAFS results provide clear
evidence that, in spite of the solid nature of the compounds,
the geometry of the occluded molecules is very similar to
those of the corresponding molecules in the vapour phase,
showing the weakness of the interactions of the molecules
with their surrounding; in the case of HgCl2, all Hg�Cl bond
lengths are within a small range (see Table 3) so that a similar
conclusion cannot be drawn from these data. However, it will
be shown below that also in these compounds, only very weak
host ± guest and guest ± guest interactions exist.
It is worth noting that the HgL3 EXAFS provides no


evidence for Hg�O contacts in the range of the expected van


Figure 4. HgL3 and BrK XANES spectra of HgX2-porosil insertion compounds in comparison to the spectra of the bulk mercury halides (spectra measured
at 77 K): a) HgX2 ±MFI composites, b) HgX2 ± FER composites, c) HgX2 ±TON composites, d) HgX2 ±DDR composites and e) bulk mercury halides. The
pre-edge feature A and the main-edge feature B are denoted by arrows. Spectra are offset vertically for clarity.


Table 3. Results of EXAFS analysis of HgL3 spectra recorded at 77 K.
Coordination numbers for Hg were set to two (except for red HgI2 where it
was four). �2 denotes the Debye ±Waller-type factor and S02 the amplitude
reduction factor; R is a measure for the difference between the
experimental data and the fit. Hg�X distances are accurate to� 0.02 ä.
Bond distances of the HgX2 molecules in the vapour phase[33] and for solid
yellow HgI2 (which was not investigated experimentally) are given for
comparison.


Compound Hg�X distance 103� �2 �E0 S02 R
[ä] [ä2] [eV]


HgCl2 (vapour) 2.250
HgCl2 ±DDR 2.275 2.4 1.3 1.15 8.9
HgCl2 ± TON 2.263 2.2 0.9 1.18 11.4
HgCl2 ± FER 2.272 2.4 0.1 1.16 11.1
HgCl2 ±MFI 2.261 2.0 0.7 1.11 9.0
HgCl2 (solid) 2.290 2.3 1 1.15 11.8
HgBr2 (vapour) 2.374
HgBr2 ±DDR 2.397 2.1 0.1 1.13 11.3
HgBr2 ± TON 2.389 2.2 0.2 1.17 11.2
HgBr2 ± FER 2.398 2.2 1.8 1.07 14.9
HgBr2 ±MFI 2.397 2.4 0.1 1.13 14.2
HgBr2 (solid) 2.459 2.7 1.2 1.18 12.3
HgI2 (vapour) 2.553
HgI2 ±DDR 2.569 1.7 0.2 0.97 16.1
HgI2 ± TON 2.575 2.0 1.6 1.24 13.9
HgI2 ± FER 2.573 1.6 1.8 0.99 12.7
HgI2 ±MFI 2.571 1.8 0.1 1.05 11.8
HgI2 (solid, red) 2.786 4.2 0.5 1.05 15.9
HgI2 (solid, yellow) 2.615
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der Waals distance of around 2.6 ä. This is most probably due
to the variability of host ± guest contacts that can be realised
between the framework and the inserted molecules due to the
possibility of guest molecules occupying many different
positions within the voids. This leads to smearing out of the
back-scattering signal from the oxygen atoms. This corre-
sponds to a strong disorder in the host ± guest relationship,
whereas the disorder within the inserted molecules is very
small. This is shown by a consideration of the Debye ±Waller
factors �2, which consist of two contributions, a vibrational
one and one due to static disorder.[35] The �2 values of the
inserted molecules are comparable to those of the bulk
halides for HgCl2 and HgBr2, implying that the static disorder
within the inserted molecules is very small. For HgI2, the �2 of
the inserted molecules are lowered relative to the bulk, a fact
which is explained by the lower coordination number (two
versus four) and the reduced bond lengths for the occluded
molecules, corresponding to a higher strength of the intra-
molecular bonds and resulting in turn in a large reduction of
the vibrational contribution to �2.
All FTs of EXAFS oscillations, those derived from the


HgL3 as well as those derived from the BrK spectra, show
additional peaks between 3.5 and 5 ä (see, for example,
Figure 5 and the Supporting Information). A detailed analysis


shows that these peaks are neither due to backscattering from
the host pore walls nor to backscattering from other guest
molecules, but stem from intramolecular multiple scatter-
ing,[36] which is pronounced due to the linear geometry of the
inserted molecules (focussing effect).[35]


Raman spectroscopy: Whereas UV/Vis and XANES probe
the energy difference between the electronic ground state and
excited states, Raman spectroscopy is sensitive to changes in
the vibrational spacings within the ground state. Previous
extensive investigations by Perrson et al. have shown the
vibrational frequencies of HgX2 molecules in different
solvents strongly depend on the interaction with the sur-
roundings.[37] An important conclusion which can be drawn
from this work is that increasing solute-solvent interactions
lead to a red-shift of the Raman-active �3 mode (as compared
to the vapour phase). Furthermore, the deviation from a
linearD�h geometry to a bent C2v geometry seems to go hand
in hand with increasing solute-solvent interaction.
For the mercury halide molecules in the various porosil


hosts used in this study, the frequencies of the Raman bands
are found to be only slightly red-shifted in comparison to the
vapour-phase values (Table 4); for occluded HgCl2, the
frequencies are similar to those observed on these molecules


Figure 5. Evaluation of the HgL3 EXAFS (measured at 77 K) of HgX2 molecules inserted into the DDR host matrix: a) HgCl2 ±DDR, b) HgBr2 ±DDR,
c) HgI2 ±DDR; left: Fourier transforms of the EXAFS data (dotted lines), right: single-shell EXAFS derived by the back-transformation of the peaks
corresponding to the first coordination shell (dotted lines); fits to these data (full lines) are shown in real space (to the FTs on the left side) and in k space (to
the single-shell EXAFS data on the right side). Distances on the R scale of the FTs are not corrected for phase shifts.
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in weakly coordinating solvents like furan and benzene.[37] For
HgI2 molecules, the frequencies are very similar for the
gaseous, the dissolved and the inserted state. For mercury
bromide, the situation is intermediate. These findings are a
strong expression of the fact that the inserted molecules are
nearly unperturbed when compared to the isolated state in the
vapour phase and thus the host ± guest interactions in these
compounds are very weak.
There appears to exist a tendency for the frequencies


observed for HgX2 in the pore systems with higher dimen-
sionality (TON, MFI) to be higher than those observed on the
DDR host (Table 4); they are thus even nearer to the vapour-
phase values. These differences might reflect a slightly
increased interaction between the host framework and the
guest species in the case of the DDR insertion compounds
with their narrow cages.
A further interesting aspect of Raman spectroscopy is that


this spectroscopic technique can reveal information about the
species isolated after the simultaneous insertion of two
mercury halides. Starting the insertion process from an
equimolar mixture of two halides HgX2 and HgY2 (for
example, HgBr2 and HgI2), the spectra of the insertion
compounds show bands which correspond to the pure HgX2
and HgY2 molecules as well as the mixed halides HgXY. After
the incorporation into the porosils, the mixed mercury(��)
halides are stable and do not decompose into the simple HgX2
and HgY2 molecules when stored under ambient conditions as
the pristine mixed halide molecules do.
IR spectroscopy should, in principle, be able to corroborate


the results found by Raman spectroscopy. Moreover, indica-
tions with regard to the X-Hg-X bond angles could possibly be
obtained. However, in the IR spectra the wavelength range of
interest is covered by very broad absorptions due to the silica
host structures. Unfortunately, it was thus impossible to detect
any vibrations that could be assigned to the guest molecules.


Raman microscopy: Another interesting aspect of these novel
host ± guest compounds can be elucidated by polarised micro-
scopic Raman spectroscopy. Regarding the close fit between
the van der Waals diameters of the guest molecules and the
free pore space available, one can expect an alignment of the
guest species. By measuring the Raman intensity of an
individual crystal along different crystallographic directions,
an alignment of the molecule under investigation should
result in a strong directional dependence of the scattered
Raman intensity. Here, we show a corresponding experiment
for HgBr2 molecules embedded in the TON host structure
(this one-dimensional host structure is expected to show the
clearest orienting effect). Typical Raman spectra obtained in


different polarization directions for the incoming laser light
and the outgoing scattered light are depicted in Figure 6. The
dependence of the spectra on the polarization clearly reveals
that the HgX2 molecules inside the one-dimensional channels
of this host structure are aligned with their molecular axis
close to the c axis of the host structure, which is parallel to the


Figure 6. Microscopic Raman spectra (298 K) of HgBr2 embedded in the
TON host structure for different polarization directions of the incoming
laser light and the scattered radiation, respectively. Spectra are designated
in terms of the crystal axes. The nomenclature for the polarization of the
light and the orientation of the crystal corresponds to that used in ref. 54.


channel direction. Hence, the host matrix is able to induce
orientational order of the guest molecules although, as proved
by the results above, the host ± guest interaction is weak.
Unfortunately, the host crystals are always twinned and in
addition, they are relatively small. Although these facts make
the construction of an exact model for the orientational
distribution of the guest molecules impossible, the alignment
can be evaluated using some simplifications. These studies will
be reported in detail elsewhere.[38]


Discussion


From the results given in the preceding section, it can be
concluded that only very weak interactions exist between the
inserted mercury halide molecules and the surrounding
crystalline [SiO4/2] framework. It is these interactions which
are responsible for the formation of the insertion compound
during its production. With respect to the insertion reaction,
kinetic considerations also have to be taken into account since
it might be argued that the insertion process is in fact a kinetic
trapping of guest molecules during cooling to room temper-
ature after the insertion reaction has taken place. However, in
this study the cooling times from around 450 K down to room
temperature were as long as 10 h. Also, the reaction times
necessary to achieve a reproducible full loading were long
(12 h). Furthermore, applying the same reaction conditions to


Table 4. Frequencies of the �3 mode (cm�1) for HgX2 molecules occluded
in porosils (measured at 298 K) in comparison to those of the solid phase
(measured around 500 K),[53] those of the vapour phase (measured at
728 K)[33] and those dissolved in furan (298K).[37]


Sample Pure solid Liquid Vapour Solution DDR TON MFI


HgCl2 311 311 355 339 338 341 341
HgBr2 187 197 220 212 212 216 216
HgI2 137 142 157 155 156 158 157
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single crystals with dimensions on the millimeter scale and to
finely powdered samples results in the same degree of loading.
All these facts show that the compounds obtained correspond
to the products of thermodynamic equilibria and that they do
not result from a kinetically controlled trapping process.
Evidently, the strength of the host ± guest interactions in the


HgX2 ± porosil compounds is finely balanced. Although the
host ± guest interactions are sufficiently strong as to drive the
formation of the insertion compounds, they are weak enough
to leave the molecules nearly unperturbed. The physical data
relating to their electronic (UV/Vis, XANES) and geometric
(EXAFS, Raman spectroscopy) structure resemble those of
the corresponding molecules in the gas phase or in solutions
with non-coordinating solvents.
With respect to the special nature of the host ± guest


compounds under study, it is not surprising that all attempts
to perform X-ray structural analyses, either on single crystals
(DDR-, FER- and MFI-based insertion compounds) or on
powders (TON-based insertion compounds) failed. Evidently,
the guest molecules do not occupy well-defined, translation-
ally equivalent positions within the voids of the host, but are
strongly disordered. Due to the high X-ray scattering factors
of the guest molecules, the intensities of the X-ray diffraction
peaks are dominated by disordered components, rendering
structural analysis very difficult or impossible. In any case, the
local spectroscopic techniques applied in our work yield more
information about the guest species than could possibly be
obtained by X-ray structural analyses of such strongly
disordered systems.
With regard to the special nature of the host ± guest


compounds studied here, it is also of interest to compare the
porosil insertion compounds with HgX2 complexes of crown
ethers and short-chain oligoethylene glycols. In those com-
pounds, there are clear indications of coordination of the Hg
atom by the oxygen atoms of the complexing ligand.[39]


However, these coordinations are weak as manifested by
the large Hg�O distances of at least 2.66 ä, near to the sum of
the van der Waals radii. Nevertheless, the intramolecular
Hg�X distances in such compounds are in all cases slightly
enlarged when compared to the vapour phase values: 2.29,
2.40 and 2.60 ä, respectively, for crown ether complexes of
HgCl2, HgBr2 and HgI2. (We note in passing that the
elongation is much more pronounced when there are stronger
interactions between HgX2 molecules and their surrounding,
for example d(Hg�Cl)� 2.34 ä in the graphite intercalation
compound of HgCl2,[21b] d(Hg�I)� 2.645 ä in HgI2-interca-
lated bismuth-containing oxidic superconductors[22d]). Also,
the HgX2 units often have a slightly bent geometry in these
complexes. Both these facts are clear indications of a true
coordination by O atoms. These findings, obtained from
single-crystal X-ray structural analysis, have no equivalents in
the results obtained on the porosil insertion compound by
spectroscopic methods. Neither are the Hg�X bond lengths
enlarged, nor are there any indications that deviations from
the linear structure occur. Thus, although the [SiO4/2] frame-
work of a porosil might be considered as a ™macroligand∫ with
oxygen donor atoms, and in this sense might be considered to
bear some similarities to crown ethers, there are clear
differences. First, the coordinating ability of the siloxane


oxygen atoms is expected to be lower than that of oxygen
atoms of ether linkages. Probably more importantly, the
siloxane oxygen atoms are incorporated into a three-dimen-
sional framework, and the development of an optimal
coordination is hindered by its rigidity. This stands in contrast
to the case of HgX2-crown ether complexes, where the
™crown∫ may become appreciably flattened due to the
coordination.[39] The SiO2 framework with its restricted
coordination ability thus rather behaves like a weakly
coordinating solvent, which is in agreement with the exper-
imental findings. This property of the framework makes
insertion compounds of porosils interesting systems for a
novel type of matrix-isolation study; such systems are stable
from very low up to the desorption temperatures (typically
some 100 �C above room temperature) and possess a well-
defined, three-dimensional periodical ™solvent∫ matrix, prop-
erties which contrast strongly with the classical low-temper-
ature amorphous noble-gas matrices. For example, the
dynamics of iodine dissociation within the cages of the
DDR structure have been investigated by femtosecond
time-resolved spectroscopy at room temperature.[40] The
interpretation of the results from these experiments was
simplified greatly by the exact knowledge of the structural
surroundings of the guest molecules. In this context, it is also
worth pointing out that this type of matrix isolation is not
limited to small molecules; larger well-defined molecules
(such as S7, Se6) can also be occluded in microporous SiO2
modifications.[14, 16] In addition, the high optical transparency
of silica makes other tempting experiments possible. After the
insertion of photolabile precursors to reactive molecules into
the voids, such reactive species could be produced in the
crystalline matrix by irradiation with light.
There is of course a second factor which is responsible for


the truly isolated physical state of the HgX2 molecules inside
these solid matrices. Not only are host ± guest interactions
weak, but also interactions between guest molecules are
virtually absent. This contrasts with the behaviour of the
analogous iodine insertion compounds, where a weak cou-
pling between the guest molecules is present. This coupling
can be engineered by the pore dimensionality of the host to
give isolated I2 molecules (iodine ±DDR) or one- and three-
dimensionally (iodine ±TON and iodine ±MFI, respectively)
interacting entities.[12, 13] There is no evidence for such
intermolecular interactions between the HgX2 guest mole-
cules in the porosils, although in the pure solids of the mercury
halides such interactions are present, as shown by the
additional coordination of the Hg atoms by X atoms in the
molecular structures of HgCl2, HgBr2 and yellow HgI2
(resulting in a 2�4 coordination), by the structure of red
HgI2 (with a coordination number of four for the Hg atom)
and by the fact that the Hg�X distances in these solids are
enlarged as compared to the distances in the vapour phase.
When considering the (2�4) distorted octahedra (as an
excerpt from the solid-state structures) or the dimer mole-
cules Hg2X4 (with structures taken from a high-level computa-
tional study),[41] as models for interacting HgX2 molecules, it
becomes clear that geometric restrictions prevent any inter-
molecular interactions in the voids of the porosils, as none of
these entities fits into the pores of the host frameworks.
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Hence, it is clear that it is the small size of the pores which is
responsible for the observation that the properties of the
inserted mercury halides do not show any dependence upon
the host pore dimensionality. Porosils with larger pore open-
ings (for example UTD-1)[42] might allow such interactions
and could thus provide the opportunity to selectively tune the
guest ± guest interactions by the host-pore dimensionality and
hence the electronic properties of the guest species.
The restricted space provided by the host pore structure not


only prohibits guest ± guest interactions, it also causes a
geometrical alignment of the guest molecules. At a first
glance, this result might seem surprising and counter-intuitive
to the argument that host ± guest interactions are weak as
discussed above. However, the alignment does not result from
electronic interactions, but is due only to the close fit between
the host pore systems and the guest molecules, leading to a
strong geometric restriction of the orientational freedom of
the guest molecules. In our Raman spectroscopic studies, we
have not found any evidence for liberation of the HgX2
molecules inside the cages or channels of the porosils, in
contrast to the case of iodine molecules in their corresponding
insertion compounds.[15] Hence, for the host structures con-
taining channels, the arrangement of the guest molecules can
best be understood as a disordered one-dimensional sequence
of non-interacting HgX2 molecules, which can only be slightly
tilted against the channel axis. This type of arrangement is
corroborated by the strong polarization dependence of the
Raman spectra of HgX2 molecules in TON.
Such new inorganic ± inorganic hybrid materials with un-


usual physical properties of the guest molecules may find
applications in systems that can otherwise only be constructed
using the vapour phase. For example, gaseous mercury(��)
halides can be used to achieve lasing over a wide spectral
range, based on the photodissociation of HgX2 molecules.[43]


However, the need for elevated temperatures to obtain a
vapour phase of high density as well as the corrosive nature
and toxicity of the pure halides constitute major problems.
After the occlusion in porosils, however, these disadvantages
are eliminated while a vapour phase-like state is preserved.
Thus, the composite materials described here could in
principle act as solid-state laser media. Unfortunately, pre-
liminiary investigations in this direction have shown the
fluorescence of the occluded molecules to be strongly
quenched by the host framework,[44] an effect which might
be overcome by the use of other laser-active guest molecules
(such as noble gas atoms) or with other electroneutral
microporous hosts like some members of the AlPO4 family.
In addition, high laser powers cause desorption of the
occluded halides (see Experimental Section, Raman spectra).


Conclusion


The concept of using the well-defined, three-dimensional
regularly arranged pore systems of crystalline microporous
SiO2 frameworks as templates for the arrangement of guest
molecules offers a new synthetic route to host ± guest com-
pounds with very weak host ± guest interactions and strongly
reduced guest ± guest interactions.[12±17] By choosing the ap-


propriate pore systems (from among the ca. 35 porosil
topologies known), the designing of a specific assembly of
host ± guest systems becomes possible. Hence, on the basis of
simple geometrical considerations only, the synthesis of solids
can be planned and the interaction between the guest species
can be tuned. The approach is simple, as the porosil hosts can
be obtained in their porous forms by structure-directed
hydrothermal synthesis and calcination. A further advantage
of these hosts with regard to the subsequent vapour-phase
insertion is their high temperature stability, which allows the
loading to occur at temperatures as high as 1100 K, where
many elements and compounds possess a sufficiently high
vapour pressure.
Judging the quality of design of solid-state compounds with


regard to the present study, we note that the insertion
compounds of mercury halides present an extreme case where
guest ± guest interactions are excluded. This is clearly due to
the strong geometrical confinement imposed by the host
structures. As host ± guest interactions are very weak, too,
supramolecular assemblies are obtained where the guest
species exhibit quite unusual physicochemical properties. The
isolated HgX2 molecules in the insertion compounds resemble
those present in the gas phase or those dissolved in non-
coordinating solvents, so that the host frameworks can be
considered as ™solid solvents∫ which do not coordinate
strongly to the guest molecules. In addition, the geometric
restrictions imposed by the crystalline host structure can
induce orientational ordering by a templating effect. Summa-
rizing these unusual properties, the HgX2 ™sub-phase∫ in the
insertion compounds could be considered as a ™structured and
oriented gas∫, a very unusual state of matter.
These substances are attractive for applications where high


densities of non-interacting, but ordered molecules are
necessary. Optical applications, as an example, profit from
the high transparency of the silica host framework in the NIR
to UV range. There are also interesting opportunities for
spectroscopic matrix-isolation studies, with the advantage that
the matrix structure is known exactly and that the compounds
possess a wide range of thermal stability, allowing spectro-
scopic experiments to be performed between the lowest
temperature experimentally available and the desorption
temperature of the inorganic guest molecules.


Experimental Section


Synthesis


Host materials : 1-Aminoadamantane, 1,6-diaminohexane, pyridine/propyl-
amine and tetrapropylammonium were used as structure-directed agents to
induce the formation of DDR, TON, FER and MFI, respectively. The
hydrothermal syntheses of the host compounds TON, FER and MFI were
performed according to established literature procedures;[45] the synthesis
of DDR is described in detail in reference [13]. To remove the molecules of
the structure-directing agents occluded in the material after synthesis, the
samples were calcinated. For that purpose, about 1 g of the sample was
placed in an Al2O3 crucible and positioned in the center of a conventional
oven. All calcination experiments were carried out in air. The heating
programs were optimised to ensure complete combustion of the organic
matter while maintaining a high crystallinity of the host material. Suitable
temperature profiles for the different host materials are: DDR: 293�
1123 K within 10 h, hold for 4 h, 1123� 293 K within 24 h; TON: 293�
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1123 K within 48 h, hold for 84 h, 1123� 293 K within 24 h; FER: 293�
1093 K within 84 h, hold for 84 h, 1093� 293 K within 24 h; MFI: 293�
623 K within 10 h, hold for 12 h, 623� 6773 K within 8 h, hold for 24 h,
773� 873 K within 8 h, hold for 40 h, 773� 923 K within 8 h, hold for 48 h,
923� 293 K within 24 h. These calcination programs are suitable for both
powdered samples and single crystals with dimensions of up to 1 mm. After
calcination the products were colorless, as were the as-synthesised
materials. X-ray powder patterns confirmed the integrity of the host
structures after calcination; no peaks due to dense SiO2 modifications (such
as cristobalite) were detected. In addition, single crystals did not show any
cracks under an optical microscope.


Insertion : The insertion of the guest molecules was realised by deposition
in the gas phase in evacuated and closed quartz tubes. The tubes were
placed in an oven, with the host compounds held at the upper end of the
tubes by quartz wool and the guest compounds placed at the bottom. This
setup avoids condensation of bulk guest material on the host surface during
cooling. Typically, 0.2 g host material and 0.6 g to 1.0 g of a mercury halide
(1.0 g of equimolar mixtures of two mercury halides in the case of HgXY
insertion reactions) were used in an insertion experiment. Insertion
temperatures were chosen according to the volatility of the guest
compound: HgCl2: 633, HgBr2: 643, HgI2: 653 K. Before sealing, the open
quartz tubes containing the host only were dried at 423 K in a forced air
oven. Although porosils are, in principle, hydrophobic in character, it
turned out that without this step the inserted samples in all cases become
dark grey. This is most probably due to remaining water traces which cause
reduction of the mercury(��) halides during the insertion reaction. The
quartz tubes were held at the insertion temperatures for 12 h and then
slowly cooled down to room temperature within 10 h. Slight deviations in
the insertion temperature or longer insertion times did not affect the
amount of guest molecules introduced.


Basic characterization : The guest contents were determined by thermog-
ravimetry on a Mettler TA2 thermogravimetric balance under a flow of
argon (5 Lh�1) with a heating rate of 10 Kmin�1 with the sample held in a
corundum crucible. Measurements on single crystals and on powders show
the guest contents to be the same in both cases. Hence, we assume that the
amount of mercury halides adsorbed on the surface of the porosil particles
is negligible. X-ray powder diffraction patterns of as-synthesised, calcined
and loaded hosts, respectively, were recorded at room temperature with
CuK� radiation on a Philips 1710 Bragg-Brentano diffractometer equipped
with a graphite secondary monochromator.


XAFS spectroscopy: HgL2-, HgL3- and BrK-edge spectra were recorded at
HASYLAB/DESY in Hamburg (Germany). The storage ring DORIS III
was operated at 4.432 GeV with an injection current of 100 mA. The data
were collected at beamline X1.1 at room temperature and at 77 K in
transmission mode by monitoring the X-ray intensities with ionization
chambers. The spectrometer is equipped with a Si(311) double-crystal
monochromator. For energy calibration, the WL1 edge of CaWO4 was
recorded simultaneously with each of the HgL3 edge samples, whereas for
the HgL2 edge and the BrK edge samples the BiL3 edge of a Bi foil was
simultaneously recorded. In all experiments, detuning of the monochro-
mator to 50% of the maximum intensity served to reduce contributions of
higher harmonics to the X-ray beam. For the measurements, carefully
ground powders were pressed into polyethylene pellets (Merck, spectro-
scopic grade). The amount of sample was adjusted to give edge jumps ��d
of 0.3 ± 0.8. The spectra were processed using the program WinXAS.[46] For
energy calibration of the HgL3 edge spectra, the first inflection point of the
WL1 edge was set to a value of 12.100 keV. This corresponds to a value of
11.103 keV for the first inflection point at the GeK edge of a Ge foil.[47] For
the calibration of the HgL2 edge and the BrK edge spectra, the first
inflection point at the BiL3 edge of the Bi foil was set to 13.419 keV.[47] The
background of the sample spectra was modeled using Victoreen-type
functions; it was subtracted from the experimental curves. The edge jump
��d was then set to an absorption value of 1 to be able to compare the
XANES spectra. EXAFS analysis of HgL edge and BrK edge spectra was
performed according to standard procedures.[35] After conversion of the
normalised spectra into k space, the EXAFS oscillations were extracted by
modeling the non-oscillatory part of the spectra with cubic splines which
were then subtracted from the spectra. Weighting factors applied on the
EXAFS curves were: HgL3 edge spectra: k3 for HgCl2 and HgBr2
compounds, k2 for HgI2 compounds; BrK edge spectra: k2. HgL3 EXAFS
data were Fourier-transformed in the range from k� 3 ± 17 ä�1; BrK


EXAFS data were Fourier-transformed in the range from k� 3 ± 17 ä�1.
From the Fourier transforms, the first peaks corresponding to the nearest
neighbour atoms were back-transformed to obtain the single-shell EXAFS.
Phase and amplitude functions were then calculated for the HgX2
molecules in their gas phase geometries with the program FEFF 7.02.[48]


To obtain the structural parameters (interatomic distance Hg�X and
Debye ±Waller-type factor �2; the coordination number was fixed at two in
the case of HgL3 EXAFS data and to one in the case of BrK EXAFS data),
the back-transformed single-shell EXAFS data were fitted in the range
from k� 3 ± 17 ä�1 using these functions.


UV/Vis spectroscopy : UV/Vis spectra were obtained in diffuse reflectance
on a Cary 5 (Varian) spectrometer equipped with a Praying Mantis device
at room temperature. The calcined host materials served as references. For
each host ± guest compound, several spectra were recorded, with the
specimen diluted by varying amounts of the host compound; no influence
of the dilution by the host compound was recognised. Hence, the Kubelka ±
Munk function was considered to be representative of the absorption
spectra and was applied to the data.


Raman spectroscopy : Raman spectra on bulk samples were run on a
Nicolet 910 FT Raman spectrometer equipped with a Nd:YAG laser
(1064 nm). Typically, only 20 scans with a low laser power of around 20 mW
were accumulated because longer exposure times or higher laser powers
resulted in desorption of guest molecules and the deposition of bulk
mercury halides on the glass capillary, giving rise to the observation of
Raman spectra corresponding to those of the bulk halides. For microscopic
Raman spectroscopy on individual crystallites, a Dilor spectrometer
equipped with an attached microscope unit, a triple monochromator and
a CCD recording unit were used. The applied laser wavelength was
632.4 nm.
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Selective C�C Bond Formation between Alkynes Mediated by the
[RuCp(PR3)]� Fragment Leading to Allyl, Butadienyl, and Allenyl Carbene
Complexes–An Experimental and Theoretical Study


Eva R¸ba,[a] Kurt Mereiter,[b] Roland Schmid,[a] ValentinN. Sapunov,[a] Karl Kirchner,*[a]


Herwig Schottenberger,[c] Maria Jose¬ Calhorda,*[d] and LuisF. Veiros[e]


Abstract: The reaction of alkynes with
[RuCp(PR3)(CH3CN)2]PF6 (R�Me, Ph,
Cy) affords, depending on the structure
of the alkyne and the substituent of the
phosphine ligand, allyl carbene or buta-
dienyl carbene complexes. These reac-
tions involve the migration of the phos-
phine ligand or a facile 1,2 hydrogen
shift. Both reactions proceed via a
metallacyclopentatriene complex. If no
�C�H bonds are accessible, allyl car-
benes are formed, while in the presence
of �C�H bonds butadienyl carbenes are
typically obtained. With diphenylacety-
lene, on the other hand, a cyclobutadiene
complex is formed. A different reaction
pathway is encountered with HC�
CSiMe3, ethynylferrocene (HC�CFc),


and ethynylruthenocene (HC�CRc).
Whereas the reaction of [RuCp(PR3)-
(CH3CN)2]PF6 (R�Ph and Cy) with
HC�CSiMe3 affords a vinylidene com-
plex, with HC�CFc and HC�CRc this
reaction does not stop at the vinylidene
stage but subsequent cycloaddition
yields allenyl carbene complexes. This
latter C�C bond formation is effected by
strong electronic coupling of the metal-
locene moiety with the conjugated al-
lenyl carbene unit, which facilitates


transient vinylidene formation with sub-
sequent alkyne insertion into the Ru�C
bond. The vinylidene intermediate ap-
pears only in the presence of bulky
substituents of the phosphine coligand.
For the small R�Me, head-to-tail cou-
pling between two alkyne molecules
involving phosphine migration is prefer-
red, giving the more usual allyl carbene
complexes. X-ray structures of represen-
tative complexes are presented. A rea-
sonable mechanism for the formation of
both allyl and allenyl carbenes has been
established by means of DFT calcula-
tions. During the formation of allyl and
allenyl carbenes, metallacyclopenta-
triene and vinylidene complexes, respec-
tively, are crucial intermediates.


Keywords: alkynes ¥ carbene com-
plexes ¥ density functional calcula-
tions ¥ ruthenium ¥ metallacyclo-
pentatriene complexes


Introduction


For some time we have probed the possibility of using
ruthenium complexes for mediating the cyclotrimerization of
alkynes. The metal compound envisaged for this purpose must
bear at least two vacant coordination sites or, equivalently,
two substitution-labile ligands. This is the case with [RuCp-
(cod)X] and [RuCp*(cod)X] (X�Cl, Br; cod� 1,5-cyclo-
octadiene), which have recently been shown to catalyze
efficiently the cyclotrimerization of 1,6-diynes in combination
with other alkynes.[1] We have used the substitutionally labile
complex [RuCp(PR3)(CH3CN)2]PF6 (R�Me (1a), Ph (1b),
Cy (1c)),[2] which features the synthetic equivalent of the 14-
electron fragment [RuCp(PR3)]� . This entity is a promising
candidate since it is possible to vary the ligand through its
phosphine substituents. In this way the regioselectivity of the
coupling process may be controlled. However, although 1 is
catalytically active in the isomerization of allyl alcohols[3] and
is a precatalyst for the transfer hydrogenation of acetophe-
none and cyclohexanone as well as the isomerization of allyl
ethers,[4] cyclotrimerizations of alkynes were not initiated.
Instead, the reaction of 1 with alkynes leads to the


formation of a number of unusual and intriguing products
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involving ruthenium allyl carbene (I),[5] butadienyl carbene
(II),[6] and allenyl carbene complexes (III),[7] depending on the
structure of the alkyne and the substituent on the phosphine
ligand. It is reasonable to speculate that there is a common


first step in the formation of allyl and butadienyl carbenes,
which represents the formation of a highly electrophilic
cationic metallacyclopentatriene complex as a result of
oxidative coupling. In one case, such a complex could even
be isolated (when the alkyne was deca-2,8-diyne and the
phosphine in 1 was PCy3).[6] A key feature of the metal-
lacyclopentatriene complexes appears to be the nucleophilic-
ity of the coligand initiating phosphine migrations to give allyl
carbenes, and the presence of �-alkyl substituents favoring a
1,2-hydrogen shift to give butadienyl carbenes. In the
particular case of using ethynylferrocene, an �2-allenyl
carbene complex is formed via a vinylidene intermediate.
This is likely to be a result of efficient electronic coupling of
the ferrocenyl moiety with the conjugated allenyl carbene
unit. All these unexpected and unprecedented reactions
actually quench the catalytic activity towards cyclotrimerization.
Notwithstanding this, metallacyclopentatriene complexes


featuring the cyclic biscarbene structure are fascinating
entities and appear to be important intermediates in various
transformations of unsaturated organic molecules.[1, 8, 9] In
general, however, the involvement of metallacyclopentatriene


complexes is mere speculation since to date only a few actual
examples are known.[10] From this point of view it is
worthwhile to investigate the reactions of 1 described above.
First, we will use further terminal and internal alkynes and
diynes to synthesize several species featuring a Ru�C bond
including metallacyclopentatrienes, allyl, butadienyl, and
allenyl carbenes as well as vinylidene complexes. In this way
we hope to be able to identify some intermediates more
clearly and to obtain further information as to the underlying
reaction mechanisms. For this reason, DFT calculations[11] will
be performed to support the interpretations of the exper-
imental results. In addition, X-ray structures of representative
complexes will be presented.


Results and Discussion


Synthesis of allyl and butadienyl carbenes : The complexes
1a ± c were allowed to react with one or two equivalents of the
following types of alkynes: terminal alkynes HC�CR1 (R1�
H, Ph, C6H9, nBu, SiMe3, Ph-p-OMe, ferrocenyl (Fc),
cobaltocenium hexafluorophosphate (Cc�)), internal alkynes
R1C�CR2 (R1�R2�Et and R1�Me, R2�Ph), and diynes
R1C�CCH2(CH2)nCH2C�CR2 (R1�R2�H, Me; n� 1, 2).
Throughout, �3-allyl carbene complexes (2a ±o, 3a ± f, 4a)
were obtained in high yields according to Scheme 1. Most of
these reactions are fast even at room temperature and are
completed within a few minutes, as may be monitored by
NMR spectroscopy. The identity of the compounds was
established by 1H, 13C{1H}, and 31P{1H} NMR spectroscopy,
and usually also by elemental analysis. With terminal alkynes
no isomers were obtained and C�C coupling was highly
selective in a head-to-tail fashion with the substituents ending
up in the 1- and 3-positions. However, the asymmetric alkyne
MeC�CPh resulted in the formation of two isomeric allyl
carbenes 2 j and 2k in a 10:7 ratio. Note that there was no


Scheme 1. The preparation of �3-allyl carbene complexes from R1C�CCH2(CH2)nCH2C�CR2 (R1�R2�H, Me; n� 1, 2).
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evidence for an isomer with two phenyl substituents in the 2,3-
positions. Moreover, no isomer with a methyl group attached
to the carbene carbon atom is formed. The slight favoring of
2 j over 2k may be due to steric reasons such as the repulsive
interactions between methyl and phenyl groups which are less
pronounced in the C�C bond-forming oxidative coupling step
than between two phenyl groups (cf. cone angles: Me: 90; Ph:
105�[12]).
The 13C{1H} NMR spectra of the �3-allyl carbene complexes


exhibit a characteristic low-field doublet resonance in the
range �� 279 ± 236 ppm (JC,P� 3 ± 7 Hz) and a doublet in the
range �� 41 ± 26 ppm (JC,P� 66 ± 77 Hz) which may be as-
signed to the carbene carbon atom C1 and the terminal allyl
carbon atom C4 bearing the phosphine substituent. Further-
more, the 1H NMR spectra of 2a, 2 l, 2m, 3a, 3 f, and 4a
exhibit a very characteristic low-field resonance of the
carbene hydrogen atom H1 between �� 12.4 and 11.4 ppm.
The structures of 2b, 2g, 3g, and 4b obtained from X-ray


crystallography are shown in Figures 1 ± 4, and selected bond
lengths and angles are summarized in Table 1.


These results clearly reveal
that in the case of terminal
alkynes, C�C coupling had oc-
curred between the internal and
terminal sp-carbon atoms with
the substituents ending up on
the carbene carbon atom and
the internal carbon atom of the
allylic moiety, whereas with the
diynes, the two internal sp-car-


bon atoms are involved. In the allyl carbene systems formed,
all four carbon atoms of the C1 ±C4 chain are bonded to the
RuCp fragment in both cases. The C1 ±C4 chain is nearly
planar; the torsion angles lie between �14.4 and �20.0�. The
very short Ru�C1 bond (1.897 ± 1.916 ä) is further evidence
that C1 is an alkylidene carbon atom doubly bonded to the
ruthenium center. The remaining three carbon atoms of the


Table 1. Selected bond lengths [ä] and angles [o] of some allyl carbene complexes
and comparison with the DFT/B3LYP-optimized[a] structure of [CpRu(�CH-�3-
CHCHCHPH3)]�.


2b 2 l[b] 2g 3g ¥ 1³2CH2Cl2 4b Calcd


Ru�C1 1.908(2) 1.897(2) 1.916(6) 1.898(4) 1.903(3) 1.911
Ru�C2 2.205(2) 2.232(2) 2.201(6) 2.179(4) 2.191(3) 2.267
Ru�C3 2.169(2) 2.174(2) 2.187(6) 2.151(4) 2.147(3) 2.199
Ru�C4 2.135(2) 2.123(2) 2.141(7) 2.162(4) 2.189(3) 2.146
C1�C2 1.410(3) 1.403(3) 1.388(8) 1.415(6) 1.488(4) 1.414
C2�C3 1.430(3) 1.426(3) 1.421(8) 1.425(6) 1.424(3) 1.429
C3�C4 1.448(3) 1.432(3) 1.431(8) 1.434(6) 1.440(3) 1.449
C4�P 1.774(2) 1.778(2) 1.781(6) 1.799(4) 1.826(2) 1.783
Ru�Cpav 2.209(3) 2.221(3) 2.189(6) 2.206(7) 2.212(4) 2.269
C1-C2-C3 117.0(2) 116.3(1) 118.3(6) 117.4(4) 117.9(2) 115.5
C2-C3-C4 118.9(2) 122.0(1) 119.9(6) 122.5(4) 122.2(2) 120.7
C3-C4-P 126.6(2) 125.4(1) 126.1(5) 123.3(4) 120.6(1) 121.4
C1-C2-C3-C4� 16.8(4) � 16.6(3) � 14.4(9) � 15.5(6) � 20.0(3) � 19.7
[a] B3LYP Ru: sdd; C, H, P: 6 ± 31g**. [b] Ref. [5].


Figure 2. Structure of 2g (20% thermal ellipsoids; PF6� omitted for
clarity).


Figure 1. Structure of 2b (20% thermal ellipsoids; PF6� omitted for
clarity).
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C2 ±C4 chain have C�C distances that are typical of the �3-
allyl system. Owing to the near planarity of the C1 ±C4 chain,
the � system of the allyl unit is capable of interacting with the
Ru�C � bond with the consequence that the C�C distances
within the allyl carbene moiety are relatively uniform. On the
other hand, the unusual high-field shift of C4 may indicate
substantial sp3 character of this atom requiring a major
contribution from a ruthenacyclopenta-1,3-diene resonance
structure.[13]


A different reaction takes place when 1a is treated with
PhC�CPh. Whereas at room temperature no reaction occurs
at all, at 80 �C the cationic �4-cyclobutadiene complex
[RuCp(�4-C4Ph4)(PMe3)]� (5) forms rather than an allyl
carbene (Scheme 2). Complex 5 was fully characterized by
NMR spectroscopy, elemental analysis, and X-ray crystallog-
raphy. A structural view of 5 is shown in Figure 5. This is in


Figure 3. Structure of 3g ¥ 1³2CH2Cl2 (20% thermal ellipsoids; PF6� and
CH2Cl2 omitted for clarity).


Figure 4. Structure of 4b (20% thermal ellipsoids; PF6� omitted for
clarity).


Scheme 2. The preparation of 5 from 1a and 6 and 7 from 1b.


Figure 5. Structure of 5 (20% thermal ellipsoids; PF6� omitted for clarity).
Selected bond lengths [ä]: Ru�Cpav 2.227(6), Ru�C6 2.172(4), Ru�C7
2.173(4), Ru�C8 2.191(5), Ru�C9 2.162(5), Ru�P1 2.382(2), C6�C7
1.444(6), C6�C9 1.515(6), C7�C8 1.481(6), C8�C9 1.438(6).
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line with work by Green and co-workers[14] according to which
the dimeric complex [{RuCp(CO)2}2] also reacts with PhC�
CPh in the presence of Ag� at room temperature to give, in
addition to bis- and tris-carbonyl RuCp complexes, the related
�4-cyclobutadiene complex [RuCp(�4-C4Ph4)(CO)]� . Al-
though the formation of a �4-cyclobutadiene complex is
thermodynamically favorable on the basis of DFT calcula-
tions (see below, structure F in Figure 7) it is apparently
kinetically unfavorable.
In contrast to 1a, complex 1b reacts with PhC�CPh at 80 �C


to give quantitatively the known sandwich complex [RuCp-
(�6-C6H5�C�CPh)]� (6)[15, 16] together with the known bi-
sphosphine complex [RuCp(PPh3)2(CH3CN)]� (7)[17] in a 1:1
ratio (Scheme 2). There was no evidence of the occurrence of
an allyl carbene or a cyclobutadiene species. With 1c, on the
other hand, no clean reaction took place and several intract-
able materials, together with small amounts of 6, were formed.
Although with the formation of the allyl carbenes no


intermediates could be detected spectroscopically, it is
reasonable to suggest the involvement of a metallacylopenta-
triene intermediate as the result of oxidative coupling
(Scheme 1). In one case, namely the reaction of 1c with 2,8-
decadiyne, such an intermediate has been observed by 1H,
13C{1H}, and 31P{1H} NMR spectroscopy. The resonances in
the 13C{1H} NMR spectrum at �� 325.6 and 170.6 ppm can be
associated with the C� and C� ring carbon atoms, respectively.
In addition, the unusual down-field shift of the C�-carbon
resonance is in agreement with an unsaturated bis-carbene
ligand. Thus the formation of the cationic metallacyclopenta-
triene structure [CpRu(�C2(CH3)2C2(CH2)4)(PCy3)]� (10)
(Scheme 3) is indicated. In a similar fashion, as shown
recently,[18] the complex [RuCp(SbPh3)(CH3CN)2]PF6 reacts
with 2,8-decadiyne to afford the analogous cationic metal-
lacyclopentatriene complex [CpRu(�C(CH3)2C2(CH2)4)-
(SbPh3)]� . The latter also exhibits characteristic resonances
in the 13C{1H} NMR spectrum at �� 330.3 and 171.3 ppm,
which are assigned to the C� and C� ring carbon atoms,
respectively (cf. the neutral metallacyclopentatriene [RuCp-
(�C2(Ph)2CH2)Br], for which the respective resonances of the
C� and C� atoms occur at �� 271.1 and 156.0 ppm[10a]). The
metallacyclopentatriene complex 10, however, is unstable and
converts directly into the butadienyl carbene complex
[CpRu(�C(CH3)C(CH2)4C-�2-CH�CH2)(PCy3)]PF6 (11a).
The step from 10 to 11a involves activation of an �-
substituent by one of the electrophilic carbene carbon atoms.


This is formally a 1,2-hydrogen shift which is unprecedented
for a metallacyclopentatriene. There is only one more
example of a butadienyl carbene as encountered recently in
the reaction of an osmacyclopentatriene complex with tert-
butylamine.[19] Likewise, the analogous butadienyl carbene
11b is formed by the reaction of 1b with 2,8-decadiyne, again
without any intermediate being observed.
Both types of reactions described above, attack of a


nucleophile onto a carbene carbon atom (phosphine ligand)
and a 1,2-hydrogen shift, are typical of very electrophilic,
usually cationic, carbenes.[20] This is further support for our
proposal that a metallacyclopentatriene is a key intermediate
in the formation of allyl and butadienyl carbenes. A feasible
low-energy pathway to give allyl carbenes via a metallacyclo-
pentatriene species follows from DFT calculations (vide
infra).


Synthesis of allenyl carbenes : A completely different type of
reaction is encountered when the alkynes HC�CSiMe3,
ethynylferrocene (HC�CFc), and ethynylruthenocene (HC�
CRc) are allowed to react with either 1b or 1c. While 1a
undergoes the expected reaction with HC�CSiMe3 to yield
the allyl carbene 2e, both 1b and 1c afford the cationic
vinylidene complexes [CpRu(�C�CHSiMe3)(CH3CN)-
(PPh3)]� (8a) and [CpRu(�C�CHSiMe3)(CH3CN)(PCy3)]�
(8b) in quantitative yield as monitored by NMR spectroscopy
(Scheme 4). Unfortunately, neither 8a nor 8b could be
isolated in pure form due to the formation of several
intractable decomposition compounds upon work-up. Char-
acteristic features comprise, in the 13C{1H} NMR spectrum, a
marked low-field resonance at �� 321.3 (d, JC,P� 17.3 Hz) and
320.5 ppm (d, JC,P� 15.4 Hz), respectively, which may be
assigned to the �-carbon atom of the vinylidene moiety. The
C� atom displays a resonance at �� 100.1 and 100.2 ppm,
respectively. Furthermore, the C�-hydrogen atom shows a
doublet centered at �� 3.93 (JC,P� 4.0 Hz) and 4.06 ppm
(JC,P� 2.5 Hz), respectively. 31P{1H} NMR resonances are
observed at 53.7 and 59.0 ppm, respectively.
When complexes of 1 are treated with ethynylferrocene


(HC�CFc), where the ferrocenyl unit is bonded directly to the
alkynyl group, only 1a yields the �3-allyl carbene complex
[CpRu(�C(Fc)-�3-CHC(Fc)CHPMe3)]PF6 (2g). In the other
cases (1b or 1c) the novel �2-allenyl carbene complexes
[CpRu(�C(Fc)-�2-CH�C�CH(Fc))(PPh3)]PF6 (9a) and [Cp-
Ru(�C(Fc)-�2-CH�C�CH(Fc))(PCy3)]PF6 (9b) are formed


Scheme 3. The formation of unstable complex 10, which rearranges to give 11.
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in 65 and 71% yield, respectively (see Scheme 4).[7] The
analogous allenyl carbene [CpRu(�C(Rc)-�2-CH�C�
CH(Rc))(PPh3)]PF6 (9c) is obtained from 1b, along with
HC�CRc (Rc� ruthenocenyl), with NMR spectroscopic
features very similar to those of 9a and 9b. It should be
mentioned that the isostructural and isoelectronic ethynyl
cobaltocenium hexafluorophosphate ([HC�CCc]PF6) reacts
with 1a to give an allyl carbene or, in the case of 1b, its
rearrangement product. More details will be given in a
forthcoming paper.[21]


The molecular structure of 9c (in form of the crystalline
solvate 9c ¥ CH2Cl2) as confirmed by X-ray crystallography[22]


is depicted in Figure 6, and
selected bond lengths and an-
gles of 9a and 9c are given in
Table 2. The overall structure of
9c ¥ CH2Cl2 is very similar to
that of 9a.[7] The most notable
features are 1) the exo orienta-
tion of the C6-C7-C8 moiety
with respect to the phosphine
ligand, 2) the distorted s-trans
structure of the C6-C7-C8-C9
unit, and 3) the short Ru�C6
bond length of 1.940(3) ä. The
latter is characteristic of an
alkylidene double-bonded to
the ruthenium center. The two
allenyl carbon atoms, C7 and
C8, are noticeably further away
from the Ru center and asym-
metrically bonded (Ru�C7
2.168(3), Ru�C8 2.093(3) ä)
while the terminal allenyl car-
bon atom, C9, is not coordinat-
ed to the metal center (Ru�C9


3.281 ä). Whereas, therefore, 9 is best described as an �2-
allenyl carbene, a resonance contribution from the allylic
structure is evident from the rather uniform bond lengths
found for C6�C7 (1.415(4) ä) and C7�C8 (1.422(4) ä). Thus,
�-electron delocalization appears to be substantial. The
C8�C9 bond length of 1.322(5) ä is typical of a noncoordi-
nated C�C bond. The C�C bond lengths linking the two
ruthenocenyl moieties with the allenyl carbene C1 ±C4 unit


Figure 6. Structure of 9c ¥ 1³2CH2Cl2 (20% thermal ellipsoids; PF6� and CH2Cl2 omitted for clarity).


Scheme 4. The formation of 8a, b and 9a ± c.


Table 2. Selected bond lengths [ä] and angles [o] of allenyl carbene
complexes and comparison with the DFT/B3LYP-optimized[a] structure of
[CpRu(�CH-�2-CH�C�CH2)(PH3)]�.


9a ¥ CH2Cl2[b] 9c ¥ CH2Cl2 Calcd


Ru�C1 1.943(2) 1.940(3) 1.919
Ru�C2 2.171(3) 2.168(3) 2.239
Ru�C3 2.099 (3) 2.093(3) 2.122
Ru�P 2.322(1) 2.323(1) 2.323
C1�C2 1.415(4) 1.415(5) 1.399
C2�C3 1.416(4) 1.422(4) 1.430
C3�C4 1.321(3) 1.322(5) 1.326
Ru-Cpav 2.233(3) 2.241(4) 2.287
C1-C2-C3 116.3(2) 115.7(3) 115.8
C2-C3-C4 138.0(3) 138.6(3) 140.0
C1-C2-C3-C4 � 151.7(3) � 151.2(4) � 152.3
[a] B3LYP Ru: sdd; C, H, P: 6 ± 31g**. [b] Ref. [7].
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are quite different from one another; C6�C10� 1.404(5) ä
and C9�C20� 1.468(5) ä. In addition, the C�C bond lengths
within the cyclopentadienyl ligand of the ruthenocenyl
substituent attached to the carbene-carbon atom C6 are
significantly different with C10�C11 and C10�C14 being
longer (1.439(5) and 1.452(5) ä, respectively) and C11�C12,
C12�C13, and C13�C14 being shorter (1.410(5), 1.414(6), and
1.409(5) ä, respectively). Thus a fulvene-like structure is
adopted similarly to the ferrocenyl analogue 9a.[7]


An appealing mechanism for the formation of �2-allenyl
carbene complexes is presented in Scheme 4. Accordingly, the
first intermediate is the cationic vinylidene complex [CpRu(�
C�CHR1)(CH3CN)(PR3)]� as is actually observed in an
analogous reaction using HC�CSiMe3 as the alkyne. After
subsequent replacement of the CH3CN ligand by a second
alkyne molecule to give an �2-alkyne vinylidene species
[CpRu(�CHR1)(�2-HC�CR1)(PR3)]� , the alkyne is inserted
into the Ru�C bond. That this reaction series is restricted to
the presence of bulky coligands could point to the importance
of steric effects. It is well known that vinylidene formation is
facilitated under such conditions.[23] However, another effect
seems to be even more important since the ethynylcobalto-
cenium cation [HC�CCc]� , though isostructural and isoelec-
tronic with ethynylferrocene and ethynylruthenocene, does
not yield an allenyl carbene. Therefore, � conjugation of the
C1 ±C4 chain of the allenyl carbene unit with one of the Cp �
systems of the ferrocenyl and ruthenocenyl moieties likely
favors this construction through the efficient stabilization of
positive charge. This highlights the unique electronic proper-
ties of the ferrocenyl and ruthenocenyl fragments.


Theoretical studies


The bisacetylene precursor and the formation of allyl
carbenes : A general pathway for the conversion of the
bisacetonitrile complex [CpRu(NCH)2(PH3)]� (1; the model
with NCH and PH3 will be called A), into the allylcarbene
species 2 and 3 (E when R1�R2�H) is schematically shown
in Figure 7 as a result of DFT/B3LYP[24] calculations using
Gaussian98.[25] The reliability of the computational method


(details in Experimental Section) can be checked by compar-
ing the calculated geometries of the final species (Figure 7)
with X-ray structures available for complexes based on PMe3
(2) and on PPh3 (3) and several terminal acetylenes, or on
PCy3 and diynes (4). Relevant data are given in Table 1.
The general agreement of calculated distances and angles


with the experimental values is very good despite the absence
of substituents in the model. A similarly good agreement is
observed between the calculated structure of the initial
complexes 1 (shown in Figure 7 as A) and the available
X-ray structures (see Supporting Information, Table S1).
The first step in Figure 7 consists of the substitution of


acetonitrile by acetylene, which is known experimentally to
proceed by means of a dissociative mechanism,[2] leading to a
monoacetonitrile complex. The associative alternative in
which the coordination of acetylene is accompanied by �5�
�3 ring slippage to preserve the 18-electron count can be
excluded. It may be noted that a dissociative pathway has also
been proposed for the similar reaction of substitution of
phosphine by acetylene in [CpCo(PR3)2].[26] The thermody-
namic profile for the substitution process is shown in Figure 8.
The high energy of the monoacetonitrile complex


[CpRu(NCH)(PH3)]� (A1) makes its formation appear to
be the rate-limiting step of the overall reaction. The coordi-
nation of the first acetylene to the unsaturatedA1 to formA2


Figure 7. Profile of the B3LYP potential energy surfaces for the conversion of the bis-nitrile complex A into the allyl carbene E.


Figure 8. Profile of the B3LYP potential energy surface for the formation
of monoacetylene complex A2.
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is exothermic by 13 kcalmol�1, but the acetylene complexes
are higher in energy than the acetonitrile derivatives. The
calculated energy differences between the proposed inter-
mediates are of the order of magnitude of the activation
barriers determined from NMR studies. Although transition
states were not determined, their energies are not expected to
be much higher than those of the unsaturated intermediates.
Bisacetylene complexes have been proposed as intermedi-


ates in several conversions such as in cyclotrimerizations, but
no representative of Ru is known. For comparison purposes
we use the bisacetylene complexes of MoII of the type
[CpMo(�2-R2C2)(L)]� (R�Me, L� I, CO, NCMe; R�Ph,
L�CO), retrieved from the CSD.[27] The average C�C
distance in [CpRu(C2H2)2(PH3)]� (B) of 1.246 ä is signifi-
cantly smaller than the C�C distances found in the above Mo
complexes which range from 1.259 and 1.268 in the CO
complexes to 1.267 and 1.280 ä in the other two. Conversely,
the Ru�C distances are longer (2.320 ± 2.322 ä) than the
Mo�C distance (2.038 ± 2.268 ä). Considering that the acety-
lenes in the Ru complex do not bear substituents so that steric
effects are negligible, it can be concluded that the
Ru�acetylene bonds are relatively weak. This is reflected by
the high energy calculated for these complexes. On the other
hand, the Ru�P bond (2.320 ä) is shorter than the corre-
sponding bond in the initial bisacetonitrile complex A.
Among several conceivable pathways investigated, to be


discussed later, the most favorable one involves formation of
the metallacyclopentatriene C (Figure 7). The detailed struc-
tures of B, C, and the transition state TSBC are given in
Figure 9. As the distances involving the acetylenes are the
same, only one of them is given.


Figure 9. Relevant distances (ä) in the optimized B3LYP geometries of
the bisacetylene complex B, the metallacyclopentatriene C, and the
transition state TSBC.


As the reaction proceeds, the new C ¥¥¥ C bond starts to
form and the C ¥¥¥ C distance decreases from 2.714 in B to
2.133 in TSBC, to reach 1.382 ä in species C, characteristic of a
C�C bond. At the same time, the two acetylene groups must
reorient themselves, so that two of the Ru�C bonds become
stronger (distances decrease from 2.232 (B), via 2.123 (TSBC)
to 1.940 (C)), and the other two weaker (2.240, 2.344, 2.901 ä,
respectively). The C4Ru cycle is essentially planar and a
strong alternation of bonds is observed. These changes occur
smoothly, and the transition state occupies an intermediate
position. It comes closer to the bisacetylene complex than to
the metallacycle, since the C��C� distances are still rather
short, exhibiting triple-bond character (1.270 compared to


1.246 ä in the starting structure), while C��C�� is still some
distance away from a bonding distance (2.133 ä).
The formation of the metallacyclopentatriene is symmetry-


allowed, according to an extended H¸ckel qualitative Walsh
diagram (Supporting Information, Figure S1). The calculated
activation barrier for this process is 8.5 kcalmol�1, the
reaction being exothermic by 40.1 kcalmol�1. A comparable
system has been studied by Albright and co-workers,[26] given
by the formation of cobaltacyclopentadiene from
[CpCo(C2H2)2]. In this case, the activation energy is slightly
higher (12.8 kcalmol�1), although the process is less exother-
mic (13.1 kcalmol�1). The structural features of the two
metallacycles are also significantly different, as inC the C��C�


distance (1.430 ä) is close to that of a single bond (1.34 ä for
Co); C��C�� , on the other hand, is very long for cobalt (1.49 ä)
and much shorter (1.382 ä) in C. The metal ± carbon bonds
are comparable in both cases (1.92 ä for Co, 1.940 ä for Ru),
but this bond length is very short for a Ru�C bond, suggesting
a very strong bond. Despite the fact that a metallacyclopenta-
triene complex has been obtained in this work (10, in
Scheme 2), it could not be structurally characterized owing
to its short lifetime in solution. Therefore, the calculated
structure C can only be compared to related species contain-
ing {CpRuBr} and {RuCp*Br} fragments.[10a,g,h] The Ru�C and
C��C�� distances are the same (1.946 and 1.377 ä), while the
C��C� distance is slightly shorter but still very similar
(1.403 ä). The agreement is very good considering the
different coligands. To interpret the bonding in C, a schematic
diagram was drawn, based on extended H¸ckel calculations[28]


showing the interaction between the [CpRu(PH3)]3� fragment
and the C4H42� ligand (Figure 10).


Figure 10. Schematic molecular orbital diagram showing the interaction
between the [CpRu(PH3)]3� (left) and [C4H4]2� (right) fragments.


The four orbitals of the butadienyl ligand that are relevant
for binding to the metal fragment are depicted on the right
side of Figure 10. The LUMO (�s) corresponds to the �3
orbital of butadiene, while the HOMO (�a) is the antisym-
metric combination of the two carbon lone pairs; below come
the �2-like orbital of butadiene (�a), followed by the
symmetric combination of the two carbon lone pairs (�s).
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Three of these four orbitals are
involved in strong interactions
with acceptor fragment orbitals
of [CpRu(PH3)]3�, the remain-
ing interaction being a back-
donation component from 1a��
to the LUMO. The two � inter-
actions involving �a and �s are
the strongest, as expected, ow-
ing to better overlap between
the fragment orbitals, while �


donation is stronger than �-
back donation. From this anal-
ysis, it is revealed that the two
Ru�C bonds possess double-
bond character, since on aver-
age each consists of � � �


bonds. Therefore, the C4Ru cy-
cle is indeed better described,
as proposed above, as a metallacyclopentatriene rather than a
metallacyclopentadiene, while the Co derivative has more
metallacyclopentadiene character.[28] This bonding model thus
sheds light on the origin of the strength of the Ru�C bonds
and accounts for the high stability of the ruthenium metal-
lacyclopentatriene C compared to that of its Co analogue.
Interestingly, the reaction at the Ru center is much more
exothermic and requires less activation energy than the Co
system. The smaller activation energy is related to the
structural similarity between the reagent B and the transition
state TSBC. This species is known to undergo further reactions,
with phosphine migration being the most frequent one, as
long as a suitable phosphine is present.
The conversion of the metallacyclopentatriene C into the


final allylcarbene complex E (Figure 7) proceeds with rela-
tively small activation barriers, the rate-limiting step being an
initial distortion to produce the intermediate D. Bending of
the metallacycle takes place, and the C�-carbon atoms
approach the metal (these distances become 2.518 and
2.601 ä, already typical of weak bonds). Conversely, at the
other side of the molecule, the Ru�C� bond stretches and this
carbon atom starts to form a new C��P bond (2.450 ä). This
feature is already evident in the transition state TSCD and the
activation energy is 20.3 kcalmol�1. TSCD is much closer to D
than C. The final transformation involves complete Ru�P
bond breaking and formation of the C��P bond, with
simultaneous formation of the allyl carbene, and adjustments
of the carbon chain, namely the formation of Ru�C� bonds.
The Ru�C� distances in E are 2.198 and 2.267 ä and Ru�C�


2.146 and 1.911 ä. This last distance is much shorter than the
three others and is assigned as a carbenic bond.
This new intermediate,D, makes the conversion of C into E


easier, since the new Ru�C� bonds start to be formed before
Ru�P bond breaking, requiring less energy. To understand
this process, a detailed comparison between the species
involved is needed. The most relevant parameters, Wiberg
indices and NPA charges (italics), are given in Figure 11. In
the case that the values are the same on both sides of each
molecule, only one set is shown. The metallacyclopentatriene
C shows two strong Ru�C bonds and one strong C�C bond,


with aWiberg index typical of a double bond (Ru�C 1.045, C�
C 1.534). The charges on P and the �-carbon atoms are 0.248
and �0.145 (�0.148), respectively. On the other hand, the
next intermediate D exhibits different bonding and is better
described as a metallacycle. The Ru�C Wiberg indices have
dropped to only 0.691 and 0.562, while two C�C bonds are
present (1.783, 1.686) and the previously double bond became
weaker (1.097). The P atom obtains an increasingly positive
charge along the proposed pathway (from 0.284, to 0.471, to
0.830).
There is a problem with the pathway shown in Figure 7 in


that the intermediate C is lower in energy than the final
product E. This may arise from the use of the model
phosphine PH3 instead of a more nucleophilic and also
bulkier phosphine. The geometries ofC andE containing both
PH3 and PMe3 were optimized by using a smaller basis set, and
single-point calculations were performed with the standard
basis set. A similar procedure was used to compare the
relative energies of C and E when the phosphine was replaced
with AsH3 or SbH3. The first immediate conclusion is that the
reaction becomes thermodynamically favored for trimethyl-
phosphine (�9.5 kcalmol�1) contrary to what happens with
PH3 (5.9 kcalmol�1). On the other hand, we can compare the
series of ligands where P is replaced by As and Sb, noticing
that this reaction becomes progressively thermodynamically
less favorable as one moves down the group (AsH3,
6.5 kcalmol�1; SbH3, 13.9 kcalmol�1). Arsines and stibines
therefore have less tendency to migrate and their complexes
may follow a different pathway.
An alternative pathway to afford allyl carbenes has also


been considered in which intramolecular nucleophilic attack
of PH3 at a coordinated HC�CH ligand gives an intermediate
�2-vinyl complex. In the case of Mo and Re, it has been
demonstrated that �2-vinyl complexes are able to react with a
further alkyne molecule to give allyl carbenes.[29] DFT
calculations, however, revealed that a possible �2-vinyl com-
plex [RuCp(�2-CH�CH�PH3)(�2-HCCH)]� (K) is found to
lie as high as 17.8 kcalmol�1 above the bisacetylene complex B
(see Supporting Information, Figure S2). Although the
transition state connecting B and K is missing, its energy is


Figure 11. Wiberg indices and NPA charges (italics) in the optimized B3LYP geometries of the equilibrium
structures C, D, E, and the transition states TSCD and TSDE.
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expected to be much higher than that of the �2-vinyl
intermediate. It is therefore concluded that in the case of
ruthenium, a pathway proceeding via an �2-vinyl intermediate
is very unlikely.
As mentioned above, the formation of cyclobutadiene


complexes has been observed only in the reaction of 1a with
PhC�CPh. In contrast, according to DFT calculations, the
formation of a cyclobutadiene complex is thermodynamically
favorable by �27 kcalmol�1 (the optimized structure of the
model cyclobutadiene complex [RuCp(�4-C4H4)(PH3)]� (F) is
shown in Figure 7). It is therefore concluded that cyclo-
butadiene complexes are not formed for kinetic reasons. In
fact, [2�2] cycloadditions of acetylenes coordinated to the
isoelectronic CpCo fragment are symmetry forbidden if Cs
symmetry is preserved.[26] Since the same symmetry restric-
tions apply to the present [RuCp(PH3)]� system, both direct
conversion of B to F by means of [2�2] cycloaddition and
reductive cyclization, transforming C to F, are symmetry-
forbidden processes. Accordingly, a large energy barrier can
be expected. The complete mechanism for the formation of
the �4-cyclobutadiene complex (F) from the bis(acetylene)
intermediate (B) will be the subject of a forthcoming paper.


The monoacetylene precursor


Formation of allenyl carbenes : It has been found that under
certain conditions only one molecule of acetylene binds to the
Ru center with one of the acetonitrile ligands ofA remaining.
The coordination of only one acetylene molecule is inde-
pendent of the concentration of acetylene and depends only
on the nature of the substituents. It is rapidly followed by
conversion to a vinylidene complex. Since this type of process
has been widely studied from a theoretical point of view by
several authors using several methods,[30] it will not be
analyzed here. The presence of such an intermediate has


been proven by spectroscopic means. Therefore, we study
here the subsequent reaction to allenyl carbenes as presented
in Figure 12.


The substitution of acetonitrile by acetylene to afford the new
vinylidene complex I is a slightly endothermic reaction in our
model (3.5 kcalmol�1), with an activation barrier of 31.7 kcal
mol�1, determined by the dissociation of the acetonitrile ligand.
The fact that the acetylene complex has a higher energy than
the acetonitrile derivative has been discussed before. After
coordination of another molecule of acetylene, intermediate I
is formed and easily converted into the final allenyl complex,
J. The relevant structural data are shown in Figure 13.


Figure 13. Relevant distances (ä) in the optimized B3LYP geometries of
the acetylenevinylidene I, the allenyl carbene J, and the transition state
TSIJ.


Notably, the Ru�P bond is barely affected by the reaction.
On the other hand, as the C� atom of the vinylidene becomes
involved in another bond to an acetylenic carbon atom, both
the Ru�C� and the C��C� bonds become weaker, as can be
seen in Figure 13. In the transition state TSIJ the new carbon
bond has not yet formed (2.029 ä), although the two ligands
have approached each other. In the final product J, the Ru�C
bond that is significantly shorter than the others (1.919 ä) is
assigned as a carbenic bond.


Figure 12. Profile of the B3LYP potential energy surfaces for the conversion of the bis-nitrile complex A into the allenyl carbene J.
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Conclusion


In summary, the reactions of alkynes with [RuCp(PR3)-
(CH3CN)2]PF6 (R�Me, Ph, Cy) to give either allyl carbene or
butadienyl carbene complexes have been elucidated. In both
cases the first step is oxidative coupling of the alkyne to afford
a cationic metallacyclopentatriene intermediate. The reactiv-
ity of the latter depends on the nucleophilicity of the
phosphine as well as the presence of �-alkyl substituents.
Ligand migration leads to allyl carbenes, while a 1,2-hydrogen
shift gives butadienyl carbenes. Therefore, owing to their
strong electrophilic character, cationic metallacyclopenta-
triene complexes do not catalyze cyclotrimerizations. Cyclo-
butadiene formation is observed in only one case and seems to
be an exception. An alternative reaction proceeds via vinyl-
idene intermediates that are able to react with another alkyne
moiety to give allenyl carbene complexes. This reaction is
restricted to systems featuring bulky coligands such as PPh3
and PCy3 and strong electron-donating alkynes such as
ethynylferrocene and ethynylruthenocene. DFT calculations
support the experimental findings and identify metallacyclo-
pentatriene and vinylidene complexes, respectively, as impor-
tant intermediates in the formation of allyl and allenyl
carbenes.


Experimental Section


General procedures : All manipulations were performed under an inert
atmosphere of argon by using Schlenk techniques. All chemicals were
standard reagent grade and used without further purification. The solvents
were purified according to standard procedures.[31] The deuterated solvents
were purchased from Aldrich and dried over 4 ä molecular sieves.
[RuCp(PMe3)(CH3CN)2]PF6 (1a), [RuCp(PPh3)(CH3CN)2]PF6 (1b),
[RuCp(PCy3)(CH3CN)2]PF6 (1c), ethynylcobaltocenium hexafluorophos-
phate ([HC�CCc]PF6), ethynylferrocene (HC�CFc) and ethynylrutheno-
cene (HC�CRc) were prepared according to the literature.[2, 32] The
syntheses and characterization of complexes 2a ± d, 2g, 2 l, 2n, 2o, 3 f, 3d,
3g, 4a, 9a, 9b, 10, and 11a ± c have been already reported previously.[4, 5]
1H, 13C{1H}, and 31P{1H} NMR spectra were recorded on a Bruker
AVANCE-250 spectrometer.


[CpRu(�C(SiMe3)-(�3-CHC(SiMe3)CHPMe3)]PF6 (2e): A 5 mm NMR
tube was charged with 1a (35 mg, 0.075 mmol) and was capped with a
septum. A solution of HC�CSiMe3 (22 �L, 0.150 mmol) in [D6]acetone
(0.5 mL) was added by syringe and the sample was transferred to an NMR
probe. A 1H NMR spectrum was recorded after 1 h showing the formation
of 2e in about 90% yield. This compound could not be isolated in pure
form. 1H NMR (250.13 MHz, [D6]acetone, 20 �C, TMS): �� 5.47 (s, 1H;
H2), 5.36 (s, 5H, Cp), 5.03 (d, JP,H� 10.7 Hz, 1H; H4), 1.32 (d, JP,H� 13.7 Hz,
9H; PMe3), 0.33 (s, 9H; SiMe3) 0.24 ppm (s, 9H; SiMe3); 13C{1H} NMR
(62.86 MHz, [D6]acetone, �30 �C, TMS): �� 279.0 (d, JC,P� 4.3 Hz; C1),
97.1 (d, JC,P� 2.4 Hz; C3), 84.6 (s, 5C; Cp), 75.5 (d, JC,P� 2.4 Hz; C2), 36.9 (d,
JC,P� 66.5 Hz; C4), 10.8 (d, JC,P� 56.7 Hz, 3C; PMe3), �0.04 (s, 3C; SiMe3),
�1.4 ppm (s, 3C; SiMe3); 31P{1H} NMR (101.26 MHz, [D6]acetone, �30 �C,
H3PO4 (85%)): �� 32.7 (PMe3), �142.7 ppm (PF6).
[CpRu(�C(Ph-p-OMe)-(�3-CHC(Ph-p-OMe)CHPMe3)]PF6 (2 f): A solu-
tion of 1a (100 mg, 0.215 mmol) and HC�CPh-p-OMe (64 �L, 0.495 mmol)
in CH2Cl2 (3 mL) was stirred for 2 h at 25 �C. The color of the solution
changed from yellow to dark violet. After the volume of solution was
reduced to about 0.5 mL, the product was precipitated with Et2O (10 mL).
The violet solid was collected on a glass frit, washed with Et2O, and dried
under vacuum. Yield: 135 mg (88%). 1H NMR (250.13 MHz, [D6]acetone,
20 �C, TMS): �� 8.08 (d, 3JH,H� 8.5 Hz, 2H; (CH3O)C6H2), 7.61 (d, 3JH,H�
8.9 Hz, 2H; (CH3O)C6H2), 7.05 (d, 3JH,H� 8.5 Hz, 2H; (CH3O)C6H2), 6.95
(d, 3JH,H� 8.9 Hz, 2H; (CH3O)C6H2), 5.78 (s, 1H; H2), 5.30 (d, JP,H�


10.4 Hz, 1H; H4), 5.26 (s, 5H; Cp), 3.90 (s, 3H; OCH3), 3.84 (s, 3H;
OCH3), 1.49 ppm (d, JP,H� 13.7 Hz, 9H; PMe3); 13C{1H} NMR (62.86 MHz,
[D6]acetone, 20 �C, TMS): �� 245.4 (d, JC,P� 5.8 Hz; C1), 163.2 (1C; Ph4),
160.5 (1C; Ph4�), 135.4 (1C; Ph1), 133.9 (2C; Ph2), 133.7 (1C; Ph1�), 129.9
(2C; Ph2), 115.4 (2C; Ph3), 114.3 (2C; Ph3�), 103.7 (d, JC,P� 3.8 Hz; C3), 83.9
(5C; Cp), 80.5 (1C; C2), 55.6 (1C; OCH3), 55.2 (1C; OCH3), 31.0 (d, JC,P�
73.9 Hz; C4), 12.1 ppm (d, JC,P� 57.6 Hz 3C; PMe3); 31P{1H} NMR
(101.26 MHz, [D6]acetone, 20 �C, H3PO4 (85%)): �� 34.1 (PMe3),
�143.0 ppm (PF6�, JP,F� 704.3 Hz); elemental analysis calcd (%) for
C31H30F6O2P2Ru (711.6): C 52.33, H, 4.25; found: C 52.30, H 4.27.


[CpRu(�C(Cc)-(�3-CHC(Cc)CHPMe3)](PF6)3 (2h): A solution of 1a
(70 mg, 0.149 mmol) and [HC�CCc]PF6 (112 mg, 0.313 mmol) in acetone
(3 mL) was stirred at room temperature for 3 h whereupon the color of the
solution changed from yellow to dark green. After the solvent was
removed, the solid residue was redissolved in CH2Cl2 (0.5 mL) and the
product was precipitated with Et2O (10 mL). The dark green solid was
collected on a glass frit, washed with Et2O, and dried under vacuum. Yield:
108 mg (89%). 1H NMR (250.13 MHz, [D6]acetone, 20 �C, TMS): ��
6.74 ± 6.67 (m, 2H, Cc; H2), 6.55 (m, 1H; Cc), 6.37 (m, 1H; Cc), 6.27 (m,
1H; Cc), 6.18 (m, 1H; Cc), 6.10 ± 6.04 (m, 6H; Cc, CpCo), 5.99 (m, 2H; Cc),
5.96 (s, 5H; CpCo), 5.84 (d, JH,P� 6.0 Hz; H4), 5.62 (s, 5H; CpRu), 1.53 ppm
(d, JH,P� 13.6 Hz, 9H; PMe3); 13C{1H} NMR (62.86 MHz, [D6]acetone,
20 �C, TMS): �� 235.9 (d, JC,P� 6.9 Hz, 1C; C1), 106.8 (d, JC,P� 5.4 Hz, 1C;
C3), 99.7 (1C; Cc), 92.6 (d, JC,P� 3.1 Hz, 1C; Cc), 88.5 (1C; Cc), 88.4 (1C;
Cc), 87.0 (5C; CpRu), 86.8 (5C; CpCo), 86.5 (5C; CpCo), 86.1 (1C; Cc), 85.5
(2C; Cc), 85.4 (1C; C4), 85.0 (1C; Cc), 82.9 (1C; Cc), 81.9 (1C; Cc), 34.6 (d,
JC,P� 72.1 Hz, 1C; C4), 11.2 ppm (d, JC,P� 57.5 Hz; 3C, PMe3); 31P{1H}
NMR (101.26 MHz, [D6]acetone, 20 �C, H3PO4 (85%)): �� 37.2 (PMe3),
�143.0 ppm (JP,F� 709.0 Hz, PF6�); elemental analysis calcd (%) for
C32H34Co2F18P4Ru (1103.4): C 34.83; H 3.11; found: C 34.89; H 3.15.


[CpRu(�C(Et)-�3-C(Et)C(Et)C(Et)PMe3)]PF6 (2 i): A solution of 1a
(26 mg, 0.055 mmol) and EtC�CEt (13 �L, 0.116 mmol) in CD3NO2
(0.4 mL) was transferred to a NMR tube and kept at room temperature
for 20 days. The color of the solution changed slowly from yellow to red.
The reaction was monitored by NMR spectroscopy. Yield: 90%. 1H NMR
(250.13 MHz, CD3NO2, 20 �C, TMS): �� 5.24 (s, 5H; Cp), 2.78 ± 1.73 (m,
4H; CH2), 1.55 (t, JH,H� 7.0 Hz, 3H; CH3), 1.40 (d, 2JH,P� 13.1 Hz, 9H;
PMe3), 1.31 (t, JH,H� 7.1 Hz, 3H; CH3), 1.23 (t, JH,H� 7.4 Hz, 3H; CH3),
1.21 ± 0.88 (m, 4H; CH2), 0.85 ppm (t, JH,H� 7.6 Hz, 3H; CH3); 13C{1H}
NMR (62.86 MHz, CD3NO2, 20 �C, TMS): �� 267.6 (d, JC,P� 5.8 Hz; C1),
112.9 (s, 1C; C2), 99.8 (s, 1C; C3), 83.7 (s, 5C; Cp), 35.5 (s, 1C; CH2), 32.4 (d,
JC,P� 10.6 Hz, 1C; CH2), 28.8 (d, 1JC,P� 19.3 Hz; C4), 24.8 (d, JC,P� 2.9 Hz,
1C; CH2), 22.0 (s, 1C; CH2), 18.6 (s, 2C; CH3), 17.3 (s, 2C; CH3), 13.1 ppm
(d, 1JC,P� 58.6 Hz, 3C; PMe3); 31P{1H} NMR (101.26 MHz, CD3NO2, 20 �C,
H3PO4 (85%)): �� 32.8 (PMe3), �143.6 ppm (1JP,F� 706.4 Hz, PF6�).
[CpRu(�C(Ph)-(�3-C(Me)C(Me)C(Ph)PMe3)]PF6 (2 j)/[CpRu(�C(Ph)-
(�3-C(Me)C(Ph)C(Me)PMe3)]PF6 (2k): Compound 1a (100 mg,
0.213 mmol) was dissolved in CH3NO2 (3 mL) and PhC�CMe (53 �L,
0.426 mmol) was added. The reaction mixture was kept at 60 �C for 10 h,
whereupon the color of the solution changed from yellow to dark blue. The
solvent was removed under reduced pressure and the residue was collected
on a glass frit, washed with Et2O (3� 3 mL), and dried under vacuum. The
two products were obtained in a 10:7 ratio and could not be separated by
recrystallization or column chromatography. 2j : 1H NMR (250.13 MHz,
CD3NO2, 20 �C, TMS): �� 8.27 ± 8.06 (m, 2H; Ph), 7.63 ± 7.40 (m, 8H; Ph),
5.33 (s, 5H; Cp), 2.48 (d, JP,H� 1.1 Hz, 3H; CH3), 2.36 (d, JP,H� 1.1 Hz, 3H;
CH3), 1.03 ppm (d, JP,H� 12.6 Hz, 9H; PMe3). 2k : 1H NMR (250.13 MHz,
CD3NO2, 20 �C, TMS): �� 8.27 ± 8.06 (m, 2H; Ph), 7.90 ± 7.67 (m, 8H; Ph),
5.43 (s, 5H; Cp), 1.99 (d, JP,H� 0.7 Hz, 3H; CH3), 1.86 (d, JP,H� 15.0 Hz,
3H; CH3), 1.39 ppm (d, JP,H� 12.9 Hz, 9H; PMe3). It was not possible to
assign the 13C{1H} and 31P{1H} NMR resonances of 2j and 2k. 13C{1H} NMR
(62.86 MHz, CD3NO2, 20 �C, TMS): �� 246.2 (d, JP,C� 6.4 Hz, 1C; C1),
246.1 (d, JP,C� 5.1 Hz, 1C; C1�), 141.8, 141.7, 141.3, 140.8, 139.2, 139.1, 135.4,
135.4, 132.8, 132.6, 132.4, 132.3, 132.2, 131.0, 130.9, 130.5, 129.5, 129.4, 129.2,
129.1, 129.0, 128.9, 128.4 (24C; Ph), 114.0 (1C; C3), 107.5 (1C; C3�), 94.7 (1C;
C2), 92.0 (1C; C2�), 86.32 (s, 5C; Cp), 82.42 (s, 5C; Cp�), 57.4 (d, JC,P�
63.4 Hz; C4), 43.4 (d, JC,P� 67.4 Hz; C4�), 27.8 (d, JC,P� 11.4 Hz, 1C; CH3),
24.2 (1C; CH3�), 17.5 (1C; CH3), 17.3 (1C; CH3), 14.8 (d, JP,C� 59.8 Hz, 3C;
PMe3), 12.3 ppm (d, JP,C� 57.2 Hz, 3C; PMe3�); 31P{1H} NMR (101.26 MHz,
CD3NO2, 20 �C, H3PO4 (85%)): �� 36.7 (PMe3), 34.0 (PMe3�),�143.2 ppm
(PF6�, JP,F� 706.9 Hz).







Selective C�C Bond Formation 3948±3961


Chem. Eur. J. 2002, 8, No. 17 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0817-3959 $ 20.00+.50/0 3959


[CpRu(�CH-�3-C(CH2)4CCHPMe3)]PF6 (2m): A solution of 1a (107 mg,
0.228 mmol) in acetone (5 mL) was treated with 1,7-octadiyne (31 �L,
0.228 mmol) and stirred for 1 h, whereupon the color of the solution turned
red. After the volume of the solution was reduced to about 1 mL, Et2O
(20 mL) was slowly added and a red microcrystalline precipitate was
formed. The supernatant liquid was decanted and the solid was washed
twice with Et2O and dried under vacuum. Yield: 99 mg (88%). 1H NMR
(250.13 MHz, [D6]acetone, 20 �C, TMS): �� 12.18 (s, 1H; H1), 5.20 (s, 5H;
Cp), 5.09 (d, JP,H� 9.8 Hz, 1H; H4), 2.98 (m, 2H; CH2), 2.25 (m, 2H; CH2),
1.73 (m, 2H; CH2), 1.56 (m, 2H; CH2), 1.35 ppm (d, JP,H� 13.7 Hz, 9H;
PMe3); 13C{1H} NMR (62.86 MHz, [D6]acetone, 20 �C, TMS): �� 242.9 (d,
JC,P� 6.5 Hz, 1C; C1), 106.9 (d, JC,P� 5.1 Hz, 1C; C3), 83.7 (s, 5C; Cp), 70.0
(d, JC,P� 3.6 Hz, 1C; C2), 36.0 (d, JC,P� 4.3 Hz, 1C; CH2), 35.2 (d, JC,P�
74.1 Hz, 1C; C4), 26.1 (s, 1C; CH), 23.1 (s, 1C; CH2), 22.4 (s, 1C; CH2),
10.6 ppm (d, JC,P� 59.6 Hz, 3C; PMe3); 31P{1H} NMR (101.26 MHz,
[D6]acetone, 20 �C, H3PO4 (85%)): �� 32.5 (PMe3), �142.7 ppm (1JP,F�
711.7 Hz, PF6); elemental analysis calcd (%) for C16H24F6P2Ru (493.4): C
38.95, H 4.90; found: C 39.14; H 4.95.


[CpRu(�CH-�3-CHCHCHPPh3)]PF6 (3a): This complex has been pre-
pared in an analogous fashion to 2a with 1b and HC�CH as the starting
materials. However, 3a could not be isolated in pure form due to a
subsequent rearrangement reaction. 1H NMR (250.13 MHz, [D6]acetone,
20 �C, TMS): �� 11.36 (d, J� 3.1 Hz, 1H; H1), 8.00 ± 7.30 (m, 15H; Ph), 7.02
(m, 1H; H3), 6.21 (dd, J� 8.8 Hz, J� 7.2 Hz, 1H; H4), 5.16 (s, 5H; Cp),
5.07 ppm (t, J� 3.3 Hz, 1H; H2); 13C{1H} NMR (62.86 MHz, [D6]acetone,
20 �C, TMS): �� 247.1 (1C; C1), 136.0 ± 128.0 (18C; PPh3), 92.7 (1C; C3),
88.1 (1C; C2), 86.4 (5C; Cp), 35.8 ppm (d, JC,P� 69.1 Hz; C4); 31P{1H} NMR
(101.26 MHz, [D6]acetone, 20 �C, H3PO4 (85%)): �� 33.2 (PPh3),
�144.0 ppm (PF6).
[CpRu(�C(Ph)-�3-CHC(Ph)CHPPh3)]PF6 (3b): This complex has been
prepared in an analogous fashion to 2a with 1b (105 mg, 0.160 mmol) and
HC�CPh (58 �L, 0.320 mmol) as the starting materials. Yield: 113 mg
(89%). 1H NMR (250.13 MHz, CD3NO2, 20 �C, TMS): �� 7.80 ± 7.25 (m,
25H; Ph), 6.09 (d, JP,H� 9.6 Hz, 1H; H4), 5.62 (s, 1H; H2), 5.19 ppm (s, 5H;
Cp); 13C{1H} NMR (62.86 MHz, CD3NO2, 20 �C, TMS): �� 249.7 (d, JC,P�
6.6 Hz; C1), 143.2 ± 122.1 (30C; Ph), 103.5 (d, JC,P� 4.0 Hz; C3), 86.9 (s, 5C;
Cp), 78.2 (d, JC,P� 2.7 Hz; C2), 31.5 ppm (d, JC,P� 67.7 Hz; C4); 31P{1H}
NMR (101.26 MHz, CD3NO2, 20 �C, H3PO4 (85%)): �� 29.9 (PPh3),
�143.5 ppm (PF6); elemental analysis calcd (%) for C39H47F6P2Ru (792.8):
C 59.08, H 5.97; found: C 59.22, H 5.87.


[CpRu(�C(C6H9)-�3-CHC(C6H9)CHPPh3)]PF6 (3c): A solution of 1b
(200 mg, 0.319 mmol) and 1-ethynylcyclohexene (83 �L, 0.701 mmol) in
CH3NO2 (5 mL) was stirred at room temperature for 20 h. The color of the
solution changed from yellow to dark brown. After removal of the solvent,
the residue was redissolved in CH2Cl2 (2 mL) and Et2O (ca. 10 mL) was
added. Ayellow precipitate was formed and the solution turned dark violet.
The solid was removed by filtration and the filtrate was evaporated to
dryness. The remaining dark red solid was collected on a glass frit, washed
with petroleum ether, and dried under vacuum. Yield: 110 mg (45%).
1H NMR (250.13 MHz, CDCl3, 20 �C, TMS): �� 7.88 ± 7.34 (m, 15H; Ph),
6.33 (m, 1H; C6H9), 5.71 (m, 1H; C6H9), 5.56 (d, 2JH,P� 10.4 Hz, 1H; H4),
5.02 (s, 5H; Cp), 4.84 (s, 1H; H2), 2.66 ± 1.32 ppm (m, 16H; C6H9); 13C{1H}
NMR (62.86 MHz, CDCl3, 20 �C, TMS): �� 251.2 (d, JC,P� 6.5 Hz; C1),
142.2 (1C; C�CH), 139.4 (1C; C�CH), 139.0 (d, JC,P� 4.4 Hz; C�CH),
134.5 (d, JC,P� 12.0 Hz, 6C; Ph2,6), 134.4 (s, 3C; Ph4), 129.6 (d, JC,P� 12.0 Hz,
6C; Ph3,5), 128.8 (1C; C�CH), 122.0 (d, JC,P� 87.2 Hz, 3C; Ph1), 104.7 (d,
JC,P� 4.4 Hz, 1C; C3), 84.5 (5C; Cp), 75.2 (s, 1C; C2), 29.5, 27.4, 27.3 (6C;
CH2), 26.5 (d, JC,P� 66.5 Hz, 1C; C4), 26.4, 22.8, 22.2, 21.2 ppm (10C; CH2);
31P{1H} NMR (101.26 MHz, CDCl3, 20 �C, H3PO4 (85%)): �� 28.0 (PPh3),
�143.5 ppm (1JP,F� 712.9 Hz, PF6�); elemental analysis calcd (%) for
C39H40P2F6Ru: (785.8): C 59.62, H 5.13, found: C 59.58, H 5.09.


Reaction of 1b and 1c with ethynylcobaltocenium hexafluorophosphate
([HC�CCc]PF6): A solution of 1b (29 mg, 0.047 mmol) and [HC�CCc]PF6
(35 mg, 0.100 mmol) in CD3NO2 (0.4 mL) was kept in an NMR tube at
room temperature. 1H NMR and 31P{1H} NMR spectra were taken every
30 min. After 30 min, 50% of the allyl carbene complex [CpRu(�C(Cc)-
(�3-CHC(Cc)CHPPh3)](PF6)3 (3e) was formed. 1H NMR (250.13 MHz,
CD3NO2, 20 �C, TMS): �� 7.82 ± 7.40 (m, 15H; Ph), 6.43 (d, JH,P� 12.5 Hz,
1H; H4), 6.20 (s, 1H; H2), 5.81 (s, 5H; CpCo), 5.69 (s, 5H; CpCo), 5.38 ppm (s,
5H; CpRu); 31P{1H} NMR (101.26 MHz, CD3NO2, 20 �C, H3PO4 (85%)):
�� 32.7 (PPh3), 143.2 ppm (PF6). After 24 h 3e is completely converted


into a rearrangement product. This reaction will be discussed in a
forthcoming paper.


[CpRu(�C(Me)-�3-C(CH2)3CC(Me)PPh3)]PF6 (3g): This complex has
been prepared in an analogous fashion to 2 l with 1b (100 mg, 0.159 mmol)
and 2,7-nonadiyne (29 �L, 0.191 mmol) as the starting materials. Yield:
95 mg (85%). 1H NMR (250.13 MHz, CD2Cl2, 20 �C, TMS): �� 7.76 ± 7.45
(m,15H; Ph), 4.70 (s, 5H; Cp), 3.18 ± 3.04 (m, 1H; CH2), 2.71 ± 2.52 (m, 2H;
CH2), 2.21 ± 1.83 (m, 2H; CH2), 2.13 (d, 3JP,H� 16.0 Hz; CH3), 1.62 ± 1.54 (m,
1H; CH2), 1.17 ppm (s, 3H; CH3); 13C{1H} NMR (62.86 MHz, CD2Cl2,
20 �C, TMS): �� 256.1 (d, JC,P� 7.2 Hz, 1C; C1), 134.3 (d, JC,P� 9.0 Hz, 6C;
Ph3,5), 134.1 (3C, JCP� 44.9 Hz; Ph1), 134.0 (d, JC,P� 3.6 Hz, 3C; Ph4), 129.9
(d, JC,P� 10.8 Hz, 6C; Ph2,6), 115.1 (1C; C 3), 99.1 (1C; C2), 85.0 (s, 5C; Cp),
39.0 (d, JC,P� 61.0 Hz, 1C; C4), 33.7 (1C; CH2), 29.3 (s, 1C; CH3), 27.3 (s, 1C;
CH2), 26.3 (d, JC,P� 10.8 Hz, 1C; CH3), 24.4 ppm (s, 1C; CH2); 31P{1H}
NMR (101.26 MHz, CD2Cl2, 20 �C, H3PO4 (85%)): �� 36.7 (PPh3),
�143.7 ppm (1JP,F� 710.2 Hz, PF6); elemental analysis calcd (%) for
C32H32F6P2Ru (693.6): C 55.41, H 4.65; found: C 55.37, H 5.70.


[CpRu(�C(Me)-�3-CC(CH2)3C(Me)PCy3)]PF6 (4b): This complex has
been prepared in an analogous fashion to 2 l with 1c (70 mg, 0.103 mmol)
and 2,7-nonadiyne (20 �L, 0.133 mmol) as the starting materials in a solvent
of CH3NO2 (3 mL). Yield: 60 mg (82%). 1H NMR (250.13 MHz, [D6]acetone,
20 �C, TMS): �� 5.14 (s, 5H; Cp), 2.81 ± 2.27 (m, 2H; CH2), 2.47 (s, 3H;
CH3), 2.33 (d, 2JH,P� 12.0 Hz, 3H; CH3), 2.18 ± 1.02 ppm (m, 37H; PCy3,
CH2); 13C{1H} NMR (62.86 MHz, [D6]acetone, 20 �C, TMS): �� 252.5 (d,
4JC,P� 3.5 Hz, 1C; C1), 116.8 (1C; C 2), 98.9 (1C; C3), 85.5 (s, 5C; Cp), 39.4
(d, 1JC,P� 19.3 Hz, 3C; Cy1), 35.3 (d, JC,P� 71.0 Hz, 1C; C4), 32.3 (1C; CH2),
31.1 (s, 1C; CH3), 28.5 (d, JCP� 6.4 Hz, 1C; CH3), 27.9 (s, 3C; Cy4), 26.9 (d,
2JC,P� 11.3 Hz, 6C; Cy2,2�), 26.6 (s, 6C; Cy3,3�), 26.1 (s, 1C; CH2), 23.9 ppm (s,
1C; CH2); 31P{1H} NMR (101.26 MHz, [D6]acetone, 20 �C, H3PO4 (85%)):
�� 40.5 (PCy3), �143.0 ppm (1JP,F� 705.3, PF6�); elemental analysis calcd
(%) for C32H50F6P2Ru (711.8): C 54.00, H 7.08; found: C 54.06, H 7.11.


[CpRu(�4-C4Ph4)(PMe3)]PF6 (5): A solution of 1a (95 mg, 0.202 mmol)
and PhC�CPh (83 mg, 0.465 mmol) in CH3NO2 (3 mL) was kept at 80 �C
for 24 h. The color of the solution changed from yellow to green and then
finally to dark orange. After that time the solvent was removed under
vacuum, the remaining residue was dissolved in CH2Cl2 (0.5 mL) and the
product was precipitated with Et2O (10 mL) as an orange solid which was
collected on a glass frit, washed with Et2O, and dried under vacuum. Yield:
130 mg (87%). 1H NMR (250.13 MHz, CD3NO2, 20 �C, TMS): �� 7.72 ±
7.22 (m, 20H; Ph), 5.28 (d, JH,P� 1.5 Hz, 5H; Cp), 1.30 ppm (d, 2JH,P�
12.5 Hz; PMe3); 13C{1H} NMR (62.86 MHz, CD3NO2, 20 �C, TMS): ��
130.8 (4C; Ph1), 130.4 (8C; Ph2,6), 128.8 (4C; Ph4), 128.4 (8C; Ph3,5), 90.5
(5C; Cp), 84.5 (4C; C4Ph4), 18.0 ppm (d, JP,C� 34.3 Hz, 3C; PMe3); 31P{1H}
NMR (101.26 MHz, CD3NO2, 20 �C, H3PO4 (85%)): �� 1.4 (PMe3),
�142.7 ppm (JP,F� 707.8 Hz); elemental analysis calcd (%) for
C36H34F6P2Ru (743.68): C 58.14, H 4.61; found: C 58.09, H 4.58.


[CpRu(�6-C6H5-C�C�Ph)]PF6 (6) and [CpRu(PPh3)2(CH3CN)]PF6 (7): A
solution of 1b (60 mg, 0.096 mmol) and PhC�CPh (37 mg, 0.210 mmol) in
CH3NO2 (3 mL) was stirred at 80 �C for 20 h. The solvent was removed and
the residue treated with Et2O. The precipitate was filtered, washed with
Et2O, and dried under vacuum. The two known products could not be
separated by crystallization or column chromatography. The NMR spectra
of 6 and 7 were in agreement with those reported in the literature. The
reaction of 1c with diphenylacetylene led to several intractable complexes
together with small amounts of 6.
[CpRu(�C�CHSiMe3)(CH3CN)(PPh3)]PF6 (8a): HC�CSiMe3 (10.1 �L,
0.143 mmol) was added to a solution of 1b (32 mg, 0.051 mmol) in CD3NO2
(0.3 mL). The reaction was monitored by 1H and 31P NMR spectroscopy
and was quantitative within 4 h. 1H NMR (250.13 MHz, CD3NO2, 20 �C,
TMS): �� 7.72 ± 7.23 (m, 15H; Ph), 5.23 (s, 5H; Cp), 3.93 (d, 4JH,P� 4.0 Hz,
1H;�C�CHSiMe3), 1.99 (d, JH,P� 1.3 Hz, 3H; CH3CN), 0.20 ppm (s, 9H;
SiMe3); 13C{1H} NMR (�, CD3NO2, 20 �C, TMS): �� 321.3 (d, JC,P�
17.3 Hz, 1C; �C�CHSiMe3), 133.9 (d, JC,P� 10.6 Hz, 6C; Ph2,6), 133.4 (d,
JC,P� 47.0 Hz, 3C; C1), 131.3 (s, 3C; C4), 130.2 (s, 1C; CH3CN), 128.9 (d,
JC,P� 10.5 Hz, 6C; Ph3,5), 100.1 (d, JC,P� 2.2 Hz, 1C;�C�CHSiMe3), 90.0 (d,
JC,P� 1.8 Hz, 5C; Cp), 2.5 (1C; CH3CN), 0.1 ppm (s, 3C; SiMe3); 31P{1H}
NMR (101.26 MHz, CD3NO2, 20 �C, H3PO4 (85%)): �� 53.7 (PPh3),
�143.5 ppm (JP,F� 707.1 Hz, PF6�).
[CpRu(�C�CH(SiMe3)(CH3CN)(PCy3)]PF6 (8b): HC�CSiMe3 (14 �L,
0.187 mmol) was added to a sotution of 1c (42 mg, 0.062 mmol) in CD3NO2
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(0.3 mL). The reaction was monitored by 1H and 31P NMR spectroscopy.
Compound 1c was quantitatively converted into 8b within 8 h. 1H NMR
(250.13 MHz, CD3NO2, 20 �C, TMS): �� 5.40 (s, 5H; Cp), 4.06 (d, 4JH,P�
2.5 Hz, 1H; �C�CH), 2.42 (d, JH,P� 0.8 Hz, 3H; CH3CN), 2.25 ± 1.14 (m,
33H; PCy3), 0.20 ppm (s, 9H; SiMe3); 13C{1H} NMR (62.86 MHz, CD3NO2,
20 �C, TMS): �� 320.5 (d, 2JC,P� 15.4 Hz, 1C;�C�CH), 131.9 (s, 1C; CN),
100.2 (s, 1C; �C�CH), 88.8 (s, 5C; Cp), 37.8 (d, 1JC,P� 23.0 Hz, 3C; Cy1),
30.2 (3C; Cy4), 27.8 (d, 2JC,P� 9.6 Hz, 6C; Cy2,6), 26.3 (bs, 6C; Cy3,5), 2.92 (s,
1C; CH3CN), 0.98 ppm (s, 3C; SiMe3); 31P{1H} NMR (101.26 MHz,
CD3NO2, 20 �C, H3PO4 (85%)): �� 59.0 (PCy3), �143.5 ppm (JP,F�
707.1 Hz, PF6�).


[CpRu(�C(Rc-�2-CH�C�CH(Rc))(PPh3)]PF6 (9c): This compound was
prepared in an analogous fashion to 9a with 1b (200 mg, 0.319 mmol) and
ethynylruthenocene (179 mg, 0.701 mmol). Yield: 270 mg (78%). 1H NMR
(250.13 MHz, CD3NO2, 20 �C, TMS): �� 7.96 ± 7.05 (m, 15H; Ph), 5.83 (d,
5JH,H� 3.0 Hz, 1H; H2), 5.80 (m, 1H; Rc), 5.53 (m, 1H; Rc), 5.34 (m, 1H;
Rc), 5.31 (s, 5H; CpRu), 4.86 (s, 5H; CpRu), 4.80 (m, 1H; Rc), 4.60 (m, 2H;
Rc), 4.43 (m, 1H; Rc), 4.24 (m, 1H; Rc), 4.21 (s, 5H; CpRu), 3.22 ppm (d,
5JH,H� 3.0 Hz, 1H; H4); 13C{1H} NMR (62.86 MHz, CD3NO2, 20 �C, TMS):
�� 272.1 (d, 2JC,P� 9.0 Hz; C1), 132.8 ± 128.6 (PPh3), 122.3 (d, 5JC,P� 4.0 Hz;
C4), 90.7 (5C; CpRu), 90.5 (d, 4JC,P� 3.0 Hz; Rc), 84.3 (Rc), 82.3 (Rc), 80.4
(Rc), 77.9 (Rc), 77.8 (Rc), 76.6 (5C, CpRc), 71.7 (5C, CpRc), 71.6 (Rc), 71.3
(1C, C3), 71.1 (Rc), 69.7 (Rc), 30.7 ppm (d, 3JC,P� 3.0 Hz; C2); 13P{1H} NMR
(101.26 MHz, CD3NO2, 20 �C, H3PO4 (85%)): �� 41.9 (PPh3),�146.9 ppm
(PF6�, 1JP,F� 707 Hz); elemental analysis calcd (%) for C47H40F6P2Ru3
(1084.0): C 52.08, H 3.72; found: C 52.11, H 3.79.


Crystal structure determinations : Crystals of 2b, 2g, 3g ¥ 1³2CH2Cl2, 4b, 5,
and 9c ¥ CH2Cl2 were obtained by gas diffusion of Et2O into CH2Cl2
solutions. Crystal data and experimental details are given in Table 3. All
X-ray data were collected on a Bruker Smart CCD area detector
diffractometer (graphite-monochromated MoK� radiation, �� 0.71073 ä,
0.3o �-scan frames covering complete spheres of the reciprocal space.
Corrections for Lorentz and polarization effects, for crystal decay, and for
absorption were applied (multi-scan method with the program SA-


DABS[33]). All structures were solved by direct methods using the program
SHELXS97.[34] Structure refinements on F 2 were carried out with program
SHELXL97.[35] All non-hydrogen atoms were refined anisotropically. Most
hydrogen atoms were inserted in idealized positions and were refined
riding with the atoms to which they were bonded. Critical hydrogen atoms
were refined in positional parameters without such restraints.


CCDC-176091 (2b), CCDC-176092 (2g), CCDC-176093 (3g ¥ 1³2CH2Cl2),
CCDC-176094 (4a), CCDC-176095 (5), and CCDC-176097 (9c ¥ CH2Cl2)
contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge at 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).


Computational techniques : All calculations were performed by using the
Gaussian98 software package[24] on the Silicon Graphics Cray Origin 2000
of the Vienna University of Technology, at IST and ITQB. The geometry
and energy of the model complexes and the transition states were
optimized at the B3LYP level[23] with the Stuttgart/Dresden ECP (sdd)
basis set[36] to describe the electrons of the ruthenium atom. For all other
atoms the 6 ± 31g** basis set was employed.[37] Frequency calculations were
performed to confirm the nature of the stationary points, yielding one
imaginary frequency for the transition states and none for the minima.
Each transition state was further confirmed by following its vibrational
mode downhill on both sides, and obtaining the minima presented on the
reaction-energy profile. All geometries were optimized without constraints
(C1 symmetry) and the energies were zero point corrected. A natural
population analysis (NPA)[38] and the resulting Wiberg indices[39] were used
for a detailed study of the electronic structure and bonding of the optimized
species.
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Table 3. Details of the crystal structure determinations for the complexes 2b, 2g, 3g ¥ 1³2CH2Cl2, 4b, 5, and 9c ¥ CH2Cl2.


2b 2g 3g ¥ 1³2CH2Cl2 4b 5 9c ¥ CH2Cl2


formula C24H26F6P2Ru C32H34F6Fe2P2Ru C32.5H33ClF6P2Ru C32H50F6P2Ru C36H34F6P2Ru C48H42Cl2F6P2Ru3
fw 591.46 807.30 736.05 711.73 743.64 1168.87
cryst.size [mm] 0.60� 0.26� 0.06 0.60� 0.06� 0.02 0.50� 0.32� 0.04 0.55� 0.32� 0.30 0.50� 0.30� 0.20 0.78� 0.39� 0.07
space group P21 (no. 4) P21/n (no. 14) Pbca (no. 61) P21/n (no. 14) P1≈ (no. 2) P21/n (no. 14)
a [ä] 11.154(2) 7.844(3) 19.112(9) 13.400(5) 11.013(8) 12.273(4)
b [ä] 8.109(2) 21.281(9) 17.414(9) 17.623(7) 11.229(8) 14.515(5)
c [ä] 13.897(2) 19.296(8) 38.391(19) 14.595(5) 15.813(12) 25.003(8)
� [�] 99.89(2)
� [�] 97.76(1) 99.54(1) 103.01(1) 99.85(2) 94.19(2)
� [�] 118.86(2)
V [ä3] 1245.4(4) 3176(2) 12777(11) 3358(2) 1612(2) 4442(3)
Z 2 4 16 4 2 4
�calcd [gcm� 3] 1.577 1.688 1.531 1.408 1.532 1.748
T [K] 296(2) 297(2) 297(2) 297(2) 297(2) 223(2)
� [mm� 1](MoK�) 0.813 1.529 0.731 0.616 0.646 1.259
F(000) 596 1624 5968 1480 756 2320
absorption corr. multiscan multiscan multiscan multiscan multiscan multiscan
transmiss. fact. min/max 0.84/0.93 0.82/0.96 0.79/0.89 0.80/0.86 0.76/0.92 0.40/0.80
	max [�] 30 25 25 30 25 27
index ranges � 15� h� 15 � 9� h� 9 � 22� h� 22 � 18� h� 18 � 13� h� 12 � 15� h� 15


� 11� k� 11 � 25� k� 25 � 20� k� 20 � 24� k� 24 � 13� k� 13 � 18� k� 18
� 19� l� 19 � 22� l� 22 � 43� l� 45 � 20� l� 20 � 18� l� 18 � 31� l� 31


no. of rflns measd 18087 24175 113354 55149 16265 52617
no. of unique rflns 7191 5567 11038 9698 5629 9638
no. of rflns I� 2�(I) 6573 3259 7144 7354 4285 8178
no. of params 307 370 773 389 406 604
R1 (I� 2�(I))[a] 0.026 0.051 0.047 0.041 0.053 0.034
R1 (all data) 0.031 0.106 0.087 0.057 0.068 0.044
wR2 (all data) 0.066 0.141 0.133 0.124 0.148 0.085
diff. Fourier peaks min/max [eä� 3] � 0.41/0.41 � 0.49/0.68 � 0.44/0.65 � 0.49/0.60 � 1.06/1.04 � 0.70/0.79
[a] R1����Fo� � �Fc��/��Fo�, wR2� [�(w(F 2o �F 2c 	2)/�(w(F 2o	2)]1/2.
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Photoinduced Electron Transfer in Bisporphyrin ±Diimide Complexes


Lucia Flamigni,*[a] Martin R. Johnston,*[b, c] and Lingamallu Giribabu[b]


Abstract: The bisporphyrin host ZnH
was synthesized, and its complexation
with two aromatic diimide guest mole-
cules, bis(pyridyl)naphthalenediimide
NIN and bis(pyridyl)phenyldiimide
PIN, was investigated by 1H NMR and
UV/Vis spectroscopy. The diimide
guests were complexed simultaneously
with both metalloporphyrins of the host,
with association constants on the order
of 108��1. The processes occurring in the
complex after excitation of the porphy-
rinic host were studied by steady-state


and time-resolved emission and transi-
ent absorption spectroscopy. Complex-
ation alters the photophysical properties
of the host ZnH ; the luminescence
bands shift to the red by 30 nm in the
complexed forms, while the emission
quantum yield and the lifetime decrease.
Comparison of a complex between ZnH


and a model guest unable to undergo
photoinduced processes allowed us to
establish that, in the diimide complexes,
quenching of the porphyrinic lumines-
cence occurs with a rate of 1.1� 1010 s�1.
The process is identified as an electron
transfer from the excited singlet of the
porphyrinic host to the imide guest,
which yields charge-separated states
with a lifetime of 710 ps for ZnH�-NIN�


and 260 ps for ZnH�-PIN�.
Keywords: electron transfer ¥
host ± guest systems ¥ N ligands ¥
photochemistry ¥ porphyrinoids


Introduction


In the last decades, the construction of artificial porphyrinic
arrays for solar energy conversion by using noncovalent
bonds[1] has paralleled that based on covalent linkages.[2]


However, the former approach, which more closely resembles
the natural photosynthetic apparatus, in which the photo-
active components are positioned by a protein matrix by
means of a combination of interactions, has the inconven-
iences of low association tendency and poor control over
geometry. In this respect, a great improvement has been the
introduction of a cooperative strategy in which more than one
noncovalent interaction gives control over the positioning of
chromophores and dramatically increases the association
tendency of the components.[3] An advantage in using non-


covalently assembled structures is the simple and fast
interchange of components within the system; this does not
require the lengthy synthetic schemes that the covalent
approach does.
A further advantage of noncovalently linked systems for


conversion of light energy to chemical energy is the contri-
bution to the photoinduced separation of charges over long
distances, which could be provided by movements in the
weakly bound noncovalent array. In rigid, covalently linked
systems, long-lived charge-separated states are produced by a
sequence of vectorial electron transfers that take the electron
to an acceptor distant from the donor. A very demanding
design and synthesis of covalently assembled triads, tetrads, or
even pentads bearing the donor and acceptor at the extrem-
ities of long arrays is often necessary to optimize the
performance of these systems.[2] When the structure is held
together by noncovalent interactions, a further possibility is
open in addition to the multistep electron transfer outlined
above. The intrinsic lability of bonds can in principle allow, in
the presence of a photochemically induced modification that
weakens the interaction, the escape[4] or the rearrangement[5]


(e.g., rotation or translation) of a component that could
greatly contribute to the spatial separation of charges. Great
efforts in the design, synthesis, and photophysical character-
ization are still needed to achieve such a goal, but this
possibility makes noncovalently bound arrays very promising
for the construction of structures able to perform efficient
charge separation.
The systems presented here are based on the axial


coordination of the two pyridyl residues of the aromatic
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imides NIN and PIN by the two ZnII ions of the bisporphyrin
clamp ZnH ; due to the close fit of the guests to the cavity and
the cooperativity of the two interactions, the systems readily
associate.[6] The combination of a good electron donor, such as
ZnII porphyrin, and good electron acceptors, such as imides,
was expected to provide efficient electron transfer, and we
intended to assess the properties of the resulting charge-
separated state. While the cations derived from ZnII porphy-
rins display absorption bands around 650 nm, a region of
strong absorbance of singlet and triplet excited states
of ZnII porphyrin, the anions derived from aromatic
imides by reduction display strong and characteristic absorp-
tion features in spectral regions free from interference by
other typical components of supramolecular arrays (e.g.,
porphyrins, fullerenes, carotenoids).[7±11] This feature allows
for the unambiguous identification of electron-transfer pro-
cesses and for the determination of relevant kinetic param-
eters.
To date only a few reports on photoinduced electron


transfer between zinc porphyrins axially connected to imides
have thoroughly addressed photoinduced electron transfer
across a noncovalent bridge.[12±14] In addition, none of these
were characterized by a high association constant and a rigidly
defined geometry. We previously reported the efficient
complexation of the bis(pyridyl)naphthalenediimide NIN by
ZnH and observed quenching of the luminescence of the host,
which was tentatively assigned to electron transfer.[6] Here we
extend the study to a complex containing bis(pyridyl)phenyl-
diimide PIN and give a detailed
account of the spectroscopic
(NMR and UV/Vis) and electro-
chemical characterization of both
the components and the com-
plexes involved. In addition, we
used time-resolved spectroscopy
to fully characterize the electron-
transfer processes occurring within
the complexes and the resulting
charge-separated states.


Results and Discussion


Components


Synthesis : The diimide accept-
ors NIN and NI were synthe-
sized from 1,4,5,8-naphthalene
bis(anhydride) and 4-aminopyr-
idine or aniline, respectively, in
refluxing DMF;[15] PIN was
synthesized from 1,2,4,5-phenyl
bis(anhydride) and 4-aminopyr-
idine in a similar manner.[16]


Compound MN was isolated
from a 4-pyridyl s-tetrazine
coupling reaction[17] with two
molecules of norbornene.[18]


Bis-porphyrin host ZnH was
synthesized from the norbor-
nenyl-functionalized porphyrin


building block FBB and 2-pyridyl s-tetrazine (Scheme 1).[19] A
solution of FBB and tetrazine in dichloromethane (DCM) was
pressurized at 14 kbar for 20 h and yielded the unmetalated
host FBH (52% after chromatographic separation). The s-
tetrazine coupling protocol has been investigated for a variety
of norbornenyl-functionalized building blocks and found to
proceed stereoselectively.[17] This characteristic, when com-
bined with the defined geometry of the porphyrin block FBB,
allows the product architecture to be designed with high
degree of certainty.
In the 1H NMR spectrum, coupling of block FBB to yield


host FBH results in the loss of the signal for the norbornenyl
olefinic proton, as expected for the change in hybridization of
the carbon atoms. In addition, the bridge methylene protons
Ha and Hb (Scheme 1) are now diagnostic (�� 0.79 and
1.77 ppm, respectively), since Ha in particular is shifted
significantly upfield by the adjacent diaza double bond. In
contrast, signals for protons attached to the porphyrin moiety
are little affected by the coupling reaction. Mass spectrometry
yielded a doubly charged molecular ion at the required
position (m/z� 1465). Molecular modeling (AM1) of the
bisporphyrin cavity clearly showed its overall V shape and
gave a porphyrin center-to-center distance of 22 ä.[19]


Metalation of FBH with zinc was carried out under
standard conditions (Zn(OAc)2, CHCl3/MeOH) to give the
bismetalloporphyrin host ZnH. The 1H NMR spectrum of
ZnH is essentially identical to that of FBH, with the exception
of the signals of the inner porphyrin hydrogen atoms. In
addition, the signals for the pyrrole protons adjacent to the
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quinoxaline substituent are now coincident and are observed
as a singlet (�� 8.93). High-resolution electrospray mass
spectroscopy on ZnH yielded a doubly charged molecular ion
at the required position (m/z� 1528.317 [M2��2H]) and thus
verified the identity of ZnH.


Spectroscopy and photophysics : The absorption spectra of
host ZnH and guest NIN in toluene are shown in Figure 1. As
reported previously, the absorption spectrum of ZnH is twice
that of the monoporphyrin component ZnB, and this indicates


Figure 1. Ground-state absorption spectra of ZnH (�±�±), NIN (����), and
complex ZnH-NIN (––) in toluene. The molar absorption coefficient of
NIN is multiplied by 10. The spectrum of the complex ZnH-NIN was
measured with an excess of NIN.


that the two porphyrinic extremities of ZnH are electronically
well separated by the alicyclic backbone.[20] The luminescence
spectrum of ZnH in toluene displays a maximum at 660 nm
with an emission quantum yield of 0.043 and a lifetime of
1.2 ns. The photophysical properties of ZnH are profoundly
affected by solvent; for example, the emission maximum,
quantum yield, and lifetime in DCM are 710 nm, 0.004, and
0.520 ns, respectively.[20] We attributed this solvent depen-
dence to an increase in the dipole moment of the lowest
excited singlet state, which is stabilized by polar solvents, in
full agreement with the results of semi-empirical calculations.
In a glassy toluene solution at 77 K the fluorescence spectrum
of ZnH has a maximum at 666 nm (lifetime 1.5 ns), and the
delayed spectrum has a band at 835 nm (lifetime 12.5 ms),
which has been assigned to phosphorescence from the lowest
triplet state.[20] On the basis of these results energy levels of
1.86 eV and 1.48 eV can be derived for the lowest singlet and
triplet states of ZnH, respectively.[21]


The absorbance spectrum of NIN (Figure 1) displays bands
at 360 nm (�� 1.6� 104��1 cm�1) and at 377 nm (�� 1.7�
104��1 cm�1), in agreement with similar compounds.[22, 23]


The emission spectrum of NIN in the glass has a band around
410 nm, which allows the singlet energy level to be deter-
mined to be approximately 3 eV, well above the energy of the
excited state of the porphyrinic component (1.86 eV). By
comparison with previously studied cases, the energy level of
the triplet excited state of NIN could be about 1 eV below the
singlet state,[24, 25] so that the energy of 3NIN of approximately
2 eV is considerably higher than that of the triplet state of the
porphyrin host (1.48 eV). The above data establish that
energy-transfer processes from the excited states of ZnH to
those of the same spin multiplicity of NIN are not allowed on
a thermodynamic basis.


The bis(pyridyl)phenyldiimide guest PIN is almost insolu-
ble in common organic solvents, but the energy levels of the
excited states of PIN are expected to be higher than those of
NIN, and hence the same arguments as above can be used to
exclude the possibility of energy-transfer quenching from the
porphyrin host to PIN.


Electrochemistry : The components of the complexes and the
closely related free-base compounds were examined by cyclic
voltammetry in DCM against a saturated calomel electrode
(SCE). The results are collected in Table 1 and are typical for
porphyrins and metalloporphyrins of this type.[26±27] Bis-
porphyrin ZnH has its first oxidation potential at �0.73 V,
slightly higher than that of zinc tetraaryl porphyrins (�0.7 V
under the same conditions). Fusion of the tetrazaanthracene
moiety onto the zinc porphyrin macrocycle has little effect on
the reduction potentials, but the derivative is slightly less
easily oxidized than Zn.


The coupling of the porphyrin blocks to produce bispor-
phyrin cavities has no effect on the reduction and oxidation
potentials in the free-base materials. However, in the zinc-
containing compounds an increase in the first reduction
potential is observed, but with a decrease in the second
potential. A similar trend was also observed for the oxidation
potentials of ZnH compared to ZnB (Table 1). Nonetheless,
the lack of splitting observed for any of the potentials upon
coupling indicates that the two porphyrinic units are elec-
tronically isolated from each other, in agreement with
spectroscopic data.
The poor solubility of NIN and the insolubility of PIN in


DCM prevented the preparation of solutions with convenient
concentrations for electrochemical determinations. In these
cases, the potentials of the diimide NIN were determined
when complexed within ZnH, as discussed below. The redox
potentials of NIN in DMF were reported to be �0.43 and
�0.83 V versus SCE,[15] whereas for PIN previous determi-
nations are lacking. For imides closely related to NIN a first
reduction potential in polar solvents on the order of �0.55 V
(vs SCE) is reported,[15, 23] and for compounds similar to PIN
the reduction potential is more negative, about �0.8 V (vs
SCE) in DCM.[9, 28]


Complexes


The bisporphyrin cavity ZnH has been successfully used for
the complexation of suitably sized dipyridyl-functionalized
guests.[29] The porphyrin center-to-center distance of 22 ä


Table 1. Cyclic voltammetry data[a] in CH2Cl2.


Reduction [V] Oxidation [V]


Zn � , �1.40 (qr) � 0.7 (qr), �1.03 (qr)
FBB � 1.08 (r), �1.19 (r) � 0.98 (qr), �
ZnB � 1.11 (r), �1.40 (irr) � 0.72 (qr), �1.04 (ir)
FBH � 1.09 (r), �1.19 (r) � 0.98 (qr), �
ZnH � 1.14, �1.30 (r) � 0.73 (r), �0.97 (r)
ZnH-NIN � 0.44 (qr), �0.93 (qr)


� 1.18 (r), �1.45 (ir) � 0.74 (qr), �
[a] r� reversible, qr� quasireversible, ir� irreversible.
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within ZnH together with a zinc ± pyridyl bond length of
2.2 ä, implies that optimally sized guests for complexation
within ZnH have a distance of 17.6 ä or less between the
complexation moieties. Modeling (AM1) of the diimide
guests gave Npyridyl ¥ ¥ ¥ Npyridyl distances of 15.9 ä (NIN) and
15.3 ä (PIN), and hence the cavity must collapse by less than
1 ä on each side for efficient simultaneous complexation to
both metalloporphyrins.


Studies of complex formation by 1H NMR spectroscopy :
Complex formation between ZnH and NIN was initially
examined by 1H NMR spectroscopy, since this technique gives
an indication of the geometry of the complex. Diimide NIN
was only slightly soluble in DCM, yet was taken into solution
on addition of one equivalent of ZnH, that is, complexation
occurred indeed.
At 303 K the 1H NMR spectrum of a solution containing a


1/1 mixture of ZnH and NIN showed signals for NIN protons
that were significantly shifted upfield from those of uncom-
plexed NIN. In particular, the signals of the pyridyl ring
protons were the most affected (� : �� 2.98, ����6.17 ppm;
� : �� 5.58,����2.73 ppm) owing to their close proximity to
the magnetic anisotropy of the porphyrin ring. Such shifts
have been used as diagnostic indicators for complex formation
between metalloporphyrins and pyridyl nitrogen atoms.[29]


The signals of the naphthalene ring protons of NIN were also
shifted upfield (����1.0 ppm), but to a lesser extent than
the pyridyl signals, consistent with their position within the
complex. These results suggest the complexation geometry of
NIN within ZnH, in whichNIN is coordinated simultaneously
to both metalloporphyrins.
The 1H NMR signals of NIN at 303 K in the solution


containingZnH/NIN (1/1) were somewhat broader than those
of ZnH. This broadening was removed when the solution was
cooled to 263 K and below and indicates that some conforma-
tional change must be occurring within the complex in
solution at ambient temperature. In contrast to the situation
observed for NIN within the ZnH-NIN complex, the proton
signals of ZnH are little affected by the addition ofNIN to the
solution (av ����0.06 ppm).
In contrast to NIN, addition of the model diimide NI to a


solution of ZnH in DCM did not result in any complexation-
induced changes in the proton signals of either compound.
This result was expected, since NI has no functional groups
suitable for interaction with ZnH.
A similar situation to that observed for NIN was found for


the phenyl diimide PIN. Addition of a solution of ZnH in
chloroform to solid PIN caused the normally insoluble PIN to
be taken into solution, that is, a complex was formed. At
303 K the 1H NMR spectrum of a solution containing a 1/1
mixture of ZnH and PIN revealed signals for PIN shifted
considerably upfield from their normal position. The most
dramatically affected signals were again those of the pyridyl
protons (� : ����6.06 ppm; � : ����2.94 ppm), in line
with their proximity to the porphyrin walls of ZnH. The sinals
for the phenyl protons of PINwas coincident with those of the
aromatic protons of ZnH and could not be exactly identified.
These results suggest a complexation geometry of PIN within
ZnH with complexation to both metalloporphyrins of ZnH.


Examination of complex formation by optical spectroscopy :
The formation of complexes between ZnH and the diimides
was examined by UV/Vis and luminescence spectroscopy.
Addition of increasing amounts of NIN to a solution
containing a constant concentration of ZnH resulted in a
shift to lower energy of the Soret and Q bands (Figures 1 and
2), typical of a zinc porphyrin axially coordinated to pyridyl
residues.[30] The reference monoporphyrin ZnB displays, upon
addition of similar amounts of NIN, absorption spectra which
are the simple superposition of the individual components,
without any spectral shift. Additivity in the absorption spectra
is also observed when the model diimide NI is added to a
solution ofZnH in toluene. In both cases these results indicate
that no complexation occurs.


Figure 2. Effect of NIN addition on the absorption spectrum of ZnH in
toluene (7� 10�7�). The concentrations of NIN were 0, 2.4� 10�7, 4.6�
10�7, 7.7� 10�7, 1.4� 10�6�, and 4.8� 10�6�. The inset shows the absorb-
ance signal at 433 nm fitted to Equation (1), which yielded Kass� 7.2�
107��1.


In Figure 2 the change in the absorption of the Soret band
region of a ZnH solution with increasing addition of NIN is
shown. The signal intensity at 433 nm is displayed in the inset
of Figure 2 with fitting of the data according to Equa-
tion (1).[31]


Obs�Obs0� (�Obs/2S0){Kdis�X�S0� [(Kdis�X�S0)2�4XS0]1/2} (1)


Obs, which can be any observable, is absorbance in the
present case; Obs0 is the value of the observable at zero
concentration of guest; S0 is the constant concentration of the
host ZnH ; X is the variable concentration of guest; �Obs is
the maximum variation of the observable; and Kdis� 1/Kass,
where Kdis and Kass are the dissociation and association
constants, respectively. The association constant between
ZnH and NIN, derived from the absorbance signal of ZnH
(Figure 2) by using this procedure, is Kass� 7.2� 107��1.
In the case of PIN, the insolubility of the guest in common


solvents precluded a similar quantitative treatment. However,
addition of solid PIN to a solution ofZnH in toluene gives rise
(within 24 h) to a spectrum identical to that of ZnH-NIN (see
Figure 1) and, therefore, may be assigned to the complex
ZnH-PIN.
The emission spectrum of the porphyrin host is also affected


by complexation of the diimide guests. In particular, the
emission spectrum of ZnH in toluene displays a maximum at
660 nm, which is quenched by the addition of increasing
amounts of NIN solution, as shown in Figure 3. When
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Figure 3. Effect of NIN addition on the emission spectrum of ZnH in
toluene (7� 10�7�). The concentrations ofNIN are the same as in Figure 2.
In the inset the emission signal at 660 nm is fitted to Equation (1), which
yielded Kass� 6.8� 107��1.


complexation is complete, the emission intensity of ZnH is
strongly reduced, and the band at 690 nm may be taken as an
indication of complex formation. The change in the emission
intensity on addition of NIN can be treated according to
Equation (1), and an association constant derived. The inset
of Figure 3 plots the emission intensity at 660 nm against NIN
concentration and yield. Treatment with Equation (1) gave an
association constant of 6.8� 107��1, in full agreement with the
value obtained from the absorption data.
No effect on the luminescence of ZnH was detected on


addition of model compound NI to the host solution; more-
over, the reference monoporphyrin ZnB did not show any
detectable change in emission spectrum on the addition of the
same concentrations of NIN. This is again a clear indication
that strong complexation occurs when two interaction sites
are present.
With the phenyl diimide PIN, the complex ZnH-PIN was


formed in 24 h on stirring a solution of ZnH (7� 10�7�) in
toluene with solid PIN and yielded an emission spectrum that
was identical (within experimental error) to that observed for
the ZnH-NIN complex in solution.
The decrease in emission yield of ZnH observed in the


complex on excitation of the porphyrin moiety can, in
principle, be assigned either to quenching by the guest NIN
or to a change in the photophysical properties of ZnH upon
complexation. We recently reported that, in this type of
azaanthracene-substituted porphyrin, axial complexation by
pyridine causes a shift of the emission maximum to 690 nm
and a reduction in the emission intensity to 0.034. The excited-
state lifetime of ZnH is little affected by axial ligation by
pyridine, and only a small decrease from 1.2 to 1.1 ns was
observed.[20]


In a ZnH complex, the contributions to the overall
luminescence decrease from intramolecular quenching proc-
esses or from coordination with pyridyl-type ligands can be
evaluated by comparison with a bidentate pyridine reference
guest with similar coordination properties to the present case,
but with photo- and electrochemical properties unsuitable for
quenching processes. The reference compound MN is com-
plexed by ZnH to form ZnH-MN with an association constant
of 7� 107��1 according to absorption and emission spectros-
copy.[32] Figure 4 shows the emission signals in toluene
solution of ZnH (7� 10�7�) and of the complex ZnH-MN,
formed in presence of MN (1� 10�6�). The maximum


Figure 4. Emission spectrum of ZnH (––) and of ZnH-MN (����) in
toluene.


emission intensity of the complex was at 690 nm with an
emission yield of 0.032, almost identical to that detected in the
case of the complex formed between ZnH and monodentate
pyridine ligands.[20] Complexation by the ™innocent∫ (i.e.,
unable to quench the host emission by energy- or electron-
transfer processes) guest MN by ZnH changes the lumines-
cence properties of the host by decreasing the emission
quantum yield and shifting the energy of the excited state to
lower energy. Inspection of the data in Table 2, which lists the
luminescence properties of the complexes ZnH-MN, ZnH-
NIN, and ZnH-PIN, reveals that a further quenching mech-
anism is operative in the diimide complexes (see below).


Electrochemistry : The examination of the various complexes
between ZnH, NIN, and PIN were hampered severely by the
limited solubility of the diimides in DCM. In the case of NIN,
sufficient solubility was obtained by complexation to allow
measurements to be made, but for PIN this was not the case,
and some assumptions were necessary (see below). The first
redox potential measured in the complex ZnH-NIN (Table 1)
is in agreement with that obtained for NIN in DMF with
lithium perchlorate as electrolyte (�0.43 V)[15] and is lower by
at least 0.1 V than the value measured for similar naphtha-
lenediimides without pyridyl substituents when free in
solution.[15, 23] Complexation of NIN has a negligible effect
on the oxidation potentials of ZnH, but increases both the
first and second reduction potentials, owing to the electron-
withdrawing nature of the bound imide.


Table 2. Luminescence properties of ZnH and complexes in toluene.


298 K 77 K
�max [nm] � [ns] �[a] �max [nm] E [eV][b]


ZnH 660 1.2 0.043 666 1.86
ZnH-Pyr[c] 690 1.1 0.034 690 1.80
ZnH-NM 690 0.95 0.032 690 1.80
ZnH-NIN 690 0.080, 1[d] 0.008[f] 690 1.80
ZnH-PIN[e] 690 0.080, 1[d] 0.008[f] 690 1.80


[a] Emission quantum yield, see Experimental Section for details. [b] En-
ergy from the emission maximum at 77 K. [c] Complex with pyridine, from
ref. [20]. [d] The relative intensities are 95 and 5% for the fast and slow
components, respectively.[33] [e] Only very dilute solutions could be
measured with a bad signal-to-noise ratio.[34] [f] The luminescence yield is
actually higher than expected on the basis of the reduction in lifetime (from
0.95 to 80 ps) because of the contribution to the luminescence of the longer-
lived contaminants (see text).
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The reduction potentials of PIN could not be determined
for solubility reasons. It is known that phenyl diimides are
reduced at a potential more negative by approximately 0.25 V
relative to the corresponding naphthalene derivatives.[7c, 11b]


On the basis of the experimental value of 0.44 V for the first
reduction of NIN in the complex ZnH-NIN (Table 1), a
reduction potential of about 0.7 V (vs SCE) was assumed for
the first reduction potential of PIN in ZnH-PIN.


Photoinduced processes in the complexes: Time-resolved
emission and absorption spectroscopy is a powerful tool for
identifying processes occurring in complexes of ZnH and the
various guests. This technique allows the identification of the
intermediates involved and the determination of the rates for
the elementary processes in the complex.
The luminescence lifetime of ZnH in the model complex


ZnH-MN, containing the innocent guestMN, was determined
by excitation with the second harmonic (�� 532 nm) of a
Nd:YAG picosecond laser to be 0.95 ns.[32] The results of a
similar experiment carried out with a solution of the complex
ZnH-NIN in toluene are shown in Figure 5. The decay of the


Figure 5. Normalized luminescence decay of ZnH in toluene following
excitation with a 35 ps pulse (532 nm, 1 mJ) a) without and b) with NIN.
The luminescence spectra in the time window 0 ± 0.3 ns, displayed in the
inset, are arbitrarily scaled.


luminescence intensity can be satisfactorily fitted by a double
exponential with a major component (ca. 95%) of 80 ps and a
minor component (ca. 5%) of about 1 ns.[33] The major
luminescence component was assigned to quenching of ZnH
luminescence by the guestNIN, while the minor component is
consistent with a contribution from contamination by ZnB
(�� 1.2 ns),[20] or by ZnH complexed by a nonquenching
bispyridine-type contaminant (�� 0.95 ns).[32] The nature of
the experiment is such as to give only an average of the
lifetimes of the different contaminants, without the possibility
of separating the various contributions. Attempts to further
purify the host ZnH and the two guests PIN and NIN did not
improve the above situation.
The fast and major component of the luminescence decay


(80 ps) was assigned to a quenching process within the
complex ZnH-NIN whose rate can be calculated from the
equation k� 1/�� 1/�0. In this case, �0 is the lifetime of the
complex in the absence of a quenching process and was
measured in the reference complex ZnH-MN to be 0.95 ns.
Thus, the rate constant was calculated to be k� 1.1� 1010 s�1.
The emission spectrum of the complex ZnH-NIN, determined
with a Streak Camera over the time window 0 ± 300 ps, is
shown in the inset of Figure 5 together with the spectrum of


ZnH determined under the same conditions. While the
spectrum of ZnH has a band at 660 nm, the complex exhibits
a maximum at 690 nm, in full agreement with the spectra
determined by steady-state methods (Figure 3) and with the
spectrum of the complex ZnH-MN (Figure 4).
In conclusion, the complexation of NIN by ZnH results in


the change of the photophysical properties of ZnH, in
agreement with the effect of other pyridine-substituted guests
and quenches the luminescence intensity within the complex.
Similar time-resolved determinations were performed on
solutions of the complex ZnH-PIN, and the results are in line
with those observed for the ZnH-NIN complex. Also in this
case, the intramolecular quenching of ZnH has a lifetime of
80 ps, which yields a quenching rate of 1.1� 1010 s�1, identical
to that of ZnH-NIN. The luminescence properties are
collected in Table 2.
Time-resolved absorbance experiments were also per-


formed on solutions of the complexes ZnH-NIN and ZnH-
PIN in an effort to gain information on the absorbing
transient species. The absorption spectra detected at the end
of a 35 ps laser pulse (532 nm) for solutions of ZnH-NIN and
ZnH are shown in Figure 6. The band at 480 nm with a broad


Figure 6. End-of-pulse spectra of ZnH in toluene without (�) and with
NIN (�). Excitation with a 35 ps laser pulse, 532 nm, 4 mJ per pulse. In the
insets the formation and decay at 515 nm of ZnH�-NIN� (�) and the decay
of 1ZnH at 695 nm (�) are shown.


shoulder at 550 nm is similar to that of the 1,4,5,8-naphthalene
diimide unit in the reduced form[23] and therefore this band
was assigned to the anion NIN�. The slight difference in the
spectrum detected in this case (bands at 480 nm and in the
region 510 ± 560 nm) compared to that of 1,4,5,8-naphthalene
diimide (bands at 480 and 610 nm with a shoulder at
510 nm),[23] can be accounted for by the effect of the pyridyl
substituents. Figure 7 shows the end-of-pulse absorption
spectra for solutions of ZnH-PIN and ZnH. The band around
720 nm is typical of the reduced form of phenyl imides closely
related to PIN,[7b, 8, 9] and therefore this band was assigned to
the anion PIN�.
The insets in Figure 6 and 7 show the evolution with time of


the absorption bands of the two anions at 515 and 728 nm,
respectively. In the case of ZnH-NIN, the formation of the
anion band with a lifetime of 80 ps and a decay with a lifetime
of 710 ps were resolved. The former lifetime is identical to the
decay of luminescence intensity and was assigned to forward
electron transfer from the excited state of the complex
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Figure 7. End-of-pulse spectra of ZnH in toluene without (�) and with
PIN (�). A freshly prepared solution of ZnH (7� 10�7�) was stirred for
24 h over solid PIN before the experiment. Excitation with a 35 ps laser
pulse, 532 nm, 4 mJ per pulse. In the inset the decay at 728 nm of ZnH�-
PIN� is shown.


localized onZnH to the guestNIN to form a charge-separated
state: 1ZnH-NIN�ZnH�-NIN�. The lifetime of 710 ps was
assigned to the decay of this charge-separated state, which
recombines to the ground state (ZnH�-NIN��ZnH-NIN) as
a result of electron back-transfer. The residual absorbance
after the decay of the charge-separated state, which can be
seen in the inset of Figure 6, was assigned to the triplet state of
the complex, which can be monitored by using a different
experimental setup with a longer timescale (see below).
For ZnH-PIN, the very dilute solutions employed[34] in


conjunction with the signal-to-noise ratio typical of the
experiment only allowed the decay of the anion band to be
detected. A value for this decay of 260 ps was determined and
assigned to the recombination of the charge-separated state
ZnH�-PIN�. The residual absorbance of the solution after the
decay of the anion was assigned to the triplet state of the
complex.
Remarkably, in all of the complexes examined no absorb-


ance features which could be assigned to the cation of the
tetraazaanthracene-substituted porphyrin were observed;
their time evolution should parallel that of the imide anions.
Related aryl zinc porphyrin cations usually display bands
around 650 nm, with an extinction coefficient of about
104��1 cm�1.[35, 36] However, the singlet and triplet excited
states of zinc porphyrins absorb in the same spectral region
with similar absorption coefficients, and this often prevents
the detection of a sizeable variation in the transient absorb-
ance signal. This situation would appear to occur also for the
zinc tetraazaanthracene-substituted porphyrin cation.
The triplet ± triplet absorption spectrum of the complex


ZnH-NIN, detected by a nanosecond flash photolysis system
(490 nm excitation, 5 ns pulse duration, 2 mJ) displayed
similar features to those of 3ZnH,[20] which was characterized
by broad absorption bands at 550 nm and 700 nm. However,
the lifetime of the triplet excited state of the complex 3ZnH-
NIN in deaerated toluene solutions was 45 �s, considerably
shorter than that of 3ZnH (330 �s) under the same conditions.
This fact must be ascribed to the perturbation of the triplet-
state properties of the porphyrinic unit by complexation,
similar to that shown to occur for the properties of the singlet
excited state of the unit.[20] The yield of the triplet 3ZnH-NIN,
assuming similar molar absorption coefficients for 3ZnH and


3ZnH-NIN, was determined to be about 15% of that observed
for the host ZnH. This reduction in yield is consistent with the
presence of a process that depletes the population of the
singlet excited state and is competitive with intersystem
crossing, that is, the electron-transfer reaction occurring in the
diimide complex. The triplet yield of the complex is in
reasonable agreement with the 12% expected on the basis of
the expression �c/�0� �c/�0, in which �c and �0 are the triplet
yields in the complex ZnH-NIN and in the host ZnH,
respectively, and �c and �0 are the luminescence lifetimes in
the complex ZnH-NIN and in the reference complex ZnH-
MN, respectively. This result indicates that recombination of
the charge-separated state does not yield a triplet state but
produces ground-state products, in contrast with a previous
observation reporting a partial recombination to a triplet state
in a covalently linked system made of similar components.[7b]


Electron transfer : The levels of the excited states in Figure 8
were derived from the emission maxima of the complexes at
77 K, whereas the energy levels of the charge-separated states
were derived from the electrochemical data in DCM, either


Figure 8. Schematic energy-level diagram and rates of the processes in the
complexes a) ZnH-NIN and b) ZnH-PIN.


measured or assumed, without further corrections.[37, 38] This
allows for the derivation of energies corresponding to 1.80 eV
and 1.48 eV for the singlet and triplet excited states, respec-
tively, and 1.18 eV and about 1.44 eV for for ZnH�-NIN� and
ZnH�-PIN�, respectively.
The classical treatment for nonadiabatic electron transfer[39]


predicts a rate kel described by Equation (2) where � is the


kel�
�������������������������
����h2�k�T�


�
�V �2 exp ���G0 � ��2


4�kBT


� �
(2)


reorganization energy, kB the Boltzmann constant, and �G0


the standard free-energy change of the reaction. The pre-
exponential includes the electronic matrix element V, which
depends on the overlap of the electronic wave functions of the
donor and acceptor groups, as well as the reorganization
energy �, whereas the exponential term is correlated to the
standard free-energy change �G0 and to the reorganization
energy of the reaction �. The latter can be expressed as the
sum of two contribution: an inner and an outer part: �� �i�
�o. The parameter �i depends on internal differences in
molecular structure (angles, distances, etc.) occurring within
reaction partners as a consequence of the electron-transfer
reaction, whereas �o is related to the ability of the solvent,
through molecular orientation and polarization, to differently
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stabilize the initial and final states. It can be calculated
according to Equation (3)[39] where e is the electron charge; �0


�o� e2/4��0(1/�op� 1/�s)(1/2 rA� 1/2 rD� 1/2 rAD) (3)


is the permittivity of free space; �op and �s are the optical and
static dielectric constants, respectively; and rA, rD, and rAD are
the radius of the donor, the radius of the acceptor, and the
distance separating donor and acceptor, respectively.
Equation (2) predicts, for an homogeneous series of accept-


ors reacting with the same donor, the existence of a bell-
shaped trend for the rate of energy transfer as a function of
��G0. The plot is characterized by a ™normal∫ region for
��G0� �, in which the rate increases when the �G0 of the
reaction becomes more negative (i.e., the driving force
increases); by an ™activationless∫ region for ��G0� �, in
which the maximum rate is achieved; and an ™inverted∫
region for ��G0� �, in which the rate decreases with
increasing ��G0. This classical approach has been refined
by a semiclassical treatment that takes into account high-
energy frequency vibrations and better describes the behavior
in the ™inverted∫ region.[40] The effect, in simple terms, is to
decrease the steepness of the fall in the ™inverted∫ part of the
plot of kel versus ��G0. Recently, the full bell-shaped trend
was observed for electron transfer from the S2 state of a
porphyrin to an imide for a covalently linked dyad in a range
of solvents.[41]


The electron-transfer reaction from the excited singlet state
of the complexed tetraazaanthracene-substituted porphyrin
chromophore to the imide, that is, the charge separation (CS),
is characterized by �G0��0.62 eV and �G0	� 0.36 eV[42]
for complexes Zn-NIN and Zn-PIN, respectively, and the
measured rates are identical in the two cases (1.1� 1010 s�1).
Given the close similarities of the two imide acceptors used
here, they can be considered as an homogeneous series
displaying identical parameters in Equation (2), and from the
insensitivity toward changes in the driving forces of the
reactions in the two cases, it can be inferred that the reactions
occur in the activationless region. From this behavior, an
indicative � value for the CS reaction on the order of 0.5 could
be derived. The present results can be compared with the
determination of the rates of CS reactions between a
complete series of imides axially bound through a pyridyl
substituent to a zinc porphyrin.[13] The imide series displayed
variable redox potentials, the �G0 for the electron-transfer
process varied by 0.8 eV in CH2Cl2, and the rates in CH2Cl2
ranged from 6� 107 to 5� 109 s�1. The authors obtained
satisfactory results by fitting the data according to Equa-
tion (2) with �� 0.8 eV and V� 0.3 cm�1. This � value, given
the higher dielectric constant of CH2Cl2, is not in contra-
diction with the present suggested � value for the CS reaction
of about 0.5 eV in toluene. The absolute rate of 1.1� 1010 s�1
determined here lies in the range previously reported for
similar systems involving an axial bond between an imide and
a Zn porphyrin in DCM, for which values range from 5�
109 s�1,[12, 13] to 2.1� 1010 s�1.[14] In contrast, the present rate is
lower by a factor of about five than that determined in toluene
for similar, but covalently linked systems separated by the
same distance of 11 ä, as expected on the basis of the weaker


coupling when a noncovalent bond connects the partners.[7b]


The difference is larger (more than one order of magnitude in
the same solvent) for a porphyrin-strapped imide, in which the
electron acceptor, connected through flexible alkyl chains to
both ends of the porphyrin, can likely approach close to the
porphyrin donor.[43]


Charge recombination (CR) rates of 1.4� 109 and 3.8�
109 s�1 were determined from transient absorption experi-
ments for ZnH-NIN and ZnH-PIN, respectively. The rate
constants increase with increasing driving force: 1.18 eV for
ZnH�-NIN��ZnH-NIN and about 1.44 eV for ZnH�-
PIN��ZnH-PIN.[42] As discussed above, this is typical of
normal-region behavior. A similar trend in CR rates was
observed by Wasielewski et al. in dyads of a porphyrin
analogue (zinc methyl 131-desoxopyropheophorbide) with
naphthalenediimide and pyromellitimide, in which the dis-
tance separating the partners is identical to the present case
(11 ä). In this case, the arrays displayed CR rates in toluene
of kCR� 2.8� 109 s�1 for the naphthalenediimide array with
�Go� -1 eV, and kCR� 1.2� 1010 s�1 for the pyromellitimide
dyad with �Go��1.27 eV.[7b] Nearly identical results were
reported byOsuka for dyads containing a Zn porphyrin linked
through a boronate ester to the same diimides in benzene.[44]


The absolute rates for charge recombination in covalently
linked systems are faster, in analogy to that seen for the CS
reactions above, due to the more efficient coupling provided
by covalent bonds compared to the present case. Previously
reported CR rates in nearly identical systems involving an
axial coordinative bond between a Zn porphyrin and a pyridyl
residue of a pyromellitimide in DCM are 9.4� 108[12] and
1.3� 1010 s�1.[14] The reason for the difference in the above
data is unclear. A comparison with the value of kCR� 3.8�
109 s�1 for the phenylimide derivative PIN is difficult because
of the different polarities of the solvents used and the
differences in energetic and structural properties of the
porphyrinic donor.
In spite of a rather high driving force for the recombination


reaction, the behavior is typical of a normal region, in which
the rate for CR increases with increasing driving force. This is
indicative of a rather high � associated with the CR reaction.
The high � value, in view of the low polarity of the solvent, is
probably related to a rather important contribution from the
internal reorganization energy �i . This large value for �i could
likely be related to the distribution of charges in the cation of
the unsymmetrical porphyrin chromophore, as compared to
the ground state. A charge-transfer character has been
actually evidenced for the lowest excited singlet state of the
unit, and it could also be expected for the radical.[20] In this
frame a large value of �i for the CR reaction would be in
agreement with the suggested rather low � value of 0.5 eV for
the CS reaction, for which the distribution of charges in the
initial (singlet excited state) and final (radical cation) state
would be similar.
The results presented here show that the rate of electron


transfer in these systems are decreased in comparison with
similar covalently linked systems. The weaker interaction
between components is effective both in the forward (CS) and
in the back (CR) electron-transfer reaction. However, while
the slowdown of the forward reaction leaves the efficiency of
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CS still around 90%, the lifetime of the charge-separated
state is increased two- to threefold relative to covalently
linked systems under similar conditions (solvent, donor± ac-
ceptor distance, thermodynamics),[7b, 44] and this makes the
noncovalently linked systemmore appealing for the storage of
light energy.


Conclusion


We have shown that a carefully designed bisporphyrin cavity
can efficiently host properly functionalized diimide electron
acceptors by metal ± ligand interactions with a precise geom-
etry. Photoinduced electron transfer between the host donor
and the guest acceptor occurs efficiently, and the resulting
charge-separated state displays a longer lifetime than similar
covalently bound systems as a result of the weaker electronic
coupling of the reaction partners.


Experimental Section


Host synthesis : Porphyrin block FBB (25 mg, 18 �mol) and 2-pyridyl s-
tetrazine (3 mg, 13 �mol) were dissolved in the minimum amount of DCM
along with triethylamine (5 drops), and the solution was pressurized at
14 kbar for 20 h. The solution was taken to dryness and pumped in vacuo to
remove triethylamine and purified by chromatography (silica) with DCM/
petroleum spirit (1/3) as eluent to give residual starting material, followed
by CHCl3/EtOAc (5%) to give FBH (10 mg, 52% based on porphyrin
consumed). The product was recrystallized from DCM/MeOH. M.p.�
350 �C; MS: m/z� 1465 [M2��2H]; UV/Vis (CHCl3): �max (�)� 424
(783000), 462 (99000), 539 (31000), 610 (27000), 658 nm (4000); 1H NMR
(300 MHz, CDCl3, 30 �C, TMS): ���2.43 (br s, 4H; NH), 0.79 (d,
2J(H,H)� 11 Hz, 2H; CH2), 1.47 (s, 36H; tBu), 1.51 (s, 36H; tBu), 1.77
(d, 2J(H,H)� 11 Hz, 2H; CH2), 1.89 (s, 4H; CH), 1.97 (s, 4H; CH), 2.57 (s,
4H; CH), 4.04 (t, 3J(H,H)� 3 Hz, 4H; CH), 6.32 (t, 3J(H,H)� 3 Hz, 4H;
CH), 7.45 (m, 2H; CH), 7.78 (t, 4J(H,H)� 1.5 Hz, 4H; ArH), 7.96 ± 7.91 (m,
12H), 8.00 (td, 3J(H,H)� 7.5 Hz, 4J(H,H)� 1.5 Hz, 2H; ArH), 8.06 (t,
4J(H,H)� 1.5 Hz, 8H; ArH), 8.42 (s, 4H; ArH), 8.64 (d, 3J(H,H)� 6 Hz,
2H; ArH), 8.73 (s, 4H; ArH), 8.86 (d, 4J(H,H)� 3 Hz, 2H; ArH), 8.93 (d,
3J(H,H)� 5 Hz 4H; ArH), 8.98 (d, 3J(H,H)� 5 Hz, 4H; ArH).
ZnH synthesis : Bis-porphyrin host FBH was metalated with CHCl3 and
Zn(Ac)2 (excess) in MeOH. The product was purified by column
chromatography (silica) with CHCl3 as eluent to give the bismetalated
cavity ZnH, which was recrystallized from DCM/MeOH. M.p.� 350 �C;
HR-ESMS calcd for C202H216N2Zn2 1528.315 [M2��2H]; found: 1528.317;
UV/Vis (CHCl3): �max (�)� 429 (697000), 487 (61000), 598 (18000), 646 nm
(25000); 1H NMR (300 MHz, CDCl3, 30 �C, TMS): �� 0.77 (d, 2J(H,H)�
11 Hz, 2H; CH2), 1.43 ± 1.52 (m, 144H; tBu), 1.75 (d, 2J(H,H)� 11 Hz, 2H;
CH2), 1.88 (s, 4H; CH), 1.96 (s, 4H; CH), 2.56 (s, 4H; CH), 4.04 (s, 4H;
CH), 6.32 (t, 3J(H,H)� 4Hz, 4H; CH), 7.45 (m, 2H; CH), 7.75 (t, 4J(H,H)�
1.7 Hz, 4H; ArH), 7.90 (d, 4J(H,H)� 1.7 Hz, 8H; ArH), 7.93 (t, 3J(H,H)�
1.7 Hz, 4H; ArH), 7.99 (t of d, 3J(H,H)� 7.4 Hz, 3J(H,H)� 1.8 Hz, 2H;
ArH), 8.03 (d, 4J(H,H)� 1.7 Hz, 8H; ArH), 8.48 (s, 4H; ArH), 8.62 (m,
2H; ArH), 8.82 (s, 4H; ArH), 8.84 (m, 2H; ArH), 8.93 (s, 8H; ArH).


NMR spectroscopy : 1H NMR spectra were recorded on Bruker spectrom-
eters (300 or 400 MHz) at 303 K (unless otherwise stated) in CDCl3 with
standard Bruker pulse programs. Spectra were referenced to internal
tetramethylsilane.


Electrochemistry : Cyclic voltammetry was carried out in DCM at ambient
temperature with millimolar concentrations of compounds. The reference
electrode was a saturated calomel electrode (SCE), and working and
auxiliary electrodes were platinum. Tetrabutylammonium perchlorate
(TBAP, 0.1� ) was used as internal electrolyte, and the scan rate was
100 mVs�1. Calibrated against ferrocene/ferrocenium (0.48 V).


Spectroscopic and photophysical studies : The solvents used were Spectro-
scopic Grade (C. Erba). Absorption spectra were recorded with a Perkin ±
Elmer Lambda 9 spectrophotometer, and emission spectra, uncorrected if
not otherwise specified, were detected by a Spex Fluorolog II spectro-
fluorimeter equipped with a Hamamatsu R928 photomultiplier. Lumines-
cence quantum yields � for the samples, corrected for the photomultiplier
response, were obtained with reference to the standard model Zn in
toluene with �� 0.08.[36] Luminescence lifetimes in the range 20 ± 2000 ps
were determined by an apparatus based on an Nd:YAG laser (Continuum
PY62 ± 10) with 35 ps pulse duration, 532 nm, 1 mJ/pulse, and a Streak
Camera.[45] Transient absorbance in the picosecond range made use of a
pump-and-probe system based on an Nd:YAG laser (35 ps pulse, 532 nm,
2 ± 4 mJ) and an OMA detector.[26] The instrumental response profile was
obtained by measuring the buildup of the absorption of a solution of 3,3�-
diethyloxadicarbocyanine iodide (DODCI) in methanol at 450 nm.[26] Zero
time was assumed to be at the complete evolution of the absorption of the
DODCI sample. T±Tabsorbtion spectra and lifetimes were determined by
a laser flash photolysis apparatus based on a Nd:YAG laser (Surelite II,
Continuum) coupled to an optical parametric oscillator (SL OPO Con-
tinuum) delivering 5 ns pulses of 2 mJ at 490 nm. Relative triplet yield in
the complex was determined against ZnH under the same conditions, by
assuming an identical molar absorption coefficient for the triplet state in
the complex and the host. Experiments on triplet states were conducted in a
home-made cuvette with 10 mm optical path, bubbled with argon for 5 min.
Experiments at 77 K made use of quartz capillary tubes immersed in liquid
nitrogen in a home-made quartz dewar. Estimated errors are 10% on
lifetimes, 20% on quantum yields, and 30% on association constants.
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Mechanism of Olefin Metathesis with Catalysis by Ruthenium Carbene
Complexes: Density Functional Studies on Model Systems


Sergei F. Vyboishchikov, Michael B¸hl, and Walter Thiel*[a]


Abstract: Gradient-corrected (BP86)
density functional calculations were
used to study alternative mechanisms
of the metathesis reactions between
ethene and model catalysts [(PH3)(L)-
Cl2Ru�CH2] with L�PH3 (I) and L�
C3N2H4� imidazol-2-ylidene (II). On
the associative pathway, the initial addi-
tion of ethene is calculated to be rate-
determining for both catalysts (�G�


298�
22 ± 25 kcalmol�1). The dissociative
pathway starts with the dissociation of
phosphane, which is rather facile
(�G�


298� 5 ± 10 kcalmol�1). The result-
ing active species (L)Cl2Ru�CH2 can
coordinate ethene cis or trans to L. The


cis addition is unfavorable and mecha-
nistically irrelevant (�G�


298� 21 ± 25 kcal
mol�1). The trans coordination is bar-
rierless, and the rate-determining step in
the subsequent catalytic cycle is either
ring closure of the � complex to yield the
ruthenacyclobutane (catalyst I, �G�


298�
12 kcalmol�1), or the reverse reaction
(catalyst II, ring opening, �G�


298�
10 kcalmol�1), that is, II is slightly more


active than I. For both catalysts, the
dissociative mechanism with trans olefin
coordination is favored. The relative
energies of the species on this pathway
can be tuned by ligand variation, as seen
in (PMe3)2Cl2Ru�CH2 (III), in which
phosphane dissociation is impeded and
olefin insertion is facilitated relative to I.
The differences in calculated relative
energies for the model catalysts I ± III
can be rationalized in terms of electronic
effects. Comparisons with experiment
indicate that steric effects must also be
considered for real catalysts containing
bulky substituents.


Keywords: density functional calcu-
lations ¥ metathesis ¥ reaction mech-
anisms ¥ ruthenium ¥ transition
states


Introduction


Olefin metathesis is a powerful method for the formation of
carbon ± carbon double bonds[1±4] which is used extensively in
organic synthesis. Applications include ring-opening meta-
thesis polymerization (ROMP), ring-closing metathesis
(RCM), ring-opening metathesis (ROM), acyclic diene meta-
thesis polymerization (ADMET), and cross-metathesis (CM).
Over the past decade, well-defined ruthenium-based catalysts
have been developed which combine high activity and
excellent tolerance to many common functional groups.[1±4]


Grubbs et al. introduced the first such catalysts with the
general formula [(PR3)2X2Ru�CHR�],[5] the most prominent
example being [(PCy3)2Cl2Ru�CHPh].[6] These complexes are
pentacoordinate and have a distorted square-pyramidal
geometry with the alkylidene in the axial position and the
trans phosphanes and halides in the equatorial plane.[6] The
replacement of one trialkylphosphane ligand by an N-hetero-


cyclic carbene (NHC)[7] has led to a new class of metathesis
catalysts with the general formula [(PR3)(NHC)X2Ru�
CHR�][8±10] which are even more active than the original
Grubbs complexes. Ruthenium carbene complexes with
chelating bis(phosphane) ligands, and hence cis stereochem-
istry, also act as catalysts for olefin metathesis, particularly in
their cationic forms.[11]


The generally accepted Chauvin mechanism[12] of meta-
thesis reactions consists of a series of formal [2� 2] cyclo-
additions and cycloreversions (Scheme 1). It involves olefin
coordination to the transition metal carbene complex to form
a � complex, migratory insertion of the olefin ligand into the
metal ± carbene bond to yield a metallacyclobutane, breaking
two different bonds in the metallacyclobutane to form
another � complex, and dissociation to give the products. In
a degenerate metathesis reaction, the last two steps are the
exact reverse of the first two steps.
Although there is concensus on these general mechanistic


features, the detailed course of metathesis reactions depends
on the chosen catalyst. Consequently, the mechanism of olefin
metathesis with catalysis by ruthenium carbene complexes has
been the subject of intense experimental studies.[13±23] These
include systematic kinetic measurements in solution[13±17] and
in the gas phase by electrospray ionization tandem mass
spectrometry (ESI-MS/MS),[18±21] as well as the determination
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Scheme 1. General mechanism of transition metal catalyzed olefin meta-
thesis (generalized He¬risson ±Chauvin mechanism).


of X-ray structures for complexes related to possible inter-
mediates.[11c, 22, 23] These studies have resolved a number of
mechanistic issues, while others are still open.
There are two basic pathways for catalysis by ruthenium


carbene complexes of the type [(PR3)(L)X2Ru�CHR�] (L�
PR3, NHC; X� halide): The associative mechanism (see
Scheme 2) assumes the initial addition of the olefin to yield a
hexacoordinate, octahedral 18-electron complex, while the
dissociative mechanism (see Scheme 3) starts with the dis-
sociation of one phosphane ligand to form a tetracoordinate
14-electron complex. Early mechanistic work in solu-
tion[4, 13, 14] suggested an associative path on the basis of a
preference for the 18-electron over the 14-electron inter-
mediate, and established phosphane dissociation as a critical
step along the reaction coordinate, while the most recent
investigations[16, 17] clearly favor the dissociative path. The
tetracoordinate 14-electron intermediates were unambigu-
ously identified by gas-phase ESI-MS/MS studies both for
Grubbs-type catalysts with a cationized phosphane ligand[18±20]


and for cationic Hofmann-type catalysts.[20±21] Hence, the
recent experimental evidence[16±21, 23] clearly supports a dis-
sociative mechanism via a tetracoordinate intermediate
[(L)X2Ru�CHR�] (L�PR3, NHC; X� halide).
The addition of olefin to this intermediate may occur cis or


trans to the ligand L. Both approaches are considered in
experimental papers, and the proposed reaction schemes
show both cis[3, 4, 13, 14] and trans[4, 13, 19, 20] olefin coordination.
The most recent work in solution does not indicate the
stereochemistry about the ruthenium center during the
catalytic cycle because of the lack of reliable experimental
evidence.[17] Similarly, it is experimentally not yet clear[17]


whether the metallacyclobutane is actually an intermediate
(as drawn in the Chauvin mechanism, see Scheme 1) or
merely a transition state. In fact, the latter possibility was
recently favored on the basis of electronic substituent effects
and kinetic isotope effects observed in gas-phase mechanistic
studies, although alternative interpretations could not be


wholly ruled out.[19] From an experimental point of view, there
is still considerable uncertainty about the details of the
catalytic cycle.
The current mechanistic picture of catalysis by ruthenium


carbene complexes of the type [(PR3)(L)X2Ru�CHR�] in-
volves an initiation phase (dissociation of PR3) and subse-
quent metathesis reaction with the olefin (catalytic cycle). For
the active tetracoordinate species [(L)X2Ru�CHR�], there is
competition between olefin coordination (leading to meta-
thesis) and recombination with free PR3 (deactivation). The
relative rates of these processes depend on the chosen
catalyst.[16, 17, 20, 21] To be more specific, the experimentally
studied Grubbs-type complexes with L�PR3 initiate more
easily than those with L�NHC, while the latter are more
active in the catalytic cycle and less prone to deactiva-
tion;[16, 17] the Hofmann-type catalysts[11] initiate most easily,
but their intrinsic metathesis rates in the gas phase are
somewhat lower.[20] The variation of the ligands and substitu-
ents (L, X, R, R�) in the complexes [(PR3)(L)X2Ru�CHR�]
has a significant impact on initiation rates and on catalyst
activity towards different substrates in solution,[17] and
efficient catalyst screening is therefore highly desira-
ble.[21, 24, 25]


Theoretical studies of olefin metathesis may be useful to
gain deeper mechanistic insights, especially with regard to
issues that have not yet been resolved experimentally (see
above). Topics of interest are the characterization of all
intermediates and transition states in the catalytic cycle, the
stereochemistry including possible conformational changes
during the reaction, the identification of the rate-determining
steps, the differences between different catalysts, and the
selectivity toward different substrates. Given the importance
of olefin metathesis reactions with Ru-based catalysts, sur-
prisingly little theoretical work has been reported in the
literature. There are early computational studies on titanium-
catalyzed metathesis.[26] More recent work on high-valent
molybdenum alkylidene catalysts[27±29] addressed their elec-
tronic structure,[27] the conformations, stability, and formation
of the corresponding metallacyclobutane,[28] as well as the
rotational barrier for the carbene ligand and the syn/anti
stereochemistry.[29] Concerning ruthenium carbene com-
plexes, Car± Parrinello molecular dynamics simulations were
used to study the behavior of the model compound
[(PH3)2Cl2Ru�CH2] and its reaction with ethene at several
temperatures between 300 K and 1273 K:[30] for
[(PH3)2Cl2Ru�CH2], strong structural fluctuations were seen
(including cis/trans isomerization of the Cl ligands and
rotation around the Ru�CH2 bond) which culminated in the
loss of one PH3 ligand at 1273 K after 600 fs, and the approach
of ethene to [(PH3)2Cl2Ru�CH2] was found to result in
insertion to give the ruthenacyclobutane and even complete
metathesis for a suitably prepared simulation system under
certain conditions.[30] In addition, some recent experimental
studies on ruthenium carbene complexes were accompanied
by theoretical calculations[10a, 11, 19] which focused on the Ru ±
ligand bond strengths in [(PR3)(L)Cl2Ru�CH2] (R�H, Me;
L�PR3, NHC),[10a] on the structure and stability of model
compounds for Hofmann-type catalysts,[11] and on the dis-
sociative path for the reaction between [(PH3)2Cl2Ru�CH2]
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and ethene.[19] Finally, there is unpublished theoretical work
on the reactions between the fully substituted catalysts
[(PCy3)(L)Cl2Ru�CHPh] and ethene.[31]
Our theoretical interest in the mechanism of ruthenium-


catalyzed metathesis reactions was triggered by surprising
stereochemical observations made in the RCM step of the
total synthesis of (�)-salicylihalamide.[32] In the first stage of a
corresponding computational investigation, we have studied
both the associative and dissociative mechanisms of the
metathesis reactions involving ethene and several model
catalysts (focusing on [(PH3)2Cl2Ru�CH2] and
[(PH3)(NHC)Cl2Ru�CH2] with NHC�C3N2H4). Herein we
describe the results from these model calculations, in order to
provide a firm basis for the computational studies on the
complete system,[32] which will be reported elsewhere.


Methods of Calculation


The quantum-chemical calculations were carried out with density func-
tional theory (DFT).[33, 34] They employed the gradient-corrected BP86
functional, which combines the Becke exchange[35] and Perdew correla-
tion[36] functionals. For ruthenium we used a small-core, quasirelativistic
effective core potential with the associate (7s6p5d)/[5s3p3d] valence basis
set contracted according to a (31111/411/311) scheme.[37] The other
elements were represented by the 6-31G(d) basis[38] with one set of d
polarization functions at all non-hydrogen atoms. Spherical d functions
were used throughout.
Geometries were optimized without any constraints. Minima and transition
states were first approximately located with the TURBOMOLE package[39]


to take advantage of the efficient RI-DFT approach[40] and then refined
with Gaussian98.[41] The optimized stationary points were characterized as
minima or transition states by analytic computation of the harmonic force
constants with Gaussian98.[41] All numerical results reported were taken
from Gaussian98 and thus refer to its
BP86 implementation. Zero-point vi-
brational energies were calculated by
using the harmonic approximation,
and thermodynamic properties were
evaluated within the harmonic oscilla-
tor/rigid rotator approximation as im-
plemented in Gaussian98.
For transition metal compounds, the
chosen DFT approach (BP86 func-
tional with medium-size basis sets)
normally provides realistic geometries,


relative energies, and vibrational frequencies [34, 42±45] . For further valida-
tion, we performed additional B3LYP[46, 47] and CCSD(T)[48, 49] calculations
for some of the systems studied here, using the same basis sets and effective
core potentials as in BP86. The computations with the B3LYP hybrid
functional involved full geometry optimizations, while the coupled
cluster CCSD(T) calculations were performed on the BP86 geometries
with the MOLPRO program package.[50] Generally, the B3LYP and
CCSD(T) results are in good agreement with the BP86 results (for details,
see below) and thus validate the use of the BP86 functional in the current
study.


Results


Model systems and notation : We investigated metathesis
reactions involving ethene and several model catalysts
[(PR3)(L)Cl2Ru�CHR�]. Most of the calculations focused
on the complexes [(PH3)(L)Cl2Ru�CH2] with L�PH3 (I) and
L�NHC�C3N2H4 (II containing an imidazol-2-ylidene li-
gand). For comparison, some additional calculations were
performed for [(PMe3)2Cl2Ru�CH2] (III).
The overall metathesis reactions between ethene and


catalysts I ± III are degenerate. It is therefore sufficient to
follow these reactions only up to the metallacycle (see
Scheme 2 and Scheme 3) since the subsequent steps are then
simply the reverse of the preceding steps. For the associative
mechanism (Scheme 2) we need consider only the addition of
the ethene to the catalyst [(PH3)(L)Cl2Ru�CH2] (1) to form
the corresponding � complex (conformations 2 and 3) and the
following insertion to give the metallacycle 4. In the case of
the dissociative mechanism (Scheme 3), we need only study
the initial loss of PH3 to yield [(L)Cl2Ru�CH2] (5) and the
subsequent addition/insertion reactions of ethene via the �


Scheme 3. Dissociative mechanism of olefin metathesis with [(PR3)(L)Cl2Ru�CHR�] catalysts (cis and trans pathways). The labels are used in the text for
R�R��H.


Scheme 2. Associative mechanism of olefin metathesis with [(PR3)(L)Cl2Ru�CHR�] catalysts. The labels are
used in the text for R�R��H.
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complex to give the metallacycle (trans : 5� 6� 7; cis : 5�
8� 9). The generic labels 1 ± 9 are associated with a given
catalyst by a corresponding prefix (e.g., I-1), and transition
states are denoted analogously (e.g., I-TS12 refers to the
conversion of I-1 to I-2).
The energetics of metathesis reactions are presented in


terms of relative energies at 0 K including zero-point vibra-
tional corrections (�E0), enthalpies at 298 K (�Ho


298�, and
Gibbs free energies at 298 K (�Go


298�. The text and the figures
normally refer to �E0, but �G


o


298 is also discussed if required.
The underlying quantum-chemical results are documented in
the Supporting Information.


Associative mechanism : Figure 1 and Figure 2 depict the
relevant stationary points of the associative metathesis path-
way for catalysts I and II, respectively. Figure 3 and Figure 4
show the corresponding potential energy profiles.
The first step of the associative mechanism is the coordi-


nation of ethene to the metal atom, which must occur cis to
the methylidene ligand to allow for the subsequent insertion.
The transition states for ethene coordination (I-TS12, II-
TS12) are rather loose, with Ru�C distances of more than 3 ä
and a fairly undistorted ethene moiety, but there are
significant geometrical changes in the ligand sphere, partic-
ularly for the Cl-Ru-Cl angle (reactants: I-1 142.7�, II-1 147.2� ;
transition states: I-TS12 110.2�, II-TS12 111.5�). The energetic
consequences of the distortions can be quantified by the
reorganization energy of the [(PH3)(L)Cl2Ru�CH2] frag-
ments (i.e., the difference of its total energy at the geometry
in the transition state and in the fully optimized reactant). The
values of 11.7 (I) and 14.4 kcalmol�1 (II) are quite close to the
calculated barriers of 12.8 (I) and 14.9 kcalmol�1 (II), that is,
these barriers are largely caused by distortions within the
metal complex. As in any associative process, the entropic
contributions raise the free energy barrier �G�


298 further, and
lead to values of 22.1 and 25.0 kcalmol�1 for I and II,
respectively.


The � complexes formed upon coordination of ethene are
distorted octahedra, with Cl-Ru-Cl angles of about 95�. In the
lowest energy conformation (I-2, II-2) the C�C bond of the
ethene ligand is perpendicular to the equatorial plane defined
by Cl-Ru-Cl and contains the carbene ligand CH2 (see
Figure 1 and Figure 2). Internal rotation of the carbene ligand
about the Ru�C bond is facile and requires only 1.7 kcalmol�1
in I-2 and 3.5 kcalmol�1 in II-2.
The intrinsic interaction energies between ethene and the


metal moiety in the � complex are quite high (e.g.,
�47.7 kcalmol�1 in I-2), but they are largely compensated
by the reorganization energies between the ethene and metal
moieties in the � complex that are needed to distort their
geometries (e.g., 30.9 kcalmol�1 for I-1 and 11.2 kcalmol�1 for
ethene). Hence, the formation of the � complexes only leads
to a small net stabilization (�E0��5.6 kcalmol�1 in I-2,
�4.8 kcalmol�1 in II-2) and is even endoergic at room
temperature (�Go


298� 5.3 kcalmol�1 for I-2, 6.7 kcalmol�1


for II-2) due to the entropic contribution. For the insertion
reaction to occur, the olefin and carbene ligands must lie in
the same plane. Starting from the lowest energy ™perpendic-
ular∫ conformer of the � complex 2, internal rotation of the
ethene moiety leads to such a ™coplanar∫ conformer 3 via a
transition state TS23 which is energetically and geometrically
very similar to 3. The ™coplanar∫ conformer is less stable than
the ™perpendicular∫ conformer by 6 kcalmol�1. An analysis of
the corresponding frontier orbitals shows that both confor-
mations should be similarly well suited for � donation and �


backdonation, and the difference in stability is therefore of
steric origin.
To initiate ring closure of the � complex 3 to form the


ruthenacycle 4, the methylidene ligand must rotate out of the
equatorial plane (see Figure 1 and Figure 2). In the corre-
sponding transition state TS34, this internal rotation has
essentially been completed, but the new C�C bond is not yet
formed: the corresponding C carbene ¥¥¥ C olefin distance is
still large (2.41 ä in I-TS34, 2.37 ä in II-TS34), and the ethene


Figure 1. Associative mechanism of ethene metathesis for the [(PH3)2Cl2Ru�CH2] catalyst (I). Bond lengths are given in ä. Transition states are denoted by
TS.
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Figure 2. Associative mechanism of ethene metathesis for the [Cl2(PH3)(C3N2H4)Ru�CH2] catalyst (II). Bond lengths are given in ä. Transition states are
denoted by TS.


Figure 3. Potential energy profile of ethene metathesis for the associative mechanism with the [(PH3)2Cl2Ru�CH2] catalyst (I). Values in parentheses
indicate the relative energies at 0 K (�E0), those in square brackets are enthalpies at 298 K (�H


o


298�, and bold values without brackets are Gibbs free energies
at 298 K (�Go


298�. The depicted energy levels refer to �E0 . The rate-determining step is marked by an arrow.
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C�C bond is only slightly elongated (by less than 0.01 ä
relative to 3). Hence, TS34 is an early transition state with
regard to C�C bond formation. The barrier for ethene
insertion 3� 4 is quite small for both catalysts (3.9 and
6.3 kcalmol�1 for I and II, respectively). Likewise, the reverse
ring opening reaction of the ruthenacycle 4 is also very facile,
with calculated barriers of 3.7 (I) and 4.2 kcalmol�1 (II).
In summary, the reactions of the associative pathway


proceed in a very similar manner for both catalysts. The
initial olefin coordination is the rate-determining step in each
case. The corresponding barrier is somewhat higher for
catalyst II than for catalyst I (�G�


298 : 25 versus 22 kcalmol�1).


The subsequent internal rotation and insertion of the olefin
require less activation, with barriers of less than 8 kcalmol�1


(again slightly higher for II).


Dissociative mechanism : Figure 5, Figure 6, Figure 7, and
Figure 8 show the relevant stationary points of the dissociative
metathesis pathway for both trans and cis coordination of the
olefin to the intermediate arising from catalysts I and II,
respectively. Figure 9 and Figure 10 compare the resulting
potential energy profiles.
The initial dissociation of PH3 from [(PH3)(L)Cl2Ru�CH2]


(1) yields the tetracoordinate species [(L)Cl2Ru�CH2] (5),


Figure 4. Potential energy profile of ethene metathesis for the associative mechanism with the [Cl2(PH3)(C3N2H4)Ru�CH2] catalyst (II). The notations are
the same as in Figure 3.


Figure 5. Dissociative mechanism of ethene metathesis with the [(PH3)2Cl2Ru�CH2] catalyst (I) (trans olefin coordination). Bond lengths are given in ä.
Transition states are labeled TS.
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which acts as the active catalyst. With respect to its overall
shape, 5 resembles the corresponding fragment in 1; the bond
angles are similar, while the bond lengths involving Ru are
shortened, particularly for Ru�L (Ru�P in I-5 by 0.18 ä,
Ru�C in II-5 by 0.12 ä). The dissociation 1� 5 proceeds
uphill on the potential energy surface, without an intervening


transition state. It is endothermic by 20.2 kcalmol�1 for
catalyst I and by 17.2 kcalmol�1 for catalyst II in terms of
�E0 . Including entropic effects (�G


o


298� reduces these values
to 9.4 and 5.8 kcalmol�1, respectively. The Arduengo-type
carbene ligand in II (L�C3N2H4, imidazol-2-ylidene) is
known to be a stronger � donor than the phosphane ligand


Figure 6. Dissociative mechanism of ethene metathesis with the [Cl2(PH3)(C3N2H4)Ru�CH2] catalyst (II) (trans olefin coordination). Bond lengths are given
in ä. Transition states are labeled TS.


Figure 7. Dissociative mechanism of ethene metathesis with the [(PH3)2Cl2Ru�CH2] catalyst (I) (cis olefin coordination). Bond lengths are given in ä.
Transition states are labeled TS.
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in I (L�PH3), and it is therefore qualitatively plausible that
loss of phosphane is more facile for II-1 than for I-1 in the
absence of any specific steric effects.
The incoming olefin can coordinate to 5 either cis or trans to


the ancillary ligand L. We first consider trans coordination to
I-5 (see Figure 5). If the x and y axes are assigned to Ru�C
and Ru�P, respectively, the LUMO of I-5 is predominantly
dx2�y2 of the Ru atom, with a lobe at the empty coordination
site (negative y axis), while the HOMOs correspond essen-
tially to dyz (HOMO) and dxz (HOMO-1, only slightly below
the HOMO). These orbitals are ideally oriented to interact
with the frontier orbitals (�, �*) of ethene in a trans approach
(��LUMO donation, HOMO��* or HOMO-1��*
backdonation). The trans coordination of ethene is thus
electronically allowed. The energy decreases monotonically
with decreasing Ru ¥¥ ¥ ethene distance in a series of con-
strained minimizations at various fixed Ru ¥¥¥ ethene separa-
tions. The trans addition of ethene to I-5 is thus barrierless
(unlike the addition to I-1 in the associative mechanism). The
resulting � complex I-6 shows a perpendicular orientation of
the ethene C�C bond relative to Ru�C (corresponding to
HOMO��* backdonation), but the fact that internal
rotation of the ethene moiety by 90� requires only
2.7 kcalmol�1 indicates that HOMO-1��* backdonation is
almost equally efficient. In the case of II-5, the electronic
situation is qualitatively similar. The trans approach is again
barrierless, and the most stable � complex II-6 also shows a
perpendicular orientation (see Figure 6), but there is a second
local minimum II-6a which has an intermediate ethene twist
angle and is 1 kcalmol�1 less stable than II-6. Compared with


I-6, the Ru�C ethene bonds are more than 0.06 ä longer in II-
6, which is in line with a weaker C2H4�Ru donation due to a
stronger trans influence of the Arduengo-type carbene ligand
L in II-6. For the same reason the ethene binding energy is
smaller in II-6 (12.5 kcalmol�1) than in I-6 (14.1 kcalmol�1).
The next reaction step is ring closure of the � complex 6 to


give the ruthenacycle 7. This involves the internal rotation of
the ethene and methylidene ligands, opening of the Cl-Ru-Cl
angle, and the formation of a new C�C bond (see Figure 5 and
Figure 6). At the transition state TS67 the internal rotations
are so far advanced that the ruthenium and the three relevant
carbon atoms approach coplanarity (C-Ru-C-C dihedral
angle: 24� in I, 33� in II), and the Cl-Ru-Cl angle is nearly
linear (172� in both cases), while the C�C distance for the
bond to be formed is still quite large (2.37 ä in I, 2.53 ä in II).
The calculated barriers �E0 are 12.0 kcalmol�1 (I) and
6.3 kcalmol�1 (II). The resulting ruthenacycles 7 have very
similar ring structures and Cl-Ru-Cl angles (177� in I, 180� in
II), but show opposite relative stabilities. Energetically (in
terms of �E0), I-7 lies 5.8 kcalmol�1 above I-6, whereas II-7 is
3.4 kcalmol�1 below II-6. Since all species are sterically
unencumbered, this difference must be related to the different
electronic properties of the ancillary ligands. In a relative
sense, the greater �-donor strength of the Arduengo-type
carbene ligand in II (compared to L�PH3 in I) destabilizes
the � complex 6 (see above), and also appears to stabilize the
metallacycle 7.
We now consider the overall energetics of the dissociative


pathway with trans ethene coordination with focus on the
�Go


298 results (see Figure 9 and Figure 10). The initiation 1�5


Figure 8. Dissociative mechanism of ethene metathesis with the [Cl2(PH3)(C3N2H4)Ru�CH2] catalyst (II) (cis olefin coordination). Bond lengths are given in
ä. Transition states are labeled TS.
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Figure 9. Potential energy profile of ethene metathesis for the dissociative mechanism with the [(PH3)2Cl2Ru�CH2] catalyst (I). The notations are the same
as in Figure 3. The dotted line corresponds to ethene attack in the position cis to the PH3 ligand, and the solid line to trans attack. The arrows mark the rate-
limiting steps in the catalytic cycle (5� 6� 7� 6� 5, 5� 8� 9� 8� 5).


Figure 10. Potential energy profile of ethene metathesis for the dissociative mechanism with the [(PH3)(C3N2H4)Cl2Ru�CH2] catalyst (II). The notations are
the same as in Figure 3. The dotted line corresponds to ethene attack in the position cis to the imidazol-2-ylidene ligand, and the solid line to trans attack. The
arrows mark the rate-limiting steps in the catalytic cycle (5� 6� 7� 6� 5, 5� 8� 9� 8� 5).
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by phosphane dissociation is more facile for II than for I (5.8
versus 9.4 kcalmol�1). In the subsequent catalytic cycle for the
degenerate metathesis (5� 6� 7� 6� 5), the maximum
free-energy barrier for an elementary step is found for the
ring closure 6� 7 in the case of I (12.1 kcalmol�1) and for the
ring opening 7� 6 in the case of II (9.9 kcalmol�1). This
suggests that II is a more active metathesis catalyst than I in
the catalytic cycle.
An alternative reaction pathway after the initial loss of PH3


involves olefin coordination to 5 in the position cis to the
ancillary ligand between chlorine and methylidene (see
Figure 7 and Figure 8). In the case of catalyst I, only one cis
adduct I-8 could be located on the potential energy surface; it
resembles a distorted trigonal bipyramid (equatorial postions:
CH2, Cl, C2H4; axial positions: PH3, Cl). In the corresponding
transition state I-TS58 the approaching ethene has already
induced one of the chlorine atoms to move away from the
basal plane towards the axial position (see Figure 7). This
transition state is rather distorted, with a reorganization
energy of 18.4 kcalmol�1 for the (PH3)Cl2Ru�CH2 fragment,
and is therefore associated with a high barrier (�E��
12.0 kcalmol�1, �G�


298� 20.9 kcalmol�1). In the case of cata-
lyst II, cis ethene attack occurs essentially in the basal plane
(see II-TS58) and leads to a square-pyramidal cis adduct II-8a
(basal ligands: CH2, both Cl, C2H4), which can then rearrange
to the more stable complex II-8 with a distorted trigonal-
bipyramidal structure that resembles I-8 (see above). The
transition state for ethene coordination (II-TS58) is sterically
quite congested (e.g., Cl-Ru-Cl angle of 108.5� compared to
144.5� in II-5), and this again implies a high reorganization
energy for the (C3N2H4)Cl2Ru�CH2 fragment
(14.4 kcalmol�1) and high barriers (�E�� 15.1 kcalmol�1,
�G�


298� 25.3 kcalmol�1). For both catalysts considered, cis
ethene attack to give the active species 5 requires a large
activation energy and is therefore not competitive with trans
attack.
In contrast, the subsequent ring-closing reaction 8� 9 is


quite facile, with barriers of 2 ± 5 kcalmol�1 for I and II and
transition states that exhibit the expected features (see
Figure 7 and Figure 8, distances of the forming C�C bonds
in TS89 of 2.4 ± 2.5 ä). The ruthenacycle products 9 have
qualitatively similar structures in which the two chlorine
ligands are cis to each other. Relative to the isomeric
ruthenacycles 7 with two trans chlorine ligands, the relative
energies are calculated as I-7� I-9 (�E0� 10.7 kcalmol�1)
and II-7� II-9 (�E0��4.6 kcalmol�1).
To summarize the results obtained so far, the dissociative


mechanism with trans olefin coordination is clearly preferred.
To assess the reliability of the BP86 results, we recalculated
the key species on this pathway for catalyst I, using B3LYP
geometry optimizations and CCSD(T) single-point calcula-
tions on BP86 geometries. The results are given in Table 1.
The relative energies from the BP86 functional (used in the
present study) and from the hybrid B3LYP functional are
obviously close to each other (within 2 kcalmol�1). The
relative energies from the high-level ab initio CCSD(T)
calculations tend to be slightly higher than the BP86 values
(by 1.2 ± 4.7 kcalmol�1), but all three computational aproach-
es yield qualitatively the same energy profile. Hence, BP86


appears to be qualitatively reliable for the purposes of the
present study.


Calculations on [(PMe3)2Cl2Ru�CH2]: The real-life meta-
thesis catalysts contain bulky trialkylphosphanes such as
PCy3, which are stronger � donors but are also sterically much
more demanding than the PH3 ligand used in our model
studies. We replaced PH3 in I by PMe3 to give catalyst III and
examined the electronic effects caused by a stronger � donor
without introducing significant steric congestion.
Calculations were performed only for the dissociative


pathway with trans coordination of the incoming olefin. The
reactions are analogous to those for the unsubstituted catalyst
I, and the geometries of the stationary points are very similar
to those in Figure 5 and hence not shown. The resulting
reaction profile is given in Figure 11 and compared with that
of the unsubstituted catalyst I. The two profiles are qualita-
tively similar, with a shift towards higher relative energies
upon substitution.
The initial dissociation 1� 5 is more endothermic for PMe3


(�E0� 26.6 kcalmol�1) than for PH3 (�E0� 20.2 kcalmol�1),
which reflects an increase of the Ru�P bond energy with
increasing �-donor strength of the phosphane ligand (in the
absence of adverse steric effects). The subsequent trans
coordination of ethene 5� 6 is less exothermic for PMe3
(�E0��10.9 kcalmol�1) than PH3 (�E0��14.1 kcalmol�1)
due to the stronger trans influence of the PMe3 ligand. This
destabilization of the � complex leads to a smaller barrier for
ring closure 6� 7 (i.e. , 9.9 vs 12.0 kcalmol�1 in terms of �E0),
since the essentially �-bound transition state TS67 is less
affected by the trans influence of the phosphane ligand.
Considering the calculated Gibbs free energies �Go


298, the
formation of the � complex 5� 6 is still slighty exoergic for
PH3 (�3.5 kcalmol�1) but nearly isoergic for PMe3
(�0.3 kcalmol�1), and ring closure remains the rate-limiting
step in the catalytic cycle (5� 6� 7� 6� 5), with a slightly
smaller barrier for PMe3 (9.6 vs 12.1 kcalmol�1 in terms of
�G�


298�. The replacement of PH3 by PMe3 in catalyst I is thus
expected to increase its activity in the catalytic cycle (5� 6�
7� 6� 5) while making the initiation (1� 5) more difficult.
It should be stressed, however, that these results cannot be
generalized to bulkier phosphanes without taking steric
effects into account.


Comparison with previous calculations : Car± Parrinello mo-
lecular dynamics (MD) simulations have been performed[30] to
study the behavior of the catalyst [(PH3)2Cl2Ru�CH2] (I-1)
and its reactions with ethene at several temperatures between


Table 1. Relative energies[a] for catalyst I.


Species[b] BP86 B3LYP CCSD(T)//BP86[c]


I-1 0.0 0.0 0.0
I-5 22.3 20.3 25.9
I-6 6.1 7.7 7.3
I-TS67 18.8 18.3 20.8
I-7 10.7 11.5 15.4


[a] In kcalmol�1, without corrections for zero-point vibrational energy.
[b] Stationary points on the dissociative pathway with trans coordination of
ethene. [c] CCSD(T) single-point calculation on BP86 geometries.
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300 K and 1273 K. This work emphasized the identification of
dynamic and reactive events to gain qualitative mechanistic
insights, and consequently the MD simulations were run with
considerable amounts of internal energy, particularly when
starting from shortened Ru�P bonds to provide selective
bond activation.[30] In constrast, our work aims at finding all
relevant stationary points along the minimum-energy paths of
different conceivable mechanisms to characterize the under-
lying potential energy surface in more quantitative detail. The
two studies employ the same density functional (BP86) and
should thus complement each other.
To be more specific, both studies find rather ™soft∫ Cl-Ru-


Cl angles (cis/trans isomerization in MD, values between 90�
and 180� encountered in various optimized structures) and
relatively facile phosphane dissociation (seen in MD at
1273 K, low �G�


298 value of 9.4 kcalmol�1). Internal rotation
of the methylidene ligand in I-1 and I-5 is observed during the
MD runs and associated with moderate barriers in our
calculations (�Eo� 12.1 and 20.5 kcalmol�1, respectively).
However, there are also more pronounced differences. In


the case of the associative mechanism, the MD study[30] shows
the incoming ethene approaching the catalyst I-1 with the
C�C bond parallel to the equatorial plane. In our calculations
(see Figure 1) this approach is unfavorable since it proceeds
through a second-order saddle point which lies several
kcalmol�1 above the ™perpendicular∫ transition state I-TS12
(apparently missed in MD). Moreover, our calculations


suggest a complicated sequence of conformational changes
for the ethene and methylidene ligands along the associative
minimum-energy path (see Figure 1) which are not mentioned
in the MD work.[30] Concerning the dissociative mechanism,
the MD runs apparently assumed a cis ethene attack to give
the active monophosphane species I-5 (see Figure 5 of
ref. [30a]) which led to a direct metathesis reaction. In our
calculations, this path was also found (see Figure 7), but the
alternative trans attack is much more preferred (see Figure 5
and Figure 9). The MD study does not mention this alter-
native, nor does it address the � complexes that occur as
intermediates (see Figures 1 ± 11). Hence, the present calcu-
lations have revealed many mechanistic features not yet
probed by MD,[30] and may therefore serve as starting point
for future MD work.


Discussion


In the present density functional study we have examined
possible mechanisms for metathesis reactions involving
ethene and model catalysts, in particular [(PH3)2Cl2Ru�
CH2] (I) and [(PH3)(C3N2H4)Cl2Ru�CH2] (II). The associa-
tive pathway requires initial ethene coordination to form a �
complex followed by migratory insertion to give a ruthena-
cyclobutane. For both catalysts, the initial olefin coordination
exhibits a high barrier (�G�


298� 22 ± 25 kcalmol�1) and is the


Figure 11. Comparison of the potential energy profiles for the dissociative mechanism (trans attack) with the [(PH3)2Cl2Ru�CH2] catalyst (I, solid line) and
the [(PMe3)2Cl2Ru�CH2] catalyst (III, dotted line).
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rate-determining step. The dissociative pathway starts with
the dissociation of a phosphane ligand, which is calculated to
be rather facile (�G�


298� 5 ± 10 kcalmol�1). The resulting
tetracoordinate active species [(L)Cl2Ru�CH2] can coordi-
nate ethene in cis or trans position to the ligand L. The cis
attack is quite unfavorable, with coordination barriers of
�G�


298� 22 ± 25 kcalmol�1, and is therefore not relevant for
the mechanism under study. In contrast, trans coordination is
barrierless. Thus, the rearrangement between the trans adduct
and the ruthenacyclobutane represents the rate-determining
step in the catalytic cycle (�G�


298� 10 ± 12 kcalmol�1).
The Gibbs free energy changes given above contain


entropic contributions which generally increase the barriers
for addition reactions and decrease dissociation energies due
to the changing number of particles. In the gas phase at 298 K
these entropic contributions are calculated to be on the order
of 10 kcalmol�1 both for associative and dissociative processes
(see reactions 1� 2, 1� 5, 5� 6, 5� 8 in Figure 1, Figure 2,
Figure 9, and Figure 10). In solution, these entropic effects are
expected to be smaller because of concomitant solvent
reorganization, and experimental values of around
4 kcalmol�1 have recently been reported for phosphane
dissociation 1� 5 from a series of ruthenium complexes in
[D8]toluene.[17] Even when such reduced entropic contribu-
tions in solution are taken into account, the dissociative
mechanism remains slightly favored over the associative
mechanism for our model catalysts. On the dissociative
pathway, the preference for trans rather than cis olefin
coordination arises from energetic reasons and does not
depend on entropic arguments. However, the entropic con-
tributions do affect the relative ease of the various steps on
the preferred pathway: the initial dissociation 1� 5 is most
costly in terms of �H�


298, but not in terms of �G�
298 (see


Figure 9 and Figure 10).
In summary, the calculations on the model catalysts favor


the dissociative mechanism with trans olefin coordination. This
pathway is sterically less demanding than the alternatives con-
sidered (see above) and should therefore be even more prefer-
red for real-life metathesis catalysts with bulky substituents.
We now relate our theoretical results for the dissociative


mechanism to the experimental evidence from recent kinetic
studies in solution,[17] which have adressed the exchange of
free and bound phosphane in a series of 14 ruthenium
complexes [(PR3)(L)X2Ru�CHR�] for various combinations
of ligands (typically R�Cy; L�PR3, NHC; X�Cl, Br, I;
R��H, Ph). The measured activation enthalpies correspond
to phosphane dissociation enthalpies and range from 19 to
27 kcalmol�1.[17] The calculated �Ho


298 values for our model
catalysts [(PH3)2Cl2Ru�CH2], [(PH3)(C3N2H4)Cl2Ru�CH2],
and [(PMe3)2Cl2Ru�CH2] are 20.4, 17.7, and 26.3 kcalmol�1,
respectively (see Figure 9, Figure 10, and Figure 11). The closest
analogues from the experimental study are [(PCy3)2Cl2Ru�
CHPh] and [(PCy3)(Imes)Cl2Ru�CHPh] (Imes� 2,5-dimesit-
ylimidazol-2-ylidene), with �H values of 23� 0.5 and 25�
4 kcalmol�1, respectively.[17] The theoretical and experimental
results cannot be compared directly (different ligands), but
they are at least of similar magnitude. Closer analysis
indicates that the calculated �H values are probably some-
what underestimated (consistent with the expectations from


the more accurate CCSD(T) calculations, see Table 1).
Experimentally, the studied catalysts with R��H are not
active,[17] and our calculations show that the replacement of
R��H by R��Ph indeed facilitates phosphane dissociation
by 2 ± 3 kcalmol�1 (resulting, e.g., in �Ho


298� 17.8 kcalmol�1
for [(PH3)2Cl2Ru�CHPh], which lies below the observed
range). More disturbing are trends in �H that are observed
when replacing a trialkylphosphane ligand by an N-hetero-
cyclic carbene. Experimentally, this leads to much slower
phosphane dissociation and hence higher �H values[17] (e.g.,
in [(PCy3)(L)Cl2Ru�CHPh], see above), whereas the oppo-
site trend is predicted theoretically for our model catalysts
[(PH3)(L)Cl2Ru�CH2] (L�PH3 versus L�C3N2H4, see
above). The theoretical result is qualitatively plausible, since
electronic effects should favor the dissociation of a phosphane
ligand trans to the stronger � donor (NHC). The contrary
experimental finding must therefore be due to steric effects[31]


exerted by the bulky phosphane substituents. This emphasizes
the need for theoretical studies on the real catalysts,[31]


especially when there may be counteracting electronic and
steric effects.
It is experimentally well established[3, 4, 17] that introducing


N-heterocyclic carbene ligands considerably improves the
catalytic activity for olefin metathesis. Within the framework
of the dissociative mechanism with trans olefin coordination,
this must be reflected in the catalytic cycle 5� 6� 7� 6� 5
(see Figure 9, Figure 10, and Figure 11). The variation of the
ligand L in (L)Cl2Ru�CH2 (5) can indeed tune the relative
energies of the other relevant species (6, TS67, 7). Focusing on
the Gibbs free energies �Go


298, the � complex 6 is more stable
than the metallacycle 7 for L�PH3 (by 6.6 kcalmol�1), but
less stable for L�C3N2H4 (by 3.0 kcalmol�1). Consequently,
the rate-determining step on the �G� surface also depends on
L and corresponds to ring closure 6� 7 in the first case and to
ring opening 7� 6 in the second. The respective barriers
(�G�


298� are 12.1 kcalmol�1 for L�PH3 and 9.9 kcalmol�1 for
L�C3N2H4, which is consistent with the observed greater
activity of metathesis catalysts containing an NHC li-
gand.[3, 4, 17] One should be cautious, however, about drawing
more general conclusions: for example, in the case of L�
PMe3, 6 and 7 are close in energy, and the rate-limiting barrier
is similar to that for L�C3N2H4. It would therefore seem
advisable to study more ligands L in order to better under-
stand the electronic and steric effects that govern the catalytic
activity. For our present ligands (L�PH3, PMe3, C3N2H4), the
changes in the calculated relative energies can at least partly
be rationalized in terms of �-donor strengths (see above).
Finally, note that the active species 5 is rather stable on the
calculated �G� surface due to large entropic contributions
(gas-phase values), but less so on the �E surface, where it
even lies above TS67 (see Figures 9, Figure 10, and Figure 11).
Given the smaller entropic contributions that may be more
appropriate in solution (see above), it seems unlikely that the
dissociation of the � complex 6� 5 could become the rate-
determining step. However, this possibility cannot be ruled
out and may need to be considered for other ligands L.
In the dissociative mechanism, the tetracoordinate active


species 5 may recombine with free phosphane to regenerate
the initial catalyst 1 (at a rate proportional to k�1) or it can
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bind olefin substrate and undergo productive olefin meta-
thesis reactions (at a rate proportional to k2). In recent kinetic
work,[17] the k�1/k2 ratio has been measured in solution for
eight ruthenium complexes [(PR3)(L)X2Ru�CHR�] with dif-
ferent combinations of ligands, by monitoring the 1H NMR
signal of the starting alkylidene as a function of time. The
observed k�1/k2 ratios are generally much higher for L�PR3


than for L�NHC, typically by four orders of magnitude.[17]
These results have been discussed in terms of the competition
between phosphane recoordination and olefin binding to 5
assuming ™that all of the steps after olefin coordination
(particularly metallacyclobutane formation) are fast∫.[17] Ac-
cording to our current DFTresults for isolated model catalysts
[(PR3)(L)Cl2Ru�CH2], this assumption holds only for the cis
attack of ethene, but not for the preferred trans attack (see
�G� values in Figure 9 and Figure 10). In the latter case, olefin
coordination is calculated to be barrierless, and the rate-
determining step on the �G� surface involves the metal-
lacyclobutane (see above). This suggests associating the rate
constant k2 with metallacycle formation (leading to the
disappearance of the monitored 1H NMR signal): the
calculated barriers on the �G� surface then imply k2(L�
NHC)� k2(L�PH3), which would be consistent with the
observed trends in the k�1/k2 ratios.[17] Our gas-phase model
calculations thus raise the possibility of a different interpre-
tation of the experimental data on k�1/k2 . Note, however, that
the kinetic measurements were carried out in solution with
catalysts having much bulkier substituents.[17] Therefore, the
experimental k�1/k2 ratios will be affected by solvent reor-
ganization and steric effects, which are not included in the
calculations.


Conclusion


Using density functional calculations we have identified
associative and dissociative pathways for olefin metathesis
reactions involving ethene and model ruthenium-based cata-
lysts [(PR3)(L)Cl2Ru�CH2]. Both � complexes and ruthena-
cyclobutanes appear as intermediates on these pathways. The
dissociative mechanism with trans olefin coordination is
favored over the other alternatives. It proceeds by a facile
dissociation of PR3 followed by a barrierless coordination of
ethene trans to L and rearrangement of the resulting �


complex to give the ruthenacycle by migratory insertion (plus
the reverse reactions in the case of degenerate metathesis).
Our model study emphasizes the electronic effects exerted by
the ligands. For a given phosphane PR3, an increasing �-donor
ability of L facilitates the initial dissociation of PR3 and
destabilizes the intermediate � complex, which makes the
insertion more favorable. Electronically, the most efficient
catalysts are expected to contain one weak and one strong �-
donor ancillary ligand to promote dissociation and insertion,
respectively. Steric effects are not important in our model
systems, but need to be considered in the real catalysts
employed experimentally, which contain much bulkier li-
gands.
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Synthesis and Conformational Analysis of Fructose�Derived Scaffolds:
Molecular Diversity from a Single Molecule


Laura Cipolla,[a] Eleonora Forni,[a] Jesus Jime¬nez-Barbero,*[b] and Francesco Nicotra*[a]


Abstract: Bi- and tricyclic compounds were synthesized starting from fructose.
The different hydroxyl groups present in fructose were exploited in the formation
of a number of conformationally constrained sugar-based scaffolds, including
azido acids. Introduction of an azido group and carboxy terminus into different
bicyclic iodo ethers, allowed the synthesis of different conformationally constrained
azido acids. Conformational analysis of compounds 10, 11, 17, and 20 by NMR
experiments assisted by molecular mechanics, allowed the determination of the
distances between the relevant functional groups, that is the azido and carboxy
functionalities.


Keywords: carbohydrates ¥
C-glycosides ¥ conformation analysis
¥ NMR spectroscopy ¥ scaffolds


Introduction


Carbohydrates are very abundant molecules and present
many advantages for the construction of chiral scaffolds,
cores, or templates over other biomolecules. Functionality,
chirality, and structural diversity are all features of carbohy-
drate feedstock that are present to a lesser extent in other
naturally occurring compounds such as amino acids. One of
the common ways in which chirality is integrated into
molecular targets is by carrying out transformations on a
chiral core. Carbohydrates are probably the most abundant
chiral molecules available naturally. They are, in fact,
constituents of all major structural molecules in living systems.
They occur alone in polymers such as starch, pectin, cellulose,
and chitin. Carbohydrates can form a large portion of some
glycoproteins and constitute much of the cell wall and
extracellular slime of bacteria and other microorganisms.
The low cost, abundance, highest functional group density


of any naturally occurring material, and the ease with which
they can be obtained in a pure state are among the most
important features that make carbohydrates prime candidates


for the synthesis of chiral scaffolds,[1] with application in the
areas of pharmaceutical and medicinal chemistry.[2] The key
issue in this field is the development of better scaffolding
structures for the presentation of binding functional groups in
a specific orientation. For example, in the area of protein ±
protein interactions, it is generally believed that the size and
the rigidity of the structural elements within a small molecule,
such as monosaccharides, tend to provide better binding/
interfering agents. � Turn mimetics for the inhibition of
specific protein ± protein interactions have been designed
from carbohydrate cores; a �-�-glucose scaffold has been
synthesized by Hirschmann et al.[3] and included in a cyclic
peptide, as a mimetic of the natural somatostatin. So far, a
number of monosaccharides has been used as scaffolds in
mimetic construction aimed at the inhibition of receptor ±
ligand interactions.[4] The benefits of such carbohydrate
scaffolds include an attractive balance between rigidity and
diversity of functional group orientation. Sugar-derived scaf-
folds, such as tetrahydrofuran-based amino acid mimics,[5]


have also been used for the preparation of unnatural
oligomers as peptidomimetics, referred to as foldamers,[6] that
is molecules that will adopt specific compact conformations.
Besides the chemical synthesis of new molecules, elucidation
of the three-dimensional structures is a prerequisite for a
better understanding of biochemical recognition processes
and for the rational design of carbohydrate-derived drugs. The
recent advances in NMR spectroscopy, X-ray diffraction, and
computer modeling methods[7] are nowadays supporting the
development of new bioactive compounds.
In this context, we are interested in diversity-based organic


synthesis aimed at synthesizing novel carbohydrate-based
scaffolds as small molecules with structural rigidity, complex-
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ity, and diversity. We present herein the synthesis and
conformational analysis of polycyclic scaffolds derived from
fructose, one of the most abundant natural sugars, focusing on
the potentialities offered by the presence of two hydroxy-
methylene groups (the C-1 and C-6) and the unique reactivity
of the anomeric position.


Results and Discussion


One possible method for the reduction of molecular flexibility
is the introduction of a second, and possibly a third ring onto
the sugar backbone. Towards this aim, bi- and tricyclic
compounds were synthesized starting from fructose.
The different hydroxyl groups present in fructose (two


primary, one secondary adjacent to the anomeric position, and
the hemiacetal OH) were exploited in the formation of a
number of conformationally constrained sugar-based scaf-
folds, including azido acids. The conformational rigidity was
conferred by one or two additional rings in the carbohydrate
skeleton, either fused or spiro, through the introduction of
one or two suitably positioned double bonds into the
molecule. Specifically, methyl fructofuranoside was benzylat-
ed according to the standard procedure (NaH, BnBr, DMF,
quantitative yield), and an allylic group was then introduced
at the anomeric position by Lewis acid-mediated C�C bond
formation, one of the most widely used methods for C-glyco-
sides synthesis.[8] The reaction usually proceeds via a cyclic
oxocarbenium ion, which undergoes nucleophilic attack in a
stereoelectronically controlled manner to provide the product
with high stereoselectivity, both on pyranose[9] and furanose[10]


rings. Hence, treatment of methyl 1,3,4,6-tetra-O-benzylfruc-
tofuranoside with allyltrimethylsilane in the presence of
boron trifluoride etherate as Lewis acid catalyst afforded
2-(1�,3�,4�,6�-tetra-O-benzylfructofuranosyl)-2-propene (1)
(98% yield, 60% de),[11] the only starting material used here
for the creation of molecular diversity. The spatial relation-
ship between the double bond and the oxygen at C-1 in the
polybenzylated fructoside 1 is such that a 5-exo cyclization[12]


can occur upon treatment with I2 (1.2 equiv) in THF
(Scheme 1) to afford two diastereoisomeric spiro compounds
2 and 3, which were easily separated by chromatography
(98% yield, in 3:2 ratio 2 :3). Once purified, the isomers were
submitted to the same reaction sequence: Firstly, the iodide
was displaced by an azido group (NaN3, Bu4NI) to afford
derivatives 4 and 5 in 81% and 76% yield, respectively, then
the primary hydroxyl group at C-6 was selectively debenzy-
lated by acetolysis[13] to give compounds 6 and 8 in 93% and
86% yield, respectively. The acetate group was easily hydro-
lyzed under Ze¬mplen[14] conditions (catalytic MeONa in
MeOH) to afford the azidoalcohols 7 (87% yield) and 9
(82% yield), and subsequent Jones oxidation (CrO3,
H2SO4)[15] gave the corresponding spiroazido acids 10 (70%
yield) and 11 (82% yield). The two azido acids 10 and 11 have
different spatial arrangements of the azido groups with
respect to the carboxy terminus, which makes these structures
interesting scaffolds for inducing various pseudopeptide
secondary structures.
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Scheme 1. a) I2, THF; b) NaN3, Bu4NI, DMF; c) Ac2O/TFA 4:1; d) MeO-
Na, MeOH; e) CrO3, 3� H2SO4, acetone/H2O 2:1.


The absolute configuration of the new stereocenter gen-
erated in the iodocyclization reaction was determined by
NOESY NMR experiments (included in the Supporting
Information) performed on the azido-derivatives 4 and 5 :
this was (R) in compound 2 and (S) in 3. The iodo derivatives 2
and 3 are key intermediates for the whole synthesis, since all
the products were derived from these two compounds by
following different synthetic strategies. In fact, when a
mixture of compounds 2 and 3 was treated with zinc in acetic
acid, we obtained derivative 12, in which the C-1 hydroxyl
group is selectively deprotected and the double bond is re-
established. This selective deprotection was exploited for the
introduction of a second double bond that, upon reaction with
iodine, gave raise to a further cyclization. In more detail
(Scheme 2), oxidation (DMSO/Ac2O) of alcohol 12 afforded
the corresponding aldehyde 13, which reacted stereoselec-
tively with vinylmagnesium bromide to give the (R) allylic
alcohol 14 in 75% yield and 98% de (the absolute config-
uration was determined by 1H NMR experiments; diastereo-
meric excess was determined by HPLC). The high stereo-
selectivity of this reaction can be ascribed to the formation of
a Cram-chelated intermediate
in which the magnesium ion
coordinates the carbonyl group
and the furanosidic oxygen, as
depicted in Figure 1. Attack of
the nucleophile is allowed only
on the Re face of the carbonyl
group of this intermediate,
since the benzyloxy group at
C-3 prevents the attack from
the Si face.
Compound 14 was transformed into two different bicyclic


structures. Treatment with I2 in THF led to a 5-exo cyclization
involving the unprotected hydroxyl group derived from the
Grignard reaction to afford the spirobicyclic compound 15
(73% yield). Interestingly, in dichloromethane the iodocyc-
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Figure 1. Chelated model for
the attack of the Grignard re-
agent on aldehyde 13.
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lization proceeded differently, and the benzyloxy group at C-3
was then involved in a 5-exo cyclization with the �-allylic
substituent, to afford the fused bicyclic compound 18 (69%
yield). It is noteworthy that different rigid bicyclic structures
can be obtained just by switching the reaction medium. The
iodine atom of compounds 15 and 18 was displaced with an
azide group (NaN3, Bu4NI) to afford derivatives 16 and 19,
both in 70% yield. The vinylic and allylic group of compounds
16 and 19, respectively, were subjected to degradative
oxidation with osmium tetroxide/sodium periodate[16] fol-
lowed by treatment with NaH2PO4/NaClO2.[17]


Treatment of 14 with excess iodine in dichloromethane
produced both the cyclization reactions and afforded the
tricyclic compound 21 (Scheme 3) as a mixture of diaster-
eomers (66% yield). The formation of the third ring
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Scheme 3. a) I2, CH2Cl2.


confirmed the (R) stereochemis-
try of the stereocenter generated
at C-1 in the Grignard reaction,
since the double bond is only
properly oriented for the cycli-
zation with the benzyloxy group
at C-3 in this diastereomer.
The full characterization of


compounds 15 and 18 was per-
formed by 1D 1H NMR and
COSY experiments on a
400 MHz spectrometer. The ab-
solute configurations of the new
stereocenters were determined
by NOESY experiments, using
mixing time values optimized for
these bicyclic structures; the
analysis of NOE cross peak cor-
relation allowed also the ac-
quirement of fundamental infor-
mation about the whole confor-


mational arrangement of the bicyclic scaffolds.
The conformational preferences of the scaffolds were


investigated by using NMR measurements, especially NOE
and J analyses, assisted by molecular mechanics calculations.
The assignment of the resonances was made through a
combination of COSY, HSQC, NOESY, and TOCSY experi-
ments at 500 MHz, recorded in a variety of solvents to try to
avoid signal overlapping. The experimental couplings were
compared to those expected from the geometries obtained by
molecular mechanics calculations. In particular, the expected
coupling constants were obtained by applying the generalized
Karplus equation proposed by Altona[18] to the vicinal
proton ± proton torsion angles calculated by molecular me-
chanics calculations.
From data reported in Table 1 and in the Supporting


Information, we deduced that for the ring protons a satisfac-
tory match was observed between experimental and expected
values. Thus, the molecular mechanics calculations predict a
correct shape for the five-membered rings of the studied
molecules, namely 10, 11, 17, and 20. Moreover, the NOE
experimental contacts allowed us to deduce that the relative
positions of the key protons at distances smaller than 3.5 ä
(the experimental limit for NOE detection for molecules of
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Scheme 2. a) Zn, AcOH, EtOH/Et2O 1:1; b) DMSO/Ac2O 2:1; c) 1� vinyl magnesium bromide in THF; d) I2,
THF, 0 �C; e) I2, CH2Cl2, RT; f) NaN3, Bu4NI, DMF; g) OsO4, NaIO4, acetone/tBuOH/H2O 1:1:1; h) NaClO2,
1.25� aq. NaH2PO4, CH3CN.


Table 1. Experimental and expected (in brackets) 3J(H,H) values in Hz for the different molecules. If two values are given for the experimental J values,
these correspond to the observed values in two solvents (deuterated benzene and chloroform).[a]


Compound (3,4) (4,5) (5,6a) (5,6b) (1�a,2�) (1�b,2�) (2�,3�a) (2�,3�b) (1��,2��a) (1��,2��b)


10 1.1 0.9 ± ± 5.5 10.1 4.7 3.6 ± ±
(1.3) (0.7) (5.4) (11.0) (6.8) (3.3)


11 1.0 1.5 ± ± 5.7 9.7 6.8 4.4 ± ±
(1.2) (0.9) (5.0) (9.5) (10.6) (2.5)


17 0.6/1.6 1.0/2.7 5.2/5.4 8.1/8.6 5.0/5.6 10.6/11.0 5.3 3.8 ± ±
(0.6) (2.7) (5.4) (10.8) (8.8) (2.1)


20 5.4 7.8 3.0 5.0 ± ± ± ± 5.0 8.0
(6.7) (9.1) (2.6) (9.7)


[a] The expected coupling constants have been obtained by applying the generalized Karplus equation proposed by Altona to the vicinal proton ± proton
torsion angles calculated by molecular mechanics calculations for the five-membered rings. The corresponding values for the lateral chain have been
calculated from the predicted vicinal proton ± proton torsion angles and the corresponding probability distributions for the gg, gt, and tg rotamers (see text
and Table 2 in Supporting Information).
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this size) were also in agreement with those predicted by the
MM3* calculations (Figure 2), thus supporting the three-
dimensional shape of the molecules (detailed Figure in the
Supporting Information).


Figure 2. Schematic views of the major conformations of compounds 10,
11, 17, and 20, as provided by MM3* molecular mechanics calculations.


For the spiro compounds, the puckering of the five-
membered rings depends on the substituents and the stereo-
chemistry of the ring carbons (Table 2). Thus, most of the
sugar rings may be defined as envelopes, positioning either
C-4 (10 and 11) or C-2 (17) out of the plane defined by the
other four atoms. Regarding the second five-membered ring,
different envelope forms are also found, with C-1 (10), C-2
(11), or the oxygen (17) out of the plane defined by the other
four atoms. The different fusion of the five-membered rings in
20 produces two envelope forms with atoms C-5 and C-2� out
of the plane, respectively.
With respect to the lateral chain at position C-5 ±C-6 of the


five-membered rings of 17 and 20, the J values indicated the
presence of more than one conformer in the conformational
equilibrium in most of the cases. Indeed, for 17, one large and
one intermediate coupling were observed, indicating that the


conformational equilibrium involved at least one of the gt or
tg conformers, probably both. On the other hand, an
important contribution of the gg conformer around the
C-5 ±C-6 linkage was detected for 20, since the observed
values were one small and one intermediate.
The orientation of the lateral chain attached to the nitro-


genated moiety is of key importance to deduce the intera-
tomic distances between the N atom and the carboxylated
fragment in the different compounds. For 10, 11, 17, and 20,
the existing conformational equilibrium may be deduced from
the coupling constants of the methylene protons to the ring
proton. Again, one large and one small coupling would be
expected for either the gt or tg conformers, and two small ones
for the gg rotamer. Two intermediate to large values would be
expected for a gt :tg conformational equilibrium, while one
small and one intermediate value would be expected for a
major presence of the gg rotamer. Intermediate values were
observed for 10, 11, and 17 indicating a major conformational
equilibrium. The correct prediction by molecular mechanics
of the respective populations of the gg, gt, and tg conforma-
tions around the hydroxymethyl (azidomethyl in this case)
lateral chain of carbohydrates is far from being solved.[19] A
delicate balance between polar, steric, and solvent effects has
been postulated to account for the observed distributions. The
energy difference among the three forms is fairly low, and
small deviations from the actual energy differences may
provide population distributions far from the actual situation.
Only very recently, and by using very long-solvated MD
simulations,[19] the proper observed distribution of rotamers
around the lateral chain of galactose and glucose has been
accounted for. Therefore, by using regular molecular me-
chanics force fields, such as MM3*, only approximated values
may be obtained,[20] although the comparison between
experimental observables (i.e, J couplings) with those calcu-
lated from the computed geometries may be used to
approximate the actual distribution. In fact, although the
geometries of the five-membered rings is correct (good
agreement between experimental and expected J couplings)
with regard to the lateral chains, the comparison between the
experimental and theoretical data indicates that the MM3*-
derived values cannot explain the observed J values. In fact,
the energy differences between the three rotamers are fairly
small (smaller than 6 kJmol�1), and the presence of a
conformational equilibrium is expected. According to the
energy values provided by the MM3* molecular mechanics
calculations, the gt rotamer is always the most stable rotamer
(57, 96, 80% for 10, 11, 17, respectively), while the energy
difference between the gt and the other gg and tg rotamers
depends on the configuration at C-2�. For 10, 17, the gg is
predicted to be second (41, 13%, respectively) in stability,
while for 11, it is more destabilized than the tg (4%)
alternative. Indeed, this compound shows the highest coupling
values, thus indicating a relatively small contribution of this
rotamer with respect to 10 and 17. Actually, the population
distribution predicted for 10 (gt :gg :tg, 57:41:2) satisfactorily
matches the observed data for 11. In all three cases, the
population of the gt conformer is overestimated by the MM3*
calculations, since otherwise higher J values would be ex-
pected. The observed couplings for the lateral chains of 10 and


Table 2. Torsion angle values for the five-membered rings of compounds
10, 11, 17, and 20, according to MM3* calculations. The agreement between
experimental and expected couplings is fair, and therefore, the MM3*-
based model may be considered as a fair approximation of the actual
situation.


Torsion angle 10 11 17 20


2-3-4-5 � 37 � 36 � 26 19
3-4-5-O 39 39 7 � 37
4-5-O-2 � 24 � 25 18 43
5-O-2-3 � 1 1 � 36 � 30
O-2-3-4 25 24 38 5
conformation 4E 4E 2E 5E
2-1�-2�-O 5 30 � 28 39
1�-2�-O-1 22 � 6 42 � 39
2�-O-1-2 � 41 � 21 � 38 23
O-1-2-1� 42 38 18 3
1-2-1�-2� � 27 � 39 5 � 25
conformation 1E 2E OE 2�E
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17 may be satisfactorily explained for distributions around
60:35:5 of the gt :gg :tg rotamers. In contrast, 20 shows one
large and one intermediate value of couplings, which indicates
a major gt (or tg) rotamer. Since the MM3* energy values are
in agreement with a major contribution of the gt rotamer
(87%) versus the tg alternative (0%), the gt is possibly the
major form around the nitrogen-containing lateral chain in
this molecule. The tendency between the expected and
observed couplings is satisfactory, although with a prediction
of the gt higher than that actually existing (observed, 5 and
8 Hz; expected, 2.6 and 9.7 Hz). Indeed, the observed cou-
plings for 20 are in between those predicted for 11 and 17. A
88:8:4 distribution of the gt :gg :tg conformers produces a
satisfactory fit of the observed J couplings.
Thus, considering that the shapes of the five-membered


rings are well defined, as also deduced from the fair matching
between experimental and expected coupling constants, a
proper estimation of the distances between the two reactive
centers may be provided (see Table in the Supporting
Information).
For 10, these are 5.2 ± 7.0 ä, while for 11, the distances are


always around 7.4 ä. Smaller distances exist for 17 (around
5 ä, independent of the rotamer). A much wider array of
values may take place for 20 as a result of the additional
degree of freedom of the carboxyl group. In this case, the
values may oscillate between 4 and 6 ä, although the energy
values predict the latter to be the actual one.
Several possible diastereoisomers of compound 21, in which


two iodine atoms are attached to methylene fragments, were
also included in the calculations (Figure 3 in Supporting
Information). In this case, the possible distance oscillate by
more than 4 ä, between 5.3 and 9.5 ä.


Experimental Section


General : All solvents were dried over molecular sieves, for at least 24 h
prior to use. When dry conditions were required, the reaction was
performed under Ar atmosphere. Thin-layer chromatography (TLC) was
performed on silica gel 60F254 coated glass plates (Merck) with UV
detection when possible, or charring with a conc. H2SO4/EtOH/H2O
solution (5:45:45 v/v/v). Flash column chromatography was performed on
silica gel 230 ± 400 mesh (Merck). Routine 1H and 13C NMR spectra were
recorded at 400 MHz on a Varian Mercury instrument using CDCl3 as
solvent unless otherwise stated. Chemical shifts are reported in ppm
downfield from TMS as an internal standard; aromatic signals are omitted.
Mass spectra were recorded on a MALDI2 Kompakt Kratos instrument,
using gentisic acid (DHB) as the matrix. IR spectra were recorded on
Biorad FT/IR spectrometer FTS-40A coupled to an IR microscope Biorad
UMA-40A. Optical rotations were measured at room temperature with a
Perkin ±Elmer 241 polarimeter.


Iodo ethers 2 and 3 : C-glycoside 1[11] (4.90 g, 8.68 mmol) was dissolved in
dry THF (250 mL), and iodine (6.60 g, 26.0 mmol) was added. The reaction
mixture was stirred at room temperature for 1 h and then diluted with H2O,
and Na2S2O3 was added until the organic phase turned colorless. The
mixture was then extracted with AcOEt, the organic layer was separated,
dried (Na2SO4), filtered, and concentrated to dryness in vacuo. The crude
residue was purified by flash chromatography (petroleum ether/AcOEt
8.5:1.5) to afford cyclic iodo ethers 2 (3.40 g) and 3 (1.70 g, 98%) as clear
oils in 33% de in favor of isomer 2.


Compound 2 : [�]20D ��36.9 (c� 1.6 in CHCl3); 1H NMR: �� 4.59 ± 4.48
(m, 5H; PhCH2O), 4.40 (d, J� 11.6 Hz, 1H; PhCHO), 4.25 (d, J� 10.3 Hz,
1H; H-1a), 4.18 ± 4.16 (m, 1H; H-5), 4.12 ± 4.06 (m, 1H; H-2�), 3.94 (dd, J�


3.3, 1.7 Hz, 1H; H-4), 3.92 (d, J� 1.7 Hz, 1H; H-3), 3.88 (d, J� 10.3Hz, 1H;
H-1b), 3.58 (dd, J� 9.9, 5.5 Hz, 1H; H-6a), 3.50 (dd, J� 9.9, 6.6 Hz, 1H;
H-6b), 3.30 ± 3.18 (m, 2H; H-3�), 2.34 (dd, J� 12.8, 5.1 Hz, 1H; H-1�a), 1.64
(dd, J� 12.8, 9.9 Hz, 1H; H-1�b); 13C NMR: �� 92.94 (s; C-2), 86.80, 83.84,
82.00, 78.31 (4d; C-3, C-4, C-5, C-2�), 74.46, 73.67, 72.06, 71.99, 70.83 (5 t;
PhCH2O, C-1, C-6), 43.68 (t; C-1�), 10.31 (t; C-3�); MALDI-MS: m/z : 623
[M�Na]� , 639 [M�K]� ; elemental analysis calcd (%) for C30H3305I (600.5):
C 60.00, H 5.54; found: C 60.12, H 5.58. Compound 3 : [�]20D ��24.7(c� 1.2
in CHCl3); 1H NMR: �� 4.68 ± 4.47 (m, 5H; PhCH2O), 4.38 (d, J� 12.1 Hz,
1H; PhCHO), 4.23 ± 4.12 (m, 2H; H-5; H-2�), 4.11 (d, J� 10.3 Hz, 1H;
H-1a), 4.03 (d, J� 10.3 Hz, 1H; H-1b), 3.96 (dd, J� 3.4, 1.5 Hz, 1H; H-4),
3.84 (d, J� 1.5 Hz, 1H; H-3), 3.58 (dd, J� 10.0, 5.4 Hz, 1H; H-6a), 3.48 (dd,
J� 10.0, 6.5 Hz, 1H; H-6b), 3.34 ± 3.22 (m, 2H; H-3�), 2.25 (dd, J� 9.9,
7.4 Hz, 1H; H-1�a), 2.06 (dd, J� 9.9, 5.1 Hz, 1H; H-1�b); 13C NMR: ��
91.96 (s; C-2), 86.59, 83.82, 81.91, 79.54 (4d, C-3, C-4, C-5, C-2�), 73.46,
73.37, 71.75, 71.58, 70.30 (5 t; PhCH2O, C-1, C-6), 41.99 (t; C-1�), 9.33 (t;
C-3�); MALDI-MS: m/z : 623 [M�Na]� , 639 [M�K]� ; elemental analysis
calcd (%) for C30H33O5I (600.5): C 60.00, H 5.54; found: C 60.14, H 5.55.


Azide 4 : Iodo ether 2 (1.82 g, 3.03 mmol) was dissolved in dry DMF
(19 mL), and Bu4NI (0.56 g, 1.51 mmol) and NaN3 (0.39 g, 6.06 mmol) were
added. The reaction mixture was heated at reflux for 2 h and 30 min. The
solvent was evaporated, and the residue was purified by flash chromatog-
raphy (petroleum ether/AcOEt 9:1� 7:3) to afford 4 (1.26 g, 81%) as a
clear oil. [�]20D ��11.9 (c� 1.3 in CHCl3); 1H NMR: �� 4.68 ± 4.52 (m, 5H;
PhCH2O), 4.44 (d, J� 11.9 Hz, 1H; PhCHO), 4.38 ± 4.30 (m, 1H; H-2�),
4.28 (d, J� 10.3 Hz, 1H; H-1a), 4.19 (dt, J� 6.0, 3.3 Hz, 1H; H-5), 3.98 (dd,
J� 3.4, 1.7 Hz, 1H; H-4), 3.96 (d, J� 1.7 Hz, 1H; H-3), 3.90 (d, J� 10.3 Hz,
1H; H-1b), 3.62 (dd, J� 9.9, 6.0 Hz, 1H; H-6a), 3.53 ± 3.46 (m, 2H; H-6b,
H-3�a), 3.22 (dd, J� 9.9, 5.2 Hz, 1H; H-3�b), 2.19 (dd, 1H, J� 13.0, 5.7 Hz,
1H; H-1�a), 1.80 (dd, J� 13.0, 5.5 Hz, 1H; H-1�b); 13C NMR �� 92.94 (s;
C-2), 87.09, 84.09, 82.23, 78.37 (4d; C-3, C-4, C-5, C-2�), 74.12, 73.80, 72.18,
72.13, 71.00 (5 t; C-1, C-6, PhCH2O), 54.22 (t, C-3�), 39.93 (t, C-1�); IR
(neat): �� � 2095 cm�1; MALDI-MS: m/z : 538 [M�Na]� , 554 [M�K]� ;
elemental analysis calcd (%) for C30H3305N3 (515.6): C 69.88, H 6.45, N 8.15;
found: C 69.63, H 6.47, N 8.17.


Acetate 6 : Azide 4 (0.81 g, 1.57 mmol) was dissolved in a 4:1 mixture of
Ac2O/TFA (15 mL). The solution was stirred for 1 h and then quenched by
the addition of H2O and solid NaHCO3 to neutrality. The organic layer was
extracted by CH2Cl2, then dried (Na2SO4) filtered, and evaporated. The
resulting oil was purified by flash chromatography (petroleum ether/
AcOEt 85:15� 7:3) to afford acetate 6 (0.68 g, 93%) as colorless oil.
[�]20D ��33.2 (c� 1.7 in CHCl3); 1H NMR: �� 4.59, 4.47 (ABq, J�
11.8 Hz, 2H; PhCH2O), 4.53 (s, 2H; PhCH2O), 4.32 ± 4.29 (m, 1H; H-2�),
4.26 (d, J� 10.2 Hz, 1H; H-1a), 4.21 ± 4.09 (m, 3H; H-5, H-6), 3.94 (d, J�
1.7 Hz, 1H; H-3), 3.88 (d, J� 10.2 Hz, 1H; H-1b), 3.87 (dd, J� 4.5, 1.7 Hz,
1H; H-4), 3.50 (dd, J� 13.0, 3.6 Hz, 1H; H-3�a), 3.20 (dd, J� 13.0, 4.9 Hz,
1H; H-3�b), 2.18 (dd, J� 13.0, 5.7 Hz, 1H; H-1�a), 2.04 (s, 3H; CH3CO),
1.75 (dd, J� 13.0, 9.9 Hz, 1H; H-1�b); 13C NMR: �� 170.76 (s; CH3CO),
92.88 (s; C-2), 86.30, 83.53, 80.52, 77.98 (4d; C-3, C-4, C-5, C-2�), 73.99,
73.65, 72.00, 64.64 (4 t; C-1, C-6, PhCH2O), 53.72 (t; C-3�), 39.62 (t; C-1�),
20.85 (q; CH3CO); MALDI-MS: m/z : 491 [M�Na]� , 507 [M�K]� ;
elemental analysis calcd (%) for C25H2906N3 (467.5): C 64.23, H 6.25, N
8.99; found: C 64.55, H 6.23, N 9.01.


Alcohol 7: Acetate 6 (0.63 g, 1.36 mmol) was dissolved in dry MeOH
(10 mL), and a catalytic amount of sodium was added. After 1 h, Amberlite
IR-120 (H� form) was added and the mixture was stirred until the pH
reached neutrality. The suspension was filtered and reduced in vacuo. Flash
chromatography (petroleum ether/AcOEt 65:35) yielded alcohol 7 as a
clear oil (0.50 g, 87%). [�]20D ��26.2 (c� 0.8 in CHCl3); 1H NMR: �� 4.61,
4.42 (ABq, J� 11.6 Hz, 2H; PhCH2O), 4.55 (br s, 2H; PhCH2O), 4.35 ± 4.29
(m, 1H; H-2�), 4.24 (d, J� 10.3 Hz, 1H; H-1a), 4.12 ± 4.09 (m, 1H; H-5),
4.04 (dd, J� 3.2, 1.1 Hz, 1H; H-4), 3.92 (d, J� 1.1 Hz, 1H; H-3), 3.90 (d,
J� 10.3 Hz, 1H; H-1b), 3.77 (dd, J� 11.7, 3.0 Hz, 1H; H-6a), 3.64 (dd, J�
11.7, 3.9 Hz, 1H; H-6b), 3.50 (dd, J� 12.9, 3.6 Hz, 1H; H-3�a), 3.20 (dd, J�
12.9, 5.0 Hz, 1H; H-3�b), 2.20 (dd, J� 12.9, 5.6 Hz, 1H; H-1�a), 1.74 (dd, J�
12.9, 10.0 Hz, 1H; H-1�b), 1.65 (br s, 1H; OH); 13C NMR: �� 92.94 (s; C-2),
86.18, 83.65, 82.95, 78.04 (4d; C-3, C-4, C-5, C-2�), 73.59, 72.19, 71.69, 63.07
(4 t; C-1, C-6, PhCH2O), 53.78 (t; C-3�), 38.87 (t; C-1�); MALDI-MS: m/z :
449 [M�Na]� , 465 [M�K]� ; elemental analysis calcd (%) for C23H2705N3
(425.5): C 64.93, H 6.40, N 9.88; found: C 65.06, H 6.37, N 9.92.
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Azido acid 10 : Alcohol 7 (0.47 g, 1.03 mmol) was dissolved in acetone
(22 mL) and the solution cooled to 0 �C before treating with CrO3 (0.56 g,
5.64 mmol) dissolved in 3� H2SO4 (11 mL). After 1 h, the reaction mixture
was extracted with CHCl3. The combined organic layers were dried
(Na2SO4), filtered, and then concentrated in vacuo. The crude residue was
purified by flash chromatography (CHCl3/0.5% AcOH) to afford azido
acid 10 as colorless oil (0.32 g, 70%). [�]20D ��4.1 (c� 1.3 in CHCl3);
1H NMR (C6D6): �� 4.38 (d, J� 1.1 Hz, 1H; H-5), 4.35, 4.20 (ABq, J�
11.8 Hz, 2H; PhCH2O), 4.32 (brd, J� 1.1 Hz, 1H; H-4), 4.16, 3.97 (ABq,
J� 10.4 Hz, 2H; PhCH2O), 4.15 (d, J� 11.9 Hz, 1H; H-1a), 4.06 ± 4.03 (m,
1H; H-2�), 3.85 (d, J� 11.9 Hz, 1H; H-1b), 3.55 (d, J� 0.9 Hz, 1H; H-3),
2.84 (dd, J� 13.0, 3.6 Hz, 1H; H-3�a), 2.50 (dd, J� 13.0, 4.7 Hz, 1H; H-3�b),
1.86 (dd, J� 13.2, 5.5 Hz, 1H; H-1�a), 1.48 (dd, J� 13.2, 10.1 Hz, 1H;
H-1�b); 13C NMR: (C6D6): �� 172.33 (s; C-6), 95.46 (s; C-2), 84.96, 84.74,
81.71, 78.48 (4d; C-3, C-4, C-5, C-2�), 73.81, 72.03, 71.70 (3 t; C-1, PhCH2O),
53.44 (t; C-3�), 39.88 (t; C-1�); MALDI-MS: m/z : 463 [M�Na]� , 479
[M�K]� ; elemental analysis calcd (%) for C23H2506N3 (439.5): C 62.86, H
5.73, N 9.56; found: C 63.12, H 5.75, N 9.54.


Azide 5 : By using the experimental procedure used for the preparation of
azide 4 [using Bu4NI (0.26 g, 7.05 mmol) and NaN3 (0.18 g, 2.76 mmol) in
dry DMF (9 mL)], iodide 3 (0.85 g, 1.40 mmol) afforded azide 5 (0.55 g,
76%) as colorless oil, after chromatographic purification (petroleum ether/
AcOEt 9:1). [�]20D ��46.4 (c� 2.1 in CHCl3); 1H NMR: �� 4.68 ± 4.47 (m,
5H; PhCH2O), 4.40 (d, J� 12.0 Hz, 1H; PhCHO), 4.17 ± 4.12 (m, 2H; H-5,
H-2�), 4.09 (d, J� 10.2 Hz, 1H; H-1a), 3.99 (dd, J� 3.3, 1.5 Hz, 1H; H-4),
3.98 (d, J� 10.2 Hz, 1H; H-1b), 3.86 (d, J� 1.5 Hz, 1H; H-3), 3.61 (dd, J�
10.1, 5.5 Hz, 1H; H-6a), 3.53 (dd, J� 10.1, 6.4 Hz, 1H; H-6b), 3.47 (dd, J�
12.7, 7.0 Hz, 1H; H-3�a), 3.28 (dd, J� 12.7, 4.4 Hz, 1H; H-3�b), 2.19 (dd, J�
13.9, 7.6 Hz, 1H; H-1�a), 1.95 (dd, J� 13.4, 6.2 Hz, 1H; H-1�b); 13C NMR:
�� 91.84 (s; C-2), 86.47, 83.87, 81.92, 78.26 (4d; C-3, C-4, C-5, C-2�), 73.42,
73.00, 71.79, 71.61, 70.55 (5 t; C-1, C-6, PhCH2O), 54.41 (t; C-3�), 39.74 (t;
C-1�); IR (neat): �� � 2095 cm�1; MALDI-MS: m/z : 539 [M�Na]� , 555
[M�K]� ; elemental analysis calcd (%) for C30H3305N3 (515.6): C 69.88, H
6.45, N 8.15; found: C 69.95, H 6.44, N 8.18.


Acetate 8 : Perbenzylated azide 5 (0.23 g, 0.45 mmol) was transformed into
the corresponding acetate 8, by acetolysis (Ac2O/TFA, 5 mL) as described
for derivative 6. The crude residue was purified by flash chromatography
(petroleum ether/AcOEt 8.5:1.5) to afford acetate 8 (0.18 g, 86%) as a
clear oil. [�]20D ��37.1 (c� 1.4 in CHCl3); 1H NMR: �� 4.58, 4.45 (ABq,
J� 11.7 Hz, 2H; PhCH2O), 4.53 (br s, 2H; PhCH2O), 4.24 ± 4.12 (m, 4H;
H-5, H-6, H-2�), 4.09 (d, J� 10.2 Hz, 1H; H-1a), 3.98 (d, J� 10.2 Hz, 1H;
H-1�b), 3.88 (brd, J� 5.5 Hz, 1H; H-4), 3.86 (br s, 1H; H-3), 3.45 (dd, J�
12.8, 6.9 Hz, 1H; H-3�a), 3.29 (dd, J� 12.8, 4.8 Hz, 1H; H-3�b), 2.18 (dd,
J� 13.5, 7.7 Hz, 1H; H-1�a), 2.04 (s, 3H; CH3CO), 1.95 (dd, J� 13.5, 6.2 Hz,
1H; H-1�b); 13C NMR: �� 170.88 (s; CH3CO), 92.47 (s; C-2), 86.23, 83.88,
80.92, 78.51 (4d; C-3, C-4, C-5, C-2�), 73.19, 72.25, 72.13, 64.94 (4 t; C-1, C-6,
PhCH2O), 54.60 (t; C-3�), 40.04 (t; C-1�), 21.29 (q; CH3CO); MALDI-MS:
m/z : 491 [M�Na]� , 507 [M�K]� ; elemental analysis calcd (%) for
C25H2906N3 (467.5): C 64.23, H 6.25, N 8.99; found: C 64.06, H 6.26, N 8.97.


Alcohol 9 : Deacetylation of acetate 8 (0.27 g, 0.59 mmol) with catalytic
sodium methoxide, as described for 7, afforded alcohol 9 (0.20 g, 82%),
after chromatographic purification (petroleum ether/AcOEt 7:3). [�]20D �
�79.5 (c� 0.6 in CHCl3); 1H NMR: �� 4.62, 4.41 (ABq, J� 11.7 Hz, 2H;
PhCH2O), 4.54 (br s, 2H; PhCH2O), 4.16 ± 4.10 (m, 1H; H-2�), 4.09 ± 4.00
(m, 4H; H-1, H-4, H-5), 3.85 (d, J� 0.83 Hz, 1H; H-3), 3.78 (dd, J� 11.7,�
3.0 Hz, 1H; H-6a), 3.55 (dd, J� 11.7, 4.0 Hz, 1H; H-6b), 3.46 (dd, J� 12.7,
7.0 Hz, 1H; H-3�a), 3.30 (dd, J� 12.7, 4.4 Hz, 1H; H-3�b), 2.16 (dd, J� 13.6,
7.7 Hz, 1H; H-1�a), 2.10 (br s, 1H; OH), 1.95 (dd, J� 13.6, 6.0 Hz, 1H;
H-1�b); 13C NMR: �� 92.62 (s; C-2), 86.11, 83.99, 83.15, 78.69 (4d; C-3, C-4,
C-5, C-2�), 73.40, 72.44, 71.75, 63.31 (4 t; C-1, C-6, PhCH2O), 54.60 (t; C-3�),
39.41 (t; C-1�); MALDI-MS: m/z : 448 [M�Na]� ; elemental analysis calcd
(%) for C23H2705N3 (425.5): C 64.93, H 6.40, N 9.88; found: C 64.82, H 6.43,
N 9.97.


Azido acid 11: The same experimental procedure reported for the
oxidation of alcohol 7 was applied to the oxidation of alcohol 9 (0.05 g,
0.11 mmol in 2 mL acetone) with CrO3 (0.05 g, 0.54 mmol in 1 mL 3�
H2SO4). Purification by flash chromatography (CHCl3/EtOH 9:1 contain-
ing 0.1% AcOH) yielded azido acid 11 as a clear oil (0.04 g, 82%). [�]20D �
�2.4 (c� 0.8 in CHCl3); 1H NMR (C6D6): �� 4.36, 4.19 (ABq, J� 11.8 Hz,
2H; PhCH2O), 4.34 (brd, J� 1.5 Hz, 1H; H-5), 4.31 (br t, J� 1.1 Hz, 1H;
H-4), 4.18, 3.86 (ABq, J� 12.0 Hz, 2H; PhCH2O), 4.03 (d, J� 10.7 Hz, 1H;


H-1a), 3.83 (d, J� 10.7 Hz, 1H; H-1b), 3.68 ± 3.64 (m, 1H; H-2�), 3.44 (d,
J� 1.1 Hz, 1H; H-3), 2.95 (dd, J� 12.7, 6.8 Hz, 1H; H-3�a), 2.72 (dd, J�
12.7, 4.4 Hz, 1H; H-3�b), 1.72 ± 1.67 (m, 2H; H-1�); 13C NMR: �� 171.32 (s;
C-6), 95.55 (s; C-2), 84.78, 84.31, 81.98, 78.74 (4d; C-3, C-4, C-5, C-2�), 73.96,
72.53, 72.02 (3 t; C-1, PhCH2O), 54.45 (t; C-3�), 40.22 (t; C-1�); MALDI-MS:
m/z : 463 [M�Na]� , 479 [M�K]� ; elemental analysis calcd (%) for
C23H2506N3 (439.5): C 62.86, H 5.73, N 9.56; found: C 62.78, H 5.70, N 9.59.


Alcohol 12 : Iodo ethers 2 and 3 (1.48 g, 2.62 mmol) were dissolved in 1:1
Et2O/EtOH (30 mL) and dust Zn (1.49 g, 22.8 mmol) and AcOH (0.26 mL)
were added. After stirring for 24 h, the suspension was filtered, and the
solvent was evaporated. The residue was dissolved in CH2Cl2 and the
solution was washed with 5% aqueous HCl. The organic layer was dried
(Na2SO4), filtered and concentrated in vacuo. The crude residue was
purified by flash chromatography (petroleum ether/AcOEt 8:2) to afford
alcohol 12 (0.90 g, 80%) as colorless oil. [�]20D ��12.9 (c� 1.6 in CHCl3);
1H NMR: �� 5.83 ± 5.71 (m, 1H; H-2�), 5.09 (d, J� 10.3 Hz, 1H; H-3�a),
4.97 (dd, J� 17.2, 1H; H-3�b), 4.72 ± 4.46 (m, 6H; PhCH2O), 4.45 (t, J�
7.3 Hz, 1H; H-4), 4.12 (d, J� 7.3 Hz, 1H; H-3), 3.92 (td, J� 7.3, 3.2 Hz, 1H;
H-5), 3.72 ± 3.64 (m, 2H; H-1a, H-6a), 3.52 ± 3.46 (m, 2H; H-1b, H-6b), 2.30
(dd, J� 13.9, 6.2 Hz, 1H; H-1�a), 2.18 (dd, J� 13.9, 8.0 Hz, 1H; H-1�b), 1.60
(br s, 1H; OH); 13C NMR: �� 132.98 (d; C-2�), 119.12 (t; C-3�), 84.33 (s;
C-2), 86.71, 83.56, 79.40 (3d; C-3, C-4, C-5), 73.70, 73.23, 73.21, 69.71, 66.43
(5 t; C-1, C-6, PhCH2O), 40.41 (t; C-1�); MALDI-MS: m/z : 498 [M�Na]� ,
514 [M�K]� ; elemental analysis calcd (%) for C30H3405 (474.6): C 75.92, H
7.22; found: C 76.03, H 7.25.


Aldehyde 13 : Alcohol 12 (1.57 g, 3.32 mmol) was dissolved in pre-dried
(over molecular sieves) DMSO/Ac2O (2:1, 77 mL). After 24 h, the mixture
was diluted with AcOEt, extracted with ice-cold water, dried (Na2SO4) and
concentrated in vacuo. The crude aldehyde was directly submitted to the
next reaction.


Alcohol 14 : Aldehyde 13 (0.47 g, 1.00 mmol) was dissolved in dry THF
(13 mL), and the solution was cooled to 0 �C, and 1� vinyl magnesium
bromide in dry THF (2.0 mL) was then added. After 1 h, the reaction was
quenched with saturated aqueous NH4Cl and extracted with AcOEt. The
organic phase was dried over Na2SO4, filtered, and the solvent was
evaporated to dryness. The crude residue was purified by flash chromatog-
raphy (petroleum ether/AcOEt 9:1) to afford allylic alcohol 14 (0.375 g,
75%, 98% de) as a colorless oil. An analytical sample of crude 14 was
analyzed by HPLC for quantification of diasteroselectivity (Waters HPLC
system equipped with a Merck LiChrosorb Si-60 column (250� 4 mm;
5 �m), and eluting with a flow rate of 1 mLmin�1 with a linear gradient 0�
100% eluent B in eluent A; analysis time 30 min, eluent A: hexane and
eluent B: AcOEt; detection at 280 nm with an absorbance detector
Waters2487 dual �). [�]20D ��14.6 (c� 1.0 in CHCl3); 1H NMR: �� 5.99
(ddd, J� 17.3, 9.9, 7.0 Hz, 1H; H-1��), 5.86 ± 5.70 (m, 1H; H-2�), 5.25 (dd, J�
17.3, 1.4 Hz, 1H; H-2��a), 5.21 (brd, J� 9.9 Hz, 1H; H-2��b), 5.10 (brd, J�
10.1 Hz, 1H; H-3�a), 4.98 (brd, J� 17.2 Hz, 1H; H-3�b), 4.78 ± 3.98 (m, 7H;
H-4, PhCH2O), 4.23 (d, J� 7.0 Hz, 1H; H-3), 4.19 (d, J� 7.0 Hz, 1H, H-1),
3.91 (dt, J� 6.7, 3.2 Hz, 1H; H-5), 3.71 (dd, J� 10.5, 3.2 Hz, 1H; H-6a), 3.50
(dd, J� 10.5, 6.7 Hz, 1H; H-6b), 2.40 (dd, J� 14.2, 5.9 Hz, 1H; H-1�a), 2.12
(dd, J� 14.2, 8.5 Hz, 1H; H-1�b); 13C NMR: �� 136.56, 133.15 (2d; C-2�,
C-1��), 118.99, 117.14 (2 t; C-3�, C-2��), 86.88, 83.81, 79.48, 75.09 (4d; C-1, C-3,
C-4, C-5), 85.15 (s; C-2), 73.48, 73.07, 72.96, 69.55 (4 t; C-6, PhCH2O), 40.55
(t; C-1�); MALDI-MS: m/z : 501 [M�H]� , 524 [M�Na]� , 539 [M�K]� ;
elemental analysis calcd (%) for C32H3605 (500.6): C 76.77, H 7.25; found: C
76.92, H 7.26.


Spiroiodo ether 15 : Allylic alcohol 14 (0.03 g, 0.06 mmol) was dissolved in
dry THF (1 mL), then cooled to 0 �C and treated with iodine (0.02 g,
0.07 mmol). The solution was warmed to room temperature and stirred for
4 h. The reaction mixture was then diluted with H2O, and Na2S2O3 was
added until the solution became colorless. The aqueous layer was extracted
with AcOEt. The organic extract was dried (Na2SO4), filtered, and
concentrated in vacuo. The crude residue was purified by flash chromatog-
raphy (petroleum ether/Et2O 8:2) to afford compound 15 (0.03 g, 73%) as
colorless oil, and its epimer (0.005 g), corresponding to 87% overall yield,
and 71% de in favor of epimer 15, as determined by 1H NMR spectroscopy
of the crude mixture. [�]20D ��76.9 (c� 0.7 in CHCl3); 1H NMR (C6D6):
�� 6.18 (ddd, J� 16.2, 10.5, 5.0 Hz, 1H; H-1��), 5.55 (dt, J� 16.2, 1.5 Hz,
1H; H-2��a), 5.16 (dt, J� 10.5, 1.5 Hz, 1H; H-2��b), 5.05 (d, J� 5.0 Hz, 1H;
H-1), 4.55 ± 4.32 (m, 6H; H-5, H-2�, PhCH2O), 4.28, 4.17 (ABq, J� 11.3 Hz,
2H; PhCH2O), 4.10 (d, J� 1.6 Hz, 1H; H-4), 3.78 (dd, J� 8.5, 5.2 Hz, 1H;
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H-6a), 3.74 (d, J� 7.0 Hz, 1H; H-3), 3.64 (t, J� 8.5 Hz, 1H; H-6b), 3.22 (dd,
J� 9.8, 5.2 Hz, 1H; H-3�a), 3.08 (dd, J� 9.8, 7.2 Hz, 1H; H-3�b), 2.61 (dd,
J� 12.9, 4.8 Hz, 1H; H-1�a), 1.52 (dd, J� 12.9, 8.7 Hz, 1H; H-1�b);
13C NMR (C6D6): �� 137.55 (d; C-1��), 116.69 (t; C-2��), 95.89 (s; C-2),
86.23, 85.90, 83.69, 82.89, 78.66 (5d, C-1, C-3, C-4, C-5, C-2�), 73.63, 71.63,
71.63, 71.52 (4 t; C-6, PhCH2O), 40.33 (t; C-1�), 9.66 (t; C-3�); MALDI-MS:
m/z : 648 [M�Na]� , 664 [M�K]� ; elemental analysis calcd (%) for
C32H35I05 (626.5): C 61.35, H 5.63; found: C 61.42, H 5.68.


Spiroazide 16 : Iodo ether 15 (0.02 g, 0.003 mmol) was dissolved in dry
DMF (0.2 mL), and Bu4NI (0.006 g, 0.002 mmol) and NaN3 (0.004 g,
0.006 mmol) were added. The reaction mixture was heated at reflux for 2 h.
Evaporation under reduced pressure and flash chromatography (petroleum
ether/AcOEt 9:1) afforded azide 16 (0.01 g, 70%) as a clear oil. [�]20D �
�79.8 (c� 0.5 in CHCl3); 1H NMR: �� 5.95 (ddd, J� 16.2, 10.5, 5.5 Hz,
1H; H-1��), 5.36 (d, J� 16.2 Hz, 1H; H-2��a), 5.13 (d, J� 10.5 Hz, 1H;
H-2��b), 4.61 ± 4.45 (m, 5H; H-1, PhCH2O), 4.41 ± 4.36 (m, 1H; H-2�), 4.37,
4.30 (ABq, J� 11.4 Hz, 2H; PhCH2O), 4.23 (br t, J� 5.7 Hz, 1H; H-5), 3.92
(d, J� 1.6 Hz, 1H; H-4), 3.76 (s, 1H; H-3), 3.65 (dd, J� 9.5, 5.7 Hz, 1H;
H-6a), 3.52 ± 3.46 (m, 2H; H-6b, H-3�a), 3.39 (dd, J� 12.9, 5.4 Hz, 1H;
H-3�b), 2.26 (dd, J� 12.8, 4.8 Hz, 1H; H-1�a), 1.69 (dd, J� 12.8, 11.3 Hz,
1H; H-1�b); 13C NMR: �� 136.50 (d; C-1��), 116.93 (t; C-2��), 95.25 (s; C-2),
85.37, 85.27, 83.47, 82.70, 77.33 (5d; C-1, C-3, C-4, C-5, C-2�), 73.65, 71.79,
71.71, 71.15 (4 t; C-6, PhCH2O), 54.93 (t; C-3�), 36.46 (t; C-1�); IR (neat):
�� � 2100 cm�1; MALDI-MS: m/z : 565 [M�Na]� , 581 [M�K]� ; elemental
analysis calcd (%) for C32H35N305 (541.6): C 70.96, H 6.51, N 7.76; found: C
71.05, H 6.53, N 7.78.


Spiroazido acid 17: Azide 16 (0.05 g, 0.09 mmol) was dissolved in H2O/
acetone/tBuOH (1:1:1, 0.63 mL), and a 5 mgmL�1 solution of OsO4 in
tBuOH (0.80 mL) and NaIO4 (0.06 g, 0.26 mmol) were then added. The
suspension was stirred for 1 d, the salts were filtered off, and the solvent was
evaporated under reduced pressure. The crude aldehyde was dissolved in
CH3CN (1.1 mL), and then NaClO2 (0.03 g, 0.89 mmol) and a 1.25�
aqueous solution of NaH2PO4 ¥ 2H2O (0.14 g, 0.89 mmol) were added.
The solution was stirred for 1 d, the solvent reduced in vacuo, and the crude
residue was purified by flash chromatography (petroleum ether/AcOEt
1:1� petroleum ether/AcOEt 2:8 containing 0.1% AcOH) to afford azido
acid 17 (0.02 g, 45%) as a clear oil. [�]20D ��61.4 (c� 0.8 in CHCl3);
1H NMR (C6D6): �� 4.82 (s, 1H; H-1), 4.34 ± 4.15 (m, 9H; H-4, H-5, H-2�,
PhCH2O), 3.99 (d, J� 1.6 Hz, 1H; H-3), 3.53 (dd, J� 9.4, 5.4 Hz, 1H;
H-6a), 3.45 (dd, J� 9.4, 8.1 Hz, 1H; H-6b), 2.93 (dd, J� 13.2, 3.8 Hz, 1H;
H-3�a), 2.78 (dd, J� 13.2, 5.3 Hz, 1H; H-3�b), 2.21 (dd, J� 12.4, 10.9 Hz,
1H; H-1�a), 2.10 (dd, J� 12.4, 5.0 Hz, 1H; H-1�b), 2.05 (br s, 1H; OH);
13C NMR: �� 175.05 (s; C-1��), 95.835 (s; C-2), 86.93, 85.20, 83.41, 83.01,
80.43 (5d; C-1, C-3, C-4, C-5, C-2�), 73.35, 72.25, 71.51, 70.91 (4 t; C-6,
PhCH2O), 53.51 (t; C-3�), 38.82 (t; C-1�); MALDI-MS: m/z : 582 [M�Na]� ,
598 [M�K]� ; elemental analysis calcd (%) for C31H33N307 (559.6): C 66.53,
H 5.94, N 7.55; found: C 66.45, H 5.99, N 7.48.


Fused iodo ether 18 : Allylic alcohol 14 (0.04 g, 0.007 mmol) was dissolved
in dry CH2Cl2 (1.5 mL), iodine (0.02 g, 0.009 mmol) was then added, and
the solution was stirred for 2 h. The reaction mixture was diluted with H2O,
and Na2S2O3 was added until the solution became colorless. The solution
was extracted with CH2Cl2, and the organic layer was dried (Na2SO4),
filtered, and concentrated in vacuo. The crude residue was purified by flash
chromatography (petroleum ether/AcOEt 9:1) to afford iodo ether 18
(0.02 g, 56%) as a clear oil together with its epimer (4 mg), corresponding
to 69% overall yield and 71% de in favor of isomer 18, as determined by
1H NMR spectroscopy. [�]20D ��20.8 (c� 1.0 in CHCl3); 1H NMR (C6D6):
�� 6.15 ± 6.04 (m, 1H; 2�), 5.15 (brd, J� 16.1 Hz, 1H; H-3�a), 5.10 (brd,
J� 9.6 Hz, 1H; H-3�b), 4.70 ± 4.63 (m, 1H; H-1��), 4.58 (br s, 1H; H-3),
4.55 ± 4.32 (m, 5H; H-5, PhCH2O), 4.20 (d, J� 2.8 Hz, 1H; H-1), 4.16 (d,
J� 4.4 Hz, 1H; H-4), 3.66 ± 3.50 (m, 2H; H-6), 3.31 (t, J� 9.3 Hz, 1H;
H-2��a), 3.21 (dd, J� 9.3, 5.7 Hz, 1H; H-2��b), 2.82 (dd, J� 14.2, 5.9 Hz, 1H;
H-1�a), 2.63 (dd, J� 14.2, 8.2 Hz, 1H; H-1�b), 1.45 (br s, 1H; OH); 13C NMR
(C6D6): �� 134.93 (d; C-2�), 118.40 (t; C-3�), 96.15 (s; C-2), 91.42, 87.43,
84.94, 83.62, 76.69 (5d; C-1, C-3, C-4, C-5, C-1��), 74.07, 72.64, 71.19 (3 t; C-6,
PhCH2O), 35.38 (t; C-1�), 1.71 (t; C-2��); MALDI-MS: m/z : 558 [M�Na]� ,
574 [M�K]� ; elemental analysis calcd (%) for C25H29IO5 (536.4): C 55.98,
H 5.45; found: C 56.05, H 5.41.


Fused azide 19 : Nucleophilic substitution of iodide 18 (0.02 g, 0.06 mmol)
by using NaN3 (0.07 g, 0.11 mmol), Bu4NI (0.01 g, 0.03 mmol) and dry DMF
(0.24 mL)] as previously reported for 16, affording azide 19 as clear oil


(0.02 g, 70%) after purification by flash chromatography (petroleum ether/
AcOEt 8:2). [�]20D ��69.4 (c� 0.5 in CHCl3); 1H NMR: �� 6.07 ± 5.97 (m,
1H; 2�), 5.20 (brd, J� 17.2 Hz, 1H; H-3�a), 5.16 (brd, J� 9.9 Hz, 1H;
H-3�b), 4.62, 4.50 (ABq, J� 11.7 Hz, 2H; PhCH2O), 4.54 (br s, 2H;
PhCH2O), 4.42 (br s, 1H; H-3), 4.37 ± 4.25 (m, 1H; H-5), 4.20 (q, J�
5.1 Hz, 1H; H-1��), 4.09 (d, J� 2.6 Hz, 1H; H-4), 3.93 (d, J� 4.8 Hz, 1H;
H-1), 3.60 ± 3.51 (m, 2H; H-2��), 3.49 ± 3.46 (m, 2H; H-6), 2.74 (dd, J� 14.6,
5.5 Hz, 1H; H-1�a), 2.58 (dd, J� 14.6, 8.8 Hz, 1H; H-1�b), 2.09 (br s, 1H;
OH); 13C NMR: �� 134.01 (d; C-2�), 118.28 (t; C-3�), 95.37 (s; C-2), 89.84,
86.22, 83.81, 80.31, 76.20 (5d; C-1, C-3, C-4, C-5, C-1��), 73.63, 72.28, 70.36
(3 t; C-6, PhCH2O), 50.26 (t; C-2��), 34.71 (t; C-1�); IR (neat): �� � 2099 cm�1;
MALDI-MS: m/z : 474 [M�Na]� , 491 [M�K]� ; elemental analysis calcd
(%) for C25H29N3O5 (451.5): C 66.50, H 6.47, N 9.31; found: C 66.61, H 6.49,
N 9.35.


Fused azido acid 20 : The same experimental procedure reported for the
synthesis of 17 was applied to derivative 19 (0.05 g, 0.12 mmol) by using
0.60 mL of a solution of OsO4, NaIO4 (0.05 g, 0.02 mmol); then NaClO2


(0.11 g, 1.19 mmol), a 1.25� aqueous solution of NaH2PO4 ¥ 2H2O
(0.97 mL)]. The crude residue was purified by flash chromatography
(petroleum ether/AcOEt 2:8 containing 0.1% AcOH) to afford azido
acid 20 (0.04 g, 77%) as a clear oil. [�]20D ��30.4 (c� 1.3 in CHCl3);
1H NMR (C6D6): �� 4.42, 4.23 (ABq, J� 11.7 Hz, 2H; PhCH2O), 4.21, 4.15
(ABq, J� 12.0 Hz, 2H; PhCH2O), 4.11 (d, J� 3.2 Hz, 1H; H-3), 3.98 (d,
J� 3.6 Hz, 1H; H-1), 3.90 ± 3.80 (m, 3H; H-4, H-5, H-1��), 3.35 (dd, J� 10.9,
3.0 Hz, 1H; H-6a), 3.22 (dd, J� 10.9, 4.3 Hz, 1H; H-6b), 3.04 (dd, J� 12.9,
7.8 Hz, 1H; H-2��a), 2.76 (dd, J� 12.9, 4.7 Hz, 1H; H-2��b), 2.25 (s, 1H;
H-1�); 13C NMR: �� 172.06 (s; C-2�), 93.31 (s; C-2), 93.73, 86.54, 84.03,
82.72, 79.87 (5d; C-1, C-3, C-4, C-5, C-1��), 73.89, 72.52, 69.62 (3 t; C-6,
PhCH2O), 50.06 (t; C-2��), 38.99 (t; C-1�); MALDI-MS:m/z : 492 [M�Na]� ,
508 [M�K]� ; elemental analysis calcd (%) for C24H27N3O7 (469.5): C 61.40,
H 5.80, N 8.95; found: C 61.39, H 5.82, N 9.00.


Tricycle 21: Alcohol 14 (0.03 g, 0.06 mmol) was dissolved in dry CH2Cl2
(1.4 mL), and iodine (0.09 g, 0.36 mmol) was added. After stirring the
solution for 1 h, the reaction was diluted with H2O, and Na2S2O3 was added
until the solution became colorless. The solution was extracted with AcOEt
and the organic layer was dried (Na2SO4), filtered, and concentrated to
dryness. The crude was purified by flash chromatography (petroleum ether/
AcOEt 9:1) to afford tricycle 21 (0.03 g, 66%) as a clear oil, as a mixture of
four non-separable diastereomers. NMR data refers to the major isomer.
13C NMR: (C6D6): �� 99.68 (s; C-2), 99.09, 89.14, 84.11, 83.44, 83.25, 80.64
(6d; C-1, C-3, C-4, C-5, C-2�, C-1��), 74.26, 72.78, 70.89 (3 t; C-6, PhCH2O),
44.09 (1 t; C-1�), 9.35 (t; C-3�), 1.18 (t; C-2��); MALDI-MS: m/z : 686
[M�Na]� , 702 [M�K]� ; elemental analysis calcd (%) for C25H28I2O5


(662.3): C 45.34, H 4.26; found: C 45.45, H 4.26.


Conformational analysis


Molecular mechanics and dynamics calculations : Molecular mechanics and
dynamics calculations were performed using the MM3* force field as
implemented in MACROMODEL 4.5.[21] Firstly, all the possible staggered
orientations of the lateral chains were used for the constituent molecular
fragments. Gauche ± gauche (gg), trans ± gauche (tg), and gauche ± trans (gt)
orientations are defined for the relative orientation (either gauche or trans)
of the heteroatom (het) of the lateral chain with respect to the O and
C-vicinal endocyclic atoms, respectively (see Figure 1). Separate calcula-
tions for a dielectric constant �� 10 and for the continuum GB/SA solvent
model were performed.[22] All the initial geometries of the different
compounds (3, 8, or 17, depending on the number of lateral chains) were
optimized using 200 steepest descent steps, followed by the number of
conjugate gradient iterations required for complete convergence.


For the molecular dynamics (MD) simulations with the MM3* force field,
500 structures were sampled for the 1ns simulation time. The time step was
set to 1.5 fs and the SHAKE option was employed for the C�H bonds. The
temperature was set to 300 K. Interproton distances and proton ± proton
torsion angles were then estimated from the output geometries to be
compared with the experimental NOE and J NMR results.


NMR analysis : NMR experiments were recorded on Varian Unity and
Bruker Avance 500 MHz spectrometers, using approximately 3 ±
10 mgmL�1 solutions of the mimetics at different temperatures. Chemical
shifts are reported in ppm, against the external reference TMS (0 ppm),
independently of the solvent used. The double quantum-filtered COSY
spectrum was performed with a data matrix of 256� 1 K to digitize a
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spectral width of 4000 Hz. 16 scans were used with a relaxation delay of 1 s.
The two-dimensional TOCSY experiment was performed using a data
matrix of 256� 2 K to digitize a spectral width of 4000 Hz. Four scans were
used per increment with a relaxation delay of 2 s. MLEV17 was used for
the 100 ms isotropic mixing time. The one-bond proton ± carbon correlation
experiment was collected in the 1H detection mode using the HSQC
sequence and a reverse probe. A data matrix of was used to digitize a
spectral width of 2000 Hz in F2 and 10000 Hz in F1. Four scans were used
per increment with a relaxation delay of 1 s and a delay corresponding to a
J value of 145 Hz. A BIRD pulse was used to minimize the proton signals
bonded to 12C. 13C decoupling was achieved by the WALTZ scheme.


NOESY experiments were performed with the selective one-dimensional
double pulse field gradient spin echo module,[23] using four different mixing
times, namely 150, 300, 450, and 600 ms. Two-dimensional NOESY and
two-dimensional T-ROESY[24] experiments were also performed using
mixing times of 450 ± 800 ms.
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Heterodinuclear Cryptates [EuML(dmf)](ClO4)2 (M�Ca, Cd, Ni, Zn):
Tuning the Luminescence of Europium(���) through the Selection of the
Second Metal Ion


Qiu-Yun Chen,[a, b] Qin-Hui Luo,*[a, b] Xue-Lei Hu,[a, b] Meng-Chang Shen,[a] and
Jiu-Tong Chen[c]


Abstract: Four heterodinuclear cryp-
tates [EuML(dmf)](ClO4)2 (M�Ca,
Cd, Ni, Zn) were synthesized by a two-
step method (L denotes deprotonated
anionic cryptand synthesized by con-
densation of tris(2-aminoethyl)amine
with 2,6-diformyl-4-chlorophenol). The
ES-MS spectra of the four cryptates and
the crystal structure of [EuNiL(dmf)]-
(ClO4)2 ¥MeCN confirm that a strict


dinuclear EuIII ±MII entity exits in the
cryptates. The cyclic voltammetry and
luminescence spectral investigations in-
dicate that the introduction of second
metal ions into the mononuclear EuIII


cryptate result in a negative shift of the
redox potential of EuIII and a change in
luminescence intensity of EuIII. The
cryptate [EuML(dmf)](ClO4)2 was
shown to quench the emission of EuIII


when M�Ni and to enhance the emis-
sion of EuIII whenM�Ca, Cd, and Zn in
the sequence: mononuclear�Eu±Ca�
Eu±Cd�Eu±Zn.


Keywords: cryptates ¥ europium ¥
lanthanides ¥ luminescence ¥ struc-
ture elucidation


Introduction


Over recent years the interest in the synthesis and properties
of lanthanide complexes has increased dramatically.[1±6] Their
novel structures and properties have resulted in technological
applications,[7±9] for example, lanthanide(���) complexes are
important as tunable photonic devices with potential for
biomedical diagnostics and fluorescence imaging[10] as well as
chemical logics[11] in molecular information processing. Some
lanthanide ions, such as Eu3� and Tb3�, exhibit strong
emission and excited states with long lifetimes but have
extremely low absorption coefficients[12] and so the scope of
their application is limited. This drawback can be overcome
through encapsulation of metal ions inside the cavity of
cryptands. The cryptands shield the metal ions from inter-
action with solvents and thus avoid radiationless deactivation


processes of luminescence emission and enhance thermody-
namic and kinetic stability of the complexes in solution by the
cryptate effect. Therefore, europium or terbium cryptates
with valuable luminescence properties can be obtained by a
suitable choice of cryptand with an antenna chromophore[13]


and by tuning the photophysical and electronic properties
through structural modifications of the cryptates.[14, 15] The
syntheses and luminescence properties of some EuIII cryptates
have been described,[16±21] such as those based on oxamacro-
cycles,[22, 23] azamacrocycles,[24] macrocycles with bipyridyl[25, 26]


and aromatic N-oxide functional groups,[27] and macrocycles
with functionalized calixarenes,[28] as well as novel iminophe-
nolate cryptates[29, 30] (Robson type).
However, the number and type of cryptates that have been


used is still quite limited.[31] All of them are mononuclear or
homodinuclear lanthanide cryptates. There have been few
reports on the luminescence properties of heterodinuclear
cryptates containing both lanthanide(���) and other metal ions.
It is well known that heterodinuclear complexes have unique
properties that are different from those of the analogous
mononuclear and homodinuclear complexes. Introduction of
a second, dissimilar, metal ion into mononuclear lanthanide
complexes permits the tuning of magnetic[15] and photophys-
ical properties of lanthanide ions.[32] Recently a Robson-type
heterodinuclear Dy ±Cu cryptate was synthesized by our
group for the first time.[33] Subsequently, the magnetic
interaction between GdIII and NiII atoms in the iminopheno-
late Gd ±Ni cryptate[34] was studied. As part of a continuing
study aimed at gaining a better understanding of the
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luminescence properties of lanthanide heteronuclear crypt-
ates, herein we report four new heterodinuclear europium(���)
cryptates [EuML(dmf)](ClO4)2 (M�Ca, Cd, Ni, Zn; L
denotes deprotonated anionic cryptand synthesized by con-
densation of tris(2-aminoethyl)amine with 2,6-diformyl-4-
chlorophenol). The synthetic route to these compounds is
different from the general method for Robson-type hetero-
dinuclear dimensional macrocyclic complexes and is shown in
Scheme 1.[35] They were characterized by electrospray mass
spectrometry (ES-MS), cyclic voltammetry (CV), and X-ray
crystal structure analysis. Their luminescence properties were
also studied. The experimental results show that introduction
of the second metal ion into the mononuclear EuIII cryptate
resulted in an increase of the absorption coefficients of the
cryptates, a negative shift of the redox potential of EuIII, and a
change in the luminescence intensity of EuIII. The intensity
can be tuned by selective introduction of the second metal ion
into the mononuclear EuIII cryptate.


Results and Discussion


Syntheses : In general,[35] Robson-type heteronuclear two-
dimensional macrocyclic complexes are obtained by a [2�1]
condensation of dialdehyde with amine in the presence of the
first metal and then by cyclization with another molecule of
dissimilar amine using the second metal as a template. The
present cryptates [EuML(dmf)](ClO4)2 (M�Ca 1, Cd 2, Ni 3,
Zn 4) were synthesized by the following route as shown in
Scheme 1: 1) Synthesis of [Eu(H3L)(NO3)(H2O)](ClO4)2 (5)
as the precursor which included one molecule of water as a
guest species in the cavity. 2) During the reaction of added
CaH2 with the precursor, three protons of the cryptand were
neutralized and the included water molecule was replaced by
a calcium ion, which led to the formation of the [EuCaL]2� ion
as an intermediate in solution that could be isolated as the
product [EuCaL(dmf)](ClO4)2. 3) The ES-MS of [Eu-
CaL(dmf)](ClO4)2 has demonstrated that the Ca2� ion in the
cryptate is unstable and labile towards dissociation and
replacement. Thus the Ca2� ion may be replaced by transition
metals. Thus far we failed to synthesize d ± f heteronuclear
cryptates in the absence of CaH2 or by the general method.


Characterization : The values of the solution molar conduc-
tivities of cryptates 1 ± 4 indicated that all are 1:2 electrolytes.
The results of molar conductivity studies and elemental
analysis showed that three phenolic protons of mononuclear
cryptate [Eu(H3L)(NO3)(H2O)](ClO4)2 (5) were lost during
coordination of the second metal ion, in agreement with the
X-ray structural determination. The data from the electronic


Scheme 1. The syntheses of the heterodinuclear cryptates. The electron
charges of metal and cryptate cations are omitted.


spectra are presented in Table 1. Electronic spectra of
heterodinuclear cryptates in MeCN display three intense
bands. The band centered around 380 nm is assigned to the
C�N chromophore, whereas the other two bands at about
250 nm and 225 nm are assigned to the � ±�* transition of the
K band of benzene rings. In the Eu ±Ni cryptate, the
remaining band at 650 nm may be assigned to the d ± d
transition of NiII. The introduction of a second metal ion into
[Eu(H3L)(NO3)(H2O)](ClO4)2 led to a blue shift of the three
intense bands and to an increase of the molar absorption
coefficients. The maximum blue-shift of the C�N bands
observed is 30 nm, and the maximum increase of the molar
absorption coefficient of the C�N band is about 9�
103 Lmol�1 cm�1.


Electrospray mass spectra : The ES-MS data of cryptates 1 ± 4
are listed in Table 2. The most intense peak of each of the
heteronuclear cryptates corresponds to the fragment [Eu-
ML]2� formed by loss of a coordinated DMF molecule. This
confirms the presence of the EuIII ±MII core in the cryptate.
The other peak clusters are assigned to binding of the
fragment [EuML]2� with solvent molecules or ClO4


�, or loss
of chlorine atoms from the phenyl rings. Unlike for cryptate 1,


Table 1. Data from the electronic spectra of EuIII cryptates in MeCN solution.


No cryptates � [nm] (�) � [nm] (�� 104 Lmol�1 cm�1)


[EuCaL(dmf)](ClO4)2 (1) 380 (2.07) 247 (8.84) 222 (9.21)
[EuCdL(dmf)](ClO4)2(2) 376 (2.50) 247 (9.42) 224 (10.01)
[EuNiL(dmf)](ClO4)2 ¥MeCN (3) 635(33) 377 (1.88) 248 (7.03) 225 (8.33)
[EuZnL(dmf)](ClO4)2 ¥MeCN (4) 379 (2.46) 248 (8.96) 223 (9.75)
[Eu(H3L)(NO3)(H2O)](ClO4)2 (5) 406 (1.62) 264 (3.04) 230 (8.30)
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no peaks were found due to the loss of Eu3� or M2�. This
indicates that cryptates 2 ± 4 are stable under the conditions of
ES-MS. From Table 2, it is remarkable to note that the peak in
the ES-MS of [EuCaL(dmf)](ClO4)2 (1) at m/z 404.4 is
attributed to the species [EuL�2H�]2� which was formed by
loss of the encapsulated Ca2� ion and the trapping of two
protons. This indicates that cryptate 1 is unstable and labile;
the encapsulated Ca2� ion is able to dissociate and be replaced
by transition metal ions as mentioned in the previous section.
The isotopic distribution at m/z 463.3 was calculated[36] by
using the numbers and natural isotopic abundance of atoms in
[EuCaL]2�. The calculated pattern (Figure 1a) is similar to the
experimental one (Figure 1b), further confirming the the
existence of the heterodiuclear EuIII ±CaII cryptate.


Figure 1. The isotopic distribution of the peak cluster at m/z 463.3:
a) calculated pattern; b) experimental pattern.


Cyclic voltammetric behavior : The cyclic voltammogram of
[Eu(H3L)(NO3)(H2O)](ClO4)2 (5) in DMF, scanned from 0 ±
� 2.20 Vat a scan rate of 0.05 Vs�1 (Figure 2a), shows one pair
of well-defined cathodic and anodic peaks with peak poten-
tials of Epc��0.860 and Epa��0.780 V (NHE), respectively.


Figure 2. The cyclic voltammograms of a) [Eu(H3L)(NO3)(H2O)](ClO4)2
(5), b) [EuNiL(dmf)](ClO4)2 (3 ; full line) and [EuZnL(dmf)](ClO4)2 (4 ;
dash line) in DMF, concentration of the complexes: 1.50� 10�3 molL�1,
Bu4NClO4: 0.1 molL�1, scan rate: 0.05 Vs�1.


The value of the half-wave potential E1/21 was calculated to be
�0.820 V. The cathodic and anodic peaks are of equal
intensity and the separation between the anodic and cathodic
peaks (80 mV) increases with scan rate. Furthermore, peak
heights for the complex are proportional to the square root of
the scan rate. From these results, it may be concluded that
cryptate 5 underwent a quasi-reversible reduction process
that can be ascribed to the EuIII/EuII couple. The voltammo-
grams of heterodinuclear cryptates 3 and 4 are shown in
Figure 2b. Cryptate 2 also has a voltammetric pattern similar
to those of 3 and 4. For example, [EuNiL(dmf)]2� exhibits
three one-electron redox processes that may be assigned as
follows:


[EuIIINiIIL]2� � e� [EuIINiIIL]� E1/21��0.990 V


[EuIINiIIL]� � e� [EuIINiIL]0 E1/22��1.520 V


[EuIINiIL]0 � e� [EuIINi0L]� E1/23��1.765 V


The electrochemical data of the four cryptates 2 ± 5 are
listed in Table 3. Notably, in the three heteronuclear cryptates,


Table 2. The assignment of ES-MS peaks for cryptates 1 ± 4 in MeOH.


Cryptate Peaks (m/z) Assignments


1 1027.3 (37) [EuCaL�ClO4
�]2�


479.3 (14) [EuCaL�CH3OH]2�


463.3 (100) [EuCaL]2�


444.4 (37) [EuL� 2H�]
2 1099.0 (12) [EuCdL�ClO4


�]�


500.4 (100) [EuCdL]2�


3 1043.3 (8) [EuNiL�ClO4
�]�


1003.1 (20) [EuNi(L� 3Cl)�ClO4
�� 1.5MeOH�H2O]�


985.3 (20) [EuNi(L� 3Cl)�ClO4
�� 1.5MeOH]�


472.3 (100) [EuNiL]2�


464.3 (25) [EuNi(L�Cl)�H2O]2�


4 1051.2 (18) [EuZnL�ClO4
�]�


512.2 (10) [EuZnL(dmf)]2�


476.3 (100) [EuZnL]2�
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reduction potentials of EuIII/EuII are a function of the divalent
ions in the second site and are negatively shifted relative to
the mononuclear cryptate 5, that is, EuIII in mononuclear
cryptate is reduced more easily than those in heteronuclear
cryptates. The sequence of increasing difficulty of reduction in
these cryptates has the order: mononuclear�EuIII-NiII�
EuIII-CdII�EuIII-ZnII.


Crystal structure : A summary of the crystal data for complex
3 is given in Table 4. The structure of the complex cation
[EuNiL(dmf)]2� of 3 is shown in Figure 3. The structural
analysis of 3 confirms that the dinuclear EuIII ±NiII entity
exists in the cryptate. The EuIII center is located at one end of
the cavity and is eight-coordinate with bridgehead nitrogen
atoms N(1), three imino-nitrogen atoms (N(2), N(3), N(4)),
the oxygen atom O(4) of DMF, and three phenoxy-oxygen
atoms (O(1), O(2), O(3)). The coordination configuration is
best described as distorted dodecahedral. The average bond
lengths for EuIII�N(imino) (2.492 ä) and EuIII�phenol
(2.329 ä) in the heteronuclear cryptate 3 are shorter than
those in mononuclear cryptate 5 (2.529 and 2.360 ä,[30]


respectively), but the distance between the two bridgehead
nitrogen atoms in 3 (9.112 ä) is
longer than that in 5 (8.407 ä).
These observations indicate that
the EuIII center needs to fine-
tune its coordination environ-
ment to suit the coordination of
NiII, with the result that the
cryptand cycle is extended and a
shortening of the coordination
bonds of EuIII takes place.
The other end of the cavity is


occupied by Ni2�. Three �2-phe-
nolate-oxygen atoms and three
imino-nitrogen atoms are coor-
dinated to the Ni2� center, form-
ing a distorted octahedral config-
uration. The bond lengths of the
three Ni�N(imino) and three
Ni�O(phenol) bonds are in the
ranges 2.055 ± 2.104 ä and
2.091 ± 2.218 ä, respectively, and
the average angle of the three
EuIII-O(phenol)-NiII entities is
91.6�. The EuIII ¥ ¥ ¥ NiII distance
(3.2204 ä) shows that a weak
interaction exists between the
NiII and EuIII atoms. The Schiff-
base cryptand H3L is therefore a


versatile ligand, capable of encapsulating monometal or
heterodimetal ions.


Luminescence properties : Excitation of mononuclear crypt-
ate 5 and heteronuclear EuIII ±MII (M�Ca, Cd, Zn) cryptates
in MeCN with light of wavelenght 400 nm gives rise to the
characteristic emissions of the Eu3� ion, and their emission
spectra are essentially identical. By comparing the absorption
and luminescence excitation spectra of the four cryptates at


Table 3. The half wave potentials [V] of some EuIII cryptates in DMF
(NHE).


EuIII EuIII ± CdII EuIII ±NiII EuIII ± ZnII


5 2 3 4


E1/21 � 0.820 � 0.995 � 0.990 � 1.165
E1/22 ± � 1.148 � 1.520 � 1.785
E1/23 ± � 1.340 � 1.765 � 1.959


Table 4. Crystallographic data for [EuNiL(dmf)](ClO4)2 ¥MeCN.


formula C41H46Cl5N10O12EuNi
Mr 1258.80
crystal system monoclinic
space group P2(1)/c
T [K] 293(2)
a [ä] 19.6676(5)
b [ä] 11.8492(3)
c [ä] 21.5154(6)
� 98.0300(10)
V 4964.9(2)
F000 2536
Z 4
�calcd [gcm�3] 1.684
� [mm�1] 1.970
� range for data collection [�] 1.05��� 25.01
R(int) 0.0664
goodness of fit 1.196
number of data measured 20201
number of data with I� 2�(I) 8659
R1 (I� 2�(I)) 0.0716
wR2[a] [I� 2�(I)) 0.1452


[a] w� 1/[�2(F 2
o�� (0.03444P)2� 31.7350P], P� [F 2


o � 2F 2
c ]/3.


Figure 3. The crystal structure of the [EuNiL(dmf)]2� ion in 3. Selected bond lengths [ä] angles [�]: Eu�O(1)
2.340(6), Eu�O(2) 2.335(6), Eu�O(3) 2.313(5), Eu�O(4) 2.403(7), Eu�N(1) 2.653(8), Eu�N(2) 2.499(8),
Eu�N(3) 2.500(8), Eu�N(4) 2.477(8), Ni�O(1) 2.140(6), Ni�O(2) 2.218(6), Ni�O(3) 2.091(5), Ni�N(5) 2.104(8),
Ni�N(6) 2.055(8), Ni�N(7) 2.093(9); Ni-O(1)-Eu
91.8(2), Ni-O(2)-Eu 90.0(2), Ni-O(3)-Eu 93.9(2).
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about 400 nm, one evident similarity between them is that
they show energy transfer from an excited state to the EuIII


vibration level. All emissions arise from the 5D0 level
corresponding to the 5D0 � 7FJ (�J� 0, 1 ± 4) transition. The
positions of the bands do not change significantly on addition
of the second metal ion to the mononuclear cryptate, implying
that there is no change in the coordination environment of the
EuIII ion. The emission spectra of cryptates 1, 4, and 5 are
shown in Figure 4.


Figure 4. The emission spectra of a) mononuclear 5 (dash line) and 4 (full
line), b) 1; concentration: 4.0� 10�6 molL�1 in MeCN. The response of the
detector was corrected.


The weak bands at 580 nm (5D0 � 7F1) and the intense
bands around 613 nm (5D0 � 7F2) are magnetic dipole-
allowed and electric dipole-allowed transitions, respectively.
The emission intensities of the latter are sensitive to the
coordination environment of the EuIII ion. The intensities for
the 5D0 � 7F2 transition are much higher than those for
5D0 � 7F1, showing that these cryptates have no inversion
center. The bands around 655 and 700 nm were produced
from the transitions 5D0 � 7F3 and 5D0 � 7F4, respectively.
On comparing the fluorescence spectra of the mononuclear


cryptate 5with those of the heteronuclear cryptates, it is found
that the emission intensity of 5 is weaker than those of 2 and 4,
and close to that of 1. The intensity ratio of 2 or 4 to 5 is about
3:1. The order of increasing of emission intensities is in
agreement with that of quantum yields. The sequence is:
mononuclear�EuIII ± CaII�EuIII ±CdII�EuIII ± ZnII.


A broad band around 450 ± 575 nm corresponding to a
ligand-centered band is observed for each cryptate. The
ligand-centered band of cryptate 1 displays two maxima at 496
and 521 nm, which result from partial dissociation of calcium
ions in the solution, as proven by ES-MS. It is remarkable that
both the emission intensity and quantum yield of the ligand of
cryptate 1 are the highest among the heterodinuclear com-
plexes, but those of EuIII in 1 are lower than those of 2 and 4.
The quantum yield of the EuIII ion in cryptate 1 was close to
that of the mononuclear EuIII cryptate 5, implying that the
Ca2� ion made little contribution to the luminescence of EuIII


in 1, but made a contribution to that of the ligand. The light
absorbed by the ligand of 1 is therefore not converted
efficiently into light emitted by EuIII.
The quantum yields and lifetimes of cryptates at 613 nm are


listed in Table 5. Cryptate 4 has the highest quantum yield for
EuIII emission of the compounds studied. The ratio of 4 or 2 to
that of 5 is 1.90:1 or 1.73:1, indicating that the synergism of


ZnII or CdII ions with EuIII increased the efficiency of energy
transfer between the triplet level of the ligand and the 5D0


excited state of the EuIII ion. The enhancement of emission of
the Eu excited state resulting from the binding of ZnII or CdII


ions is likely to be related to suppression of photo-induced
electron transfer from the ligand to the Eu center. Such an
effect has been used to ™sense∫ zinc.[37] In addition, the EuIII


ion in cryptate 4 has the most negative potential obtained
from cyclic voltammetry. It is so difficult to reduce EuIII after
introduction of ZnII that deactivation is greatly decreased for
the 5D0 emitting level of EuIII.[17, 22] Moreover in [Eu-
(H3L)(NO3)(H2O)](ClO4)2 (5), the labile coordinated nitrate
ion and encapsulated water molecule in the macrocylcic cavity
were replaced in each case by a second metal ion which
prevented interaction of the EuIII ion with solvent molecules.
For cryptate 3, no emission bands of EuIII are observed. The


fluorescenece of 3 is quenched by energy transfer from the
excited EuIII to NiII through the bridging oxygen atoms
followed by a radiationless energy loss, as reported by
others.[38]


Recently, many investigations have been done on crypt-
ation-enhanced fluorescence to make chemosensors.[17, 31] We
use mononuclear EuIII cryptate as a receptor (host molecule)
and input a second metal ion as guest species into the host
molecule, resulting in a change in the fluorescence intensity of
EuIII. The intensities of EuIII can be tuned by the selective
introduction of metal ions into the receptor. Herein, long
wavelength excitation was used, one of the longest used to


Table 5. Luminescence quantum yields and lifetimes of some EuIII


cryptates in MeCN at 293 K.[a]


Cryptate �EuIII�102 �L� 102 � [ms][b]


1 1.50 3.74 0.45
2 2.46 0.43 0.46
4 2.76 0.32 0.29
5 1.42 0.91 0.29


[a] Experimental errors of � and � are 10% and 0.01 ms, respectively. The
data are averages of at least three independent determinations. [b] The
lifetimes were measured at 613 nm.
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date. Because the excitation wavelength used is below
320 nm, direct application of such systems is clearly preclud-
ed.[39] Such a cryptand-based fluorescence system might be
useful for the development of photonic devices and metal ion
sensors in the future.


Conclusion


Four new heterodinuclear cryptates [EuML(dmf)](ClO4)2
(M�Ca, Cd, Ni, Zn) were synthesized by a two-step method.
[Eu(H3L)(NO3)(H2O)](ClO4)2 is used as the precursor. The
[EuCaL]2� ion acted as an intermediate in the reaction
process, being formed by the addition of CaH2 to the reaction
solution to adjust the pH value. ES-MS shows that the
[EuCaL]2� ion is unstable and labile toward dissociation and
replacement of the Ca2� ion. X-ray analysis indicates that a
strict dinuclear EuIII ±NiII entity exists in the cryptates. After
the formation of EuIII ±NiII cryptate, the Eu�N(imino) and
Eu�O(phenol) bond lengths are shortened because the
environment surrounding the EuIII ion was slightly modified
to suit the coordination of the Ni2� ion.
The introduction of a second metal ion into the mono-


nuclear EuIII cryptate resulted in a blue shift of the three
ligand-centered bands and a small increase in the molar
absorption coefficients. In addition, a negative shift of the
redox potential of EuIII, and a change in luminescence
intensity of EuIII took place. It is remarkable that the
introduction of the Ni2� ion led to quenching of the EuIII


emission by energy transfer from the excited EuIII to NiII.
Conversely, introduction of Zn2� or Cd2� into mononuclear
EuIII cryptate led to a threefold increase of the luminescence
intensity of EuIII. However, the introduction of Ca2� led to a
clear increase of the emission of ligand-centered bands, but
the emission of EuIII hardly changed because the light
absorbed by the ligand was not converted efficiently into
light emitted by EuIII in presence of Ca2�. The order of
increase in quantum yield of EuIII is: mononuclear� Eu±
Ca�Eu±Cd�Eu±Zn.


Experimental Section


Materials : Eu(NO3)3 ¥ 6H2O was prepared by dissolving Eu2O3 (99.99%) in
an excess of nitric acid; tris(2-aminoethyl)amine and 2,6-diformyl-4-
chlorophenol were prepared by literature methods.[40] Acetonitrile for the
fluorescence study was dried by treatment with CaH2 and distilled over
P2O5. The [Ru(bipy)3]Cl2 used as a standard material in the quantum yield
measurement was synthesized according to a literature procedure[41] and
recrystallized twice from doubly distilled water. The quantum yield was
checked against rhodamine B[42] and found to be in accord with the
literature value.


Physical measurements : C, H, and N elemental analyses were performed
on a Perkin-Elmer 240c analytical instrument. Themetal ± element analysis
was performed on a POEMS (II) (ICP-MS) instrument. The molar
electrical conductivities of the complexes (10�4 molL�1) in DMF were
measured at 25 �C� 0.1 �C using a BSD-A conductmeter. The IR spectra
were recorded as KBr discs using a Nicolet 5 DX FTIR spectrophotometer.
Electronic spectra were recorded on a UV-3100 spectrophotometer. The
electrospray mass spectra were determined on a Finnigan LCQ mass
spectrometer, the concentration of the samples being about 1.0 �molL�1.
The diluted solutions were electrosprayed at a flow rate of 5�


10�6L�1min�1 with a needle voltage of �4.5 KV. The mobile phase was
methanol.


Cyclic votammetry experiments were performed on a PAR Model 273
potentiostat coupled to a PAR Model 175 universal programmer. A three-
electrode system was used in all experiments. A glassy carbon electrode
was employed as the working electrode, Ag ±AgCl as reference electrode
and a platinum coil wire as auxiliary electrode. Ferrocene was used as the
internal standard. It has been proposed that the oxidation of ferrocene to
the ferrocenium ion occurs at the same potential in some solvents. In water
the process occurs at �0.400 V versus NHE or at 0.160 V versus SCE.[43]
Experiments were performed under a purified nitrogen atmosphere at 25�
0.1 �C. The complex concentrations were 1.5� 10�3 molL�1 in 0.1 molL�1


TBAP (tetrabutylammonium perchlorate) DMF solutions. The solutions
were deaerated for about 15 min before applying the voltage. The half wave
potentials E1/2 were calculated approximately from (Epa � Epc)/2 and the
error in the measured potential was �2 mV. Unless otherwise stated, all
potentials reported are referenced to NHE.


Luminescence measurements : Luminescence spectra were measured with
an AB2 spectrafluorometer. In measurements of emission and excitation
spectra the band pass was 5.0 nm. The quantum yield of EuIII complexes
was measured by using a relative method with [Ru(bipy)]Cl2 as the
standard. Its quantum yield is 0.042 in aqueous solution at 20 �C.[44] The
quantum yields of the EuIII complexes were calculated from Equation (1),
where� is the quantum yield, subscript s stands for the reference and x for
sample, A is the absorbance at the excitation wavelength (400 nm), n is the
reference index (1.343 for MeCN solution and 1.344 for aqueous solution)
andD is the emission integrated area in the emission range of 575 ± 725 nm.


�x/�s� [AS/Ax][nx2/ns2][Dx/Ds] (1)


The sample absorbances (Aex) at the excitation wavelength were kept as
low as possible to avoid fluorescence errors (Aexc� 0.09 ± 0.11). The
solutions, containing complexes at concentrations of about 2.0�
10�6 molL�1, were deoxygenated with a stream of super-pure nitrogen for
15 min.


The fluorescence lifetimes of the complexes at 613 nm were measured by
using a laser-induced fluorescence method. The excitation source is a
Q-switched Nd:YAG laser with a pulse-width of 10 ns and a repetition rate
of 10 Hz. The samples were excited at a wavelength of 355 nm and
fluorescence signals were aggregated into a 0.6 m monochromator using a
lens. Detected data were averaged on a 500 MHz digital real-time
oscilloscope (Tektronix, TDS 620B).


Crystal structure determination : Single crystals of [EuNiL(dmf)](ClO4)2 ¥
MeCN (3) were obtained by a slow diffusion of diethyl ether vapor into a
solution of the cryptate in acetonitrile for one week. Diffraction data were
collected on a Siemens Smart/CCDC area-detector[45] with monochromat-
ed MoK	 (�� 0.71073 ä) radiation using � and 
 scans. The collected data
were reduced by using the program SAINT and empirical absorption
correction was done using the SADABS[46] program. The structure was
solved by direct methods. All non-hydrogen atoms were refined anisotropi-
cally by full-matrix least-squares methods. Hydrogen atoms of the ligands
were placed in their calculated positions with C�H� 0.93 ä. All hydrogen
atoms were assigned fixed isotropic thermal parameters (1.2 times the
atoms to which they were attached) and were allowed to ride on their
respective parent atoms. The contribution from these hydrogen atoms was
included in structure-factor calculations. All computations were carried out
using the SHELXTL-PC program package.[47]


CCDC-189333 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.can.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Centre,
12 Union Road, Cambridge CB21EZ, UK; Fax: (�44)1223-336033; or
deposit@ccdc.cam.ac.uk).


Syntheses of the cryptates


[EuCaL(dmf)](ClO4)2 (1): [Eu(H3L)(NO3)(H2O)](ClO4)2 (5; see below)
(0.120 g, 0.1 mmol) was dissolved in methanol (15 mL) with a small amount
of DMF (1.0 mL). Solid CaH2 (0.012 g, 0.3 mmol) was added to the
solution, and the resultant solution was stirred for 30 min, and then filtered.
The light yellow microcrystals of 1 were obtained by evaporating the
filtrate at room temperature. Yield: 0.079 g, 65%; IR (KBr): �� � 1648 (s,
C�N), 1542 (s, C�O), 1090 (s, ClO4


�), 625 cm�1 (m, ClO4
�); m (DMF,
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298 K): 140 Scm2mol�1; elemental analysis calcd (%) for C39H43Cl5N9O12-


CaEu: C 39.06, H 3.62, N 10.51, Eu 12.67, Ca 3.34; found: C 39.38, H 3.79, N
10.62, Eu 12.89, Ca 3.49.


[EuCdL(dmf)](ClO4)2 (2): The mononuclear europium(���) cryptate 5
(0.120 g, 0.1 mmol) was dissolved in methanol (15 mL) with a small
amount of DMF (1.0 mL). After the addition of an excess of solid CaH2 and
stirring for 2 h, the pH of the solution changed to 7 ± 8. Calcium(��)
perchlorate (0.031 g, 0.1 mmol) was added to the solution and the mixture
was refluxed for about 4 h. The solution was concentrated until the red
product formed. Yield: 0.077 g, 60%; IR (KBr): �� � 1643 (s, C�N), 1541 (s,
C�O), 1089 (s, ClO4


�), 625 cm�1 (m, ClO4
�); m (DMF, 298 K):


142 Scm2mol�1; elemental analysis calcd (%) for C39H43Cl5N9O12CdEu: C
36.82, H 3.41, N 9.91, Cd 8.84, Eu 11.95; found: C 36.72, H 3.54, N 9.80, Cd
8.76, Eu 11.98.


[EuNiL(dmf)](ClO4)2 ¥ MeCN (3): This compound was synthesized by
methods similar to those used in the synthesis of 2. Yield: 0.057 g, 45%; IR
(KBr): ƒ� 1645 (s, C�N), 1541 (s, C�O), 1089 (s, ClO4


�), 625 cm�1 (m,
ClO4


�); m (DMF, 298 K): 145 Scm2mol�1; elemental analysis calcd (%)
for C41H46Cl5N10O12EuNi: C 39.12, H 3.69, N 11.13, Eu 12.07, Ni 4.66;
found: C 39.25, H 3.76, N 10.89, Eu 11.89, Ni 4.78.


[EuZnL(dmf)](ClO4)2 ¥ MeCN (4): This compound was synthesized by
methods similar to those used in the synthesis of 2. Yield: 0.073 g; 58%; IR
(KBr): �� � 1645 (s, C�N) 1541 (s, C�O), 1089 (s, ClO4


�), 625 cm�1 (m,
ClO4


�); m (DMF, 298 K): 145 Scm2mol�1; elemental analysis calcd (%)
for C41H46Cl5N10O12EuZn: C 38.79, H 3.66, N 11.03, Eu 11.97, Zn 5.46;
found: C 39.25, H 3.76, N 10.89, Eu 11.89, Zn 5.34.


[Eu(H3L)(NO3)(H2O)](ClO4)2 (5): This compound was synthesized as
described in reference [30].
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Characterization of Aerogel Prepared High-Surface-Area Alumina:
In Situ FTIR Study of Dehydroxylation and Pyridine Adsorption


Abbas A. Khaleel[b] and Kenneth J. Klabunde*[a]


Abstract: Mesoporous high-surface-
area alumina was prepared by a modi-
fied aerogel procedure. Specific surface
areas between 530-685 m2g�1 were ob-
tained after heat treatment at 500 �C.
Nitrogen adsorption studies have shown
that surface areas and pore character-
istics change upon decomposition of
aluminum hydroxide to oxide as well as
upon compaction of oxide powders. The
surface area of aluminum hydroxide
increased to a maximum, while the pore
volume and diameter decreased as the
hydroxide was heated to a temperature


of 400 �C. Heating at higher temper-
atures resulted in sintering of the par-
ticles accompanied by a decline in the
surface area. Compaction of activated
alumina into pellets was accompanied
by a relatively gradual change in the
surface area and pore characteristics at
pressures below 6.9� 107 Pa, while se-
vere changes took place at a pressure of


1.4� 108 Pa. In situ IR studies of the
dehydroxylation of the alumina surface,
showed �(OH) absorptions for isolated
surface hydroxy groups centering at
3670, 3714, and 3765 cm�1, which are
shifted to lower frequencies than com-
mon literature values. Pyridine was
found to adsorb on Al3� ions as well as
through hydrogen bonding to relatively
acidic surface OH groups, and IR spec-
tra indicated the presence of strong
Lewis acid sites.


Keywords: adsorption ¥ aerogels ¥
alumina ¥ mesoporous materials ¥
nanotechnology


Introduction


The synthesis and applications of nanoscale materials have
triggered a great deal of interest in recent years.[1±5] Their
importance stems from the unusual behavior they have shown
compared with their bulk counterparts with respect to
chemical and physical properties. Of special interest to
chemists is the high surface area of metal oxides and their
chemical properties, especially their remarkable potential as
heterogeneous catalysts as well as sorbents.
Alumina powder has been widely studied and employed as


a catalyst as well as a support for other catalytic materials such
as metals and metal oxides,[6±9] and is commercially available in
surface areas between 150–250 m2g�1, while higher surface area
materials have been obtained from sol ± gel preparations.[10±14]


The surface composition of alumina has been widely
studied because of its important role in catalytic processes.
Both IR,[15±18] 1H and[27] Al NMR spectroscopy[19, 20] have been


employed as powerful tools to study the surface composition
of these materials. Coordinatively unsaturated Al3� ions and
surface hydroxy (OH) groups are believed to play a key role
in the catalytic behavior of high surface area alumina, and
various structural models have been proposed.[21±23] . Owing to
the presence of tetrahedrally (Td) and octahedrally (Oh)
coordinated Al3� sites on the surface, several stretching
vibrational frequencies for surface hydroxy groups have been
observed in the FTIR spectrum of alumina. Structures and
FTIR assignments of these groups will be discussed in more
detail herein.
Alumina is known to possess an acidic surface, and the


nature and the degree of acidity has been widely studied[18, 22]


by adsorbing probe molecules such as ammonia,[24] carbon
monoxide,[18] and pyridine.[25] While pyridine is relatively a
strong base, it is weaker than ammonia and is preferred in
some cases due to the fact that it may not react with some of
the weaker sites that would react with ammonia. One of the
objectives of the current study was to investigate whether very
high surface area alumina exhibits any differences in its
behavior, including its interaction with pyridine, over known
lower surface area alumina.[25] FTIR spectroscopy has proven
to be a good tool for studying the adsorption of pyridine since
it allows investigation of the changes in the pyridine ring
vibrations in the 1400 ± 1700 cm�1 region of the spectrum.
Herein, we report our results from a recent study of high-


surface-area alumina. We have studied the process of trans-
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forming a high-surface-area hydroxide aerogel into ultrafine
alumina powder, dehydroxylation of alumina samples at
different temperatures, effect of compaction on the surface
area and porosity, and finally the adsorption of pyridine as a
probe molecule to ascertain the surface acidity.
It should be noted that other authors have also described


high surface area alumina samples prepared by sol ± gel
methods.[10±14] Some differences between these previous
results and the present work are: In the current work, 1) no
organic additives have been used; 2) hydrolysis and gelation
were carried out at room temperature; 3) two different
starting materials and several different solvents have been
compared; 4) higher surface areas were achieved.


Results and Discussion


Preparation and characterization of high-surface-area alumi-
na: The two alkoxide precursors employed in this study
resulted in mesoporous aluminum hydroxide aerogels with
specific surface areas (SSA) between 500 ± 800 m2g�1 and
average pore diameters (APD) between 90 ± 130 ä. Upon
heat treatment at 500 �C under dynamic vacuum, the hydrox-
ide was converted to highly divided aluminum oxide with a
SSA in the range between 530 ± 685 m2g�1 and an average
pore diameter of between 70 ± 100 ä.
Table 1 shows some characteristics measured for the as-


prepared aluminum hydroxide aerogel before and after
activation (conversion to alumina) at 500 �C versus some
preparational variables, specifically, the type of precursor and
the solvents used.


As shown in Table 1, the surface area of alumina obtained
from aluminum tri-isopropoxide was always higher than that
obtained from sec-butoxide. In part, this could be due to the
solvent used in each case. sec-Butyl alcohol has a critical
temperature of 263 �C as compared to 235 �C for 2-propanol.
Since in both cases the temperature of drying the gel in the
autocalve was 265 �C, more complete removal of the solvent
in the case of isopropoxide is expected. Also the final pressure
in the autoclave obtained when the solvent was 2-propanol
was higher than that obtained from sec-butyl alcohol. Higher
pressure during the heating stage may aid in limiting the
aggregation of particles, and hence better protects the pores in
the material.


Two solvent systems were used: the corresponding alcohol,
2-propanol or sec-butyl alcohol, or a mixture of the alcohol
and toluene. The presence of toluene gives a very clear gel
while in the case of alcohol alone the solubility of alkoxide
was lower (more time was needed to dissolve it), and an
opaque gel was obtained upon hydrolysis. We have observed
the following differences in the final products obtained from
both systems. First, the apparent density of the hydroxide
aerogel obtained from toluene-containing systems was always
about two ± three times higher than that obtained from
alcohol-alone systems. When toluene is not present in the
solvent, finer and more fluffy-looking powder was obtained as
compared to chunky-looking product in the case where
toluene was present. Second, the surface area was about
10 ± 15% higher, in most of our trials, when toluene was not
involved. Third, the color of the alumina after activation at
500 �C was generally slightly darker when the toluene/alcohol
mixture was used, indicating more carbonacious deposits.
Again, we think that these effects are due to the difference in
the critical temperature of the solvents. While 2-propanol and
sec-butyl alcohol have critical temperatures of 235 and 260 �C,
respectively, toluene has a critical temperature of 315 �C. The
temperature of the supercritical drying treatment, employed
in this study, was 265 �C which leads to higher pressure and
more complete removal of the solvents in the case of alcohol
alone, especially for 2-propanol due to its lower critical
temperature.
Densities measured for the hydroxide aerogel samples were


in the range between 2.2 ± 2.6 g cm�3; however, they increased
slightly (2.4 ± 2.7 gcm�3) upon activation at 500 �C. For
comparison, the density for commercial high surface are
alumina (from Aldrich, SSA� 155 m2g�1) was measured by
the same technique showing a density of 3.16 gcm�3. Particle
sizes of between 3 and 4 nm for the hydroxide and the oxide
samples were calculated based on the SSA and density
measurements. A corresponding estimated particle size was
also obtained for alumina activated to 500 �C from the TEM
image shown in Figure 1. Powder XRD studies showed very
broad patterns, typical of amorphous materials, which did not
allow us to assign the alumina phase type or calculate the
crystallite size.
The N2 adsorption/desorption isotherms obtained for both


hydroxide and oxide samples were all typical H3 type and in
very few cases H2 type (IUPAC classification), which in both
cases represents mesoporous materials with mixed-pore
systems (Figure 2). Figure 2 shows also the BJH analyses for
pore volume distribution. In the case of the hydroxide, the
BJH analyses show a broader distribution of the pore volume
and a larger portion of large pores than for alumina.


Surface area and porosity at different activation temper-
atures : Portions from a hydroxide sample were activated at
different temperatures for four hours. For each sample, the
SSA, the porosity, and density were measured after the heat
treatment. Results for the different temperatures are shown in
Table 2.
The surface area of the aerogel hydroxide increases as it is


heated under dynamic vacuum at temperatures below 400 �C.
This indicates that at temperatures below 400 �C, the hydrox-


Table 1. Some characteristics of aluminum hydroxide before and after
thermal dehydration to alumina at 500 �C.[a] Data in parentheses corre-
sponds to the alumina.


Precursor Solvent[b] SSA TPVc APD[d] Density
[m2g�1] [cm3g�1] [ä] [gcm�3]


Al-tri- alcohol 755 (680) 2.20 (1.35) 125.5 (84.5) 2.45 (2.58)
isopropoxide mixture 663 (590) 2.09 (1.42) 132.3 (97.1) 2.59 (2.64)
Al-tri-sec- alcohol 621 (559) 2.30 (1.41) 98.1 (98.0) 2.62 (2.65)
butoxide mixture 559 (570) 1.76 (1.24) 94.7 (87.0) 2.60 (2.63)


[a] Data presented in this table are taken from representative experiments
and data reproducibility within 10%was obtained. [b] Alcohol refers to the
corresponding alcohol, and mixture refers to the same alcohol mixed with
toluene. [c] TPV� total pore volume. [d] APD� average pore diameter.







High-Surface-Area Alumina 3991±3998


Chem. Eur. J. 2002, 8, No. 17 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0817-3993 $ 20.00+.50/0 3993


Figure 1. TEM image of an alumina sample activated at 500 �C.


ide aerogel undergoes decomposition where each particle
fragments into a number of particles resulting in higher
specific surface areas. As they are heated at higher temper-
atures, above 400 �C, they tend to sinter producing larger
particles and lower SSA. The overlap between the two
processes, activation (decomposition) and sintering, gives rise
to a maximum in the curve of surface area versus heat
treatment temperature at about 400 �C as indicated in Table 2.
While the specific surface area increased upon activation to


temperatures below 400 �C, the TPV and the average pore


Figure 2. N2 adsorption/desorption isotherms (left) and BJH pore volume distribution profiles (right) of aluminum hydroxide and aluminum oxide
(alumina) samples.


Table 2. Specific surface area and porosity of alumina as a function of heat
treatment temperature.


Temperature SSA TPV APD
[�C] [m2g�1] [cm3g�1] [ä]


hydroxide 530 2.20 100.0
250 641 1.34 83.7
300 649 1.40 85.2
400 587 1.24 84.5
500 575 1.25 87.2
700 422 1.21 88.9
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diameter (APD) decreased from the beginning of the process,
at 250 �C. At temperatures above 250 �C, the TPV and APD
seem to be stable. From this behavior, it is likely that the
hydroxide loses a significant portion of it large pores as a
result of fragmenting into smaller particles, which results in an
increase in the SSA. After this decomposition process is
complete and a full conversion to oxide is achieved, most of
the large pores are already lost and the TPV and the APD
become relatively stable. On the other hand, the particles tend
to sinter into larger particles (at temperatures higher than
400 �C) such that the SSA decreases without noticeable
change in the porosity. This behavior is clearly indicated from
the BJH pore volume distribution profiles in Figure 2, where
the activated alumina profile shows a sharper distribution
with a much lower predominance of large pores than observed
for the hydroxide.


Surface area and porosity versus compaction (pelletizing)
pressure : Portions of an alumina sample (pre-activated at
500 �C) were pelletized at different pressures by using a
hydraulic press. Samples were then ground, and a N2


adsorption study was carried out on each. Results of BET,
SSA, and porosity measurement are presented in Table 3.


While the surface area decreased gradually and slightly upon
compaction below 3.4� 108 Pa, the TPV and APD decreased
more significantly. This indicates that the compaction below
this pressure has resulted in significant shrinkage of large
pores without a significant increase in primary crystallite
sintering. At very high pressure, 6.9� 108 Pa, severe loss of
pore volume and considerable sintering takes place, resulting
in a considerable loss in the SSA and porosity. The N2


adsorption/desorption isotherm and BJH analysis presented
in Figure 3 shows clearly this effect. The isotherm shown,
deviates significantly from the typical isotherms of mesopo-
rous materials shown in Figure 2, showing no considerable
capillary condensation behavior but mainly adsorption on a
microporous-like material. The BJH pore volume distribution
shows a very sharp maximum centered at a diameter of about
30 ä, and a lack of large pores.


In situ IR study of dehydroxylation of aluminum hydroxide/
oxide : An important and interesting region of the spectrum is
the �(OH) region that shows the transformation of the
hydroxide to oxide and the residual surface hydroxy species as
the sample is heated. The spectrum of the as-prepared
hydroxyl aerogel shows a very broad absorption band
between 3200 cm�1 and 3770 cm�1 which is a typical feature


Figure 3. N2 adsorption/desorption isotherm and BJH pore volume
distribution for alumina pellets compacted at 20000 pounds.


for hydrogen-bonded, network-like or associated, hydroxy
groups. Upon heating, the broad band below 3600 cm�1


disappears gradually and is almost eliminated at 500 �C. This
absorption corresponds to the molecularly adsorbed water
and associated OH groups. At temperatures above 500 �C,
only strongly bound, isolated or non hydrogen-bonded,
hydroxy groups remain attached to the surface and show
absorption bands between 3670 and 3775 cm�1. Absorptions
at 3670 and about 3750 cm�1 were removed more favorably as
a significant decrease in their intensities was observed at
temperatures above 400 �C.
Similar IR absorption bands have been observed by others


and have been associated with structurally different alumi-
num sites on the surface.[21±23] On the surface of alumina
particles, two coordinatively different types of aluminum ions
are encountered, tetrahedral (Td) and octahedral (Oh), which
have coordination numbers of four and six, respectively.
Based on these two different coordinations of aluminum ions
on the surface, five types of hydroxy groups have been
proposed to be present on the surface of alumina.[22] The
structures of these types are shown in Figure 4 along with their
observed absorption frequencies as proposed by Knˆzinger
and Ratnasamy.[22] The occurrence of each type differs from
one sample to another depending on the planes exposed.


Table 3. SSA and pores� characteristics of alumina pellets versus pressure
of compaction.


Powder Pellets, pressure of compaction
[Pounds]


5000 10000 20000
surface area [m2g�1] 558 508 486 311
total pore volume [cm3g�1] 2.19 0.87 0.59 0.26
average pore diameter [ä] 132.4 74.3 52.6 33.2
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However; based on structural considerations, the bridging-
type species occur more frequently.
Accordingly, five �(OH) peaks are expected in the IR


spectrum. In the literature,[15] these five absorptions have been
observed to occur at three main frequencies, 3695, 3735, and
3795 cm�1 for alumina with specific surface area, 100 ±
300 m2g�1. In some cases they were resolved into the following
five absorptions: 3695 ± 3705, 3730 ± 3735, 3740 ± 3745, 3760 ±
3780, and 3785 ± 3800.[22]


For the high-surface-area alumina, in this study, we have
observed similar IR spectra, but, interestingly, we have found
that these bands shift significantly to lower frequencies. As
shown in Figure 5, these bands center at 3675, 3714, and
3765 cm�1, involving a shift of 15 ± 25 wavenumber units.
Comparing the dehydroxylation process of our samples


with those reported in the literature,[15, 22] we find a good
correspondence in the intensities and behavior of the
absorption bands upon heat treatment. As an example, the
bands at 3700 and 3765 were reported to more readily
decrease in intensity compared to others, which corresponds
to what we have observed for absorptions at 3675 and about
3750 cm�1 in our spectra. Significant decrease in the intensity
of these two absorption bands is shown at 400 �C, which
indicates that these two absorptions are due to relatively
easily removable hydroxy groups, and are very likely to be
associated with the most basic Ia group and the most acidic III
group (Figure 4). This fact allows us to propose that absorp-
tions in our spectra are due to hydroxy groups that are
structurally similar to those proposed in Figure 4. Thus,
dehydroxylation is believed to be more favored when basic
and acidic hydroxy groups are present next to each other
allowing elimination of water molecules. At later stages of
dehydroxylation, after such groups are removed, a consid-
erable migration of surface OH species is required to facilitate
their removal, as water molecules, which takes place only at
higher temperatures.
It is possible that the frequency shifts we observe are due to


higher Br˘nsted acidity of the OH groups in question. This, in
turn, indicates that the oxygen atom of the hydroxy groups on
our samples binds more strongly to the surface than it does on
lower surface area samples. These observations suggest that


Figure 5. FTIR spectra of aluminum hydroxide/oxide at different activa-
tion temperatures.


the very high-surface-area alumina, in this study, shows
stronger Lewis acidity associated with the Al3� sites than
observed for reported lower surface area alumina. This could
be due to the fact that high surface areas led to a higher
concentration and a higher degree of coordination unsatura-
tion for surface sites. Such surfaces should exhibit stronger
Lewis acidity and are expected to show a high degree of
reactivity as well.


Figure 4. Proposed structures of different surface hydroxyl groups on alumina.
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Adsorption of pyridine: Pyridine, as a good Lewis base,
adsorbs on alumina surfaces through interaction with two
types of acidic sites, Br˘nsted acid hydroxy (OH) sites and
Lewis Al3� sites. As a result, three types of adsorbed pyridine
species can be observed (Figure 6). a) Coordinately adsorbed


Figure 6. Different pyridine adsorption modes. a) ccordinated,
b) hydrogen-bonded, c) pyridinium ion.


pyridine, which results from interaction between a surface
Lewis acid site (Al3�) and the pyridine molecule through its
lone pair on the nitrogen atom. The amount and the binding
strength directly correlates with the amount and the Lewis
acidity of such surface sites. b) Hydrogen-bonded pyridine,
which results from hydrogen bonding between relatively
acidic hydroxy groups and pyridine nitrogen atom.
c) Pyridinium ion, which results from the abstraction of a
proton from a Br˘nsted acid hydroxy group.
For the pyridinium ion and hydrogen-bonded pyridine, the


N� ±H stretching vibration would be of interest, but due to
hydrogen bonding, its absorption is usually considerably
broadened and difficult to detect. Figure 7 shows the IR
spectra of an alumina sample before adsorption, after


Figure 7. FTIR spectra of adsorbed pyridine on alumina. Spectra of the
solid before and after adsorption and spectra after desorption at different
temperatures.


adsorption at room temperature, as well as after desorption at
different temperatures. The spectrum for adsorption at room
temperature does not show significant peaks for free or
physically adsorbed pyridine which are typically at about 1440
and 1583 cm�1,[25] indicating that nearly all of the pyridine is
chemisorbed. (A very weak peak at about 1583 cm�1 that is
eliminated upon desorption at 150 �C indicates that only an


insignificant amount of pyridine was physically adsorbed.)
Strong absorptions at 1447, 1485 ± 1500, and 1610 ± 1635
indicate a considerable adsorption through coordination to
Lewis acid sites. The presence of the pyridinium ion would be
indicated by a strong absorption band at about 1540 cm.�1.[25]


The absence of such a peak shows that no pyridinium ion
species exist. On the other hand, hydrogen-bonded pyridine
exhibits absorptions around 1440 ± 1447 (very strong), 1485 ±
1490 (weak), 1580 ± 1600 (strong) cm�1, which in our spectra
exist but overlap with those for coordinated pyridine.
Assigning these peaks was aided by studies reported on IR
spectra of a series of pyridine complexes involving coordi-
nated as well as hydrogen-bonded pyridine.[26] Two pieces of
evidence support the presence of hydrogen-bonded pyridine.
First, upon desorption at 500 �C, the absorption band at about
1447 cm�1 decreases significantly in intensity without accom-
panied similar loss in the other bands. The fact that hydrogen-
bonded pyridine exhibits absorption in this region very
strongly, supports the fact that this intensity decrease is due
to removal of hydrogen-bonded pyridine. The intensity
decrease at 1447 cm�1 was also accompanied by removal of
the shoulder at about 1485 cm�1 and the weak band at about
1595 cm�1 which are also assigned for hydrogen-bonded
pyridine. In contrast, an overlapping band at 1455 does not
decrease, and this we believe is because the 1455 band is due
to very strong coordination of pyridine to Lewis acid sites.
Second, as the adsorption of pyridine proceeds, the �(OH)
absorptions disappear, as a result of considerable broadening.
Upon desorption at 500 �C and the removal of hydrogen-
bonded pyridine, they partially reappear, indicating their
significant involvement and interaction with pyridine.
Going back to the ring stretching vibration region, adsorp-


tion of pyridine on acidic surfaces is always accompanied by a
shift in its absorption bands to higher frequencies. It has been
observed that the degree of this shift correlates with the Lewis
acidity of the adsorption sites.[25] As a result, the degree of this
shift is considered as an indicator of the surface Lewis acidity.
As an example, when pyridine is adsorbed on MgO,[27] the
1583 cm�1 band does not show any shift, while for the
relatively acidic silica[28] surface it shifts to 1620 cm�1. On
the alumina in this study, this absorption shifts to about 1630 ±
1635 cm�1.
Current and previous observations indicate that, as the


strength of pyridine binding to the surface increases, the
higher frequency shift of the absorptions increases.[25, 26, 28] As
shown in Figure 7, upon evacuation at 500 �C, the absorption
bands narrow with an intensity decrease on their low
frequency side. This may indicate the presence of different
Lewis acid sites that vary in their acidity. Pyridine that adsorbs
at the relatively weaker sites desorb first. One may expect
such results from highly divided powders whose surfaces
deviate considerably from perfection with a high and varying
degree of coordination unsaturation of surface sites.
The stability of coordinately bound pyridine after evacua-


tion at 500 �C and the considerable shift of the 1583 cm�1 band
to 1630 ± 1635 cm�1 demonstrate the strong Lewis acidity of
our high-surface-area Al2O3 samples. Besides the strong
Lewis acidity behavior, this alumina exhibits some increased
Br˘nsted acidity through the surface hydroxy groups.
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Conclusion


Mesoporous high-surface-area alumina was obtained through
an aerogel preparation using alkoxide precursors. We found
that the preparation procedure is sensitive to several variables
such as the type of alkoxide precursor, the type of solvent(s)
used, the temperature of the supercritical drying, and the heat
treatment procedure. N2 adsorption studies have shown that
surface areas and pore characteristics change upon decom-
position of aluminum hydroxide to oxide. The surface area of
aluminum hydroxide increased to a maximum, while the pore
volume and diameters decreased significantly as the hydrox-
ide was activated to a temperature of 400 �C. Heating at
higher temperatures resulted in sintering of the particles
accompanied by a decrease in the surface area. Compaction of
activated alumina into pellets was accompanied by a relatively
small decrease in the surface area and a more significant
decrease in the pore volume and diameters at pressures below
6.9� 107 Pa, while severe changes to the surface area and the
pores took place at a pressure of 1.4� 108 Pa. In situ IR
studies of the dehydroxylation of the alumina surface showed
�(OH) absorptions for isolated surface hydroxy groups
centering at 3675, 3714, and 3765 cm�1. These absorption
bands are shifted to lower frequencies (15 ± 25 cm�1 differ-
ence) than for known literature values. We attribute this
difference to the stronger Lewis acidity of the Al3� sites on the
surface, which leads to stronger Al�OH bonds and hence
weaker O�H bonds. Pyridine adsorption studies also indicat-
ed the strong Lewis acidity of the Al3� sites and the relatively
significant Br˘nsted acidity of the surface hydroxy groups by
showing strongly hydrogen-bonded pyridine.


Experimental Section


Synthesis and characterization of high-surface-area alumina : High-surface-
area Al2O3 was synthesized through a modified aerogel procedure using
aluminum triisopropoxide or aluminum tri-sec-butoxide as precursors. In a
typical experiment, aluminum triisopropoxide (3.0 g, 0.0147 mol) was
dissolved in 2-proanol (130 mL) and toluene (170 mL), or in 2-propanol
(300 mL). While the solution was stirred, water (0.80 mL, 0.0444 mol)
(dissolved in 2-propanol (15 mL)) was added dropwise. A clear gel (opaque
in the absence of toluene) formed and was stirred for 14 h. In a typical
experiment using aluminum tri-sec-butoxide, the same procedure was
followed by using the precursor (15 mL) in sec-butyl alcohol (200 mL) and
250 mL toluene or in 450 mL sec-butyl alcohol and was hydrolyzed with
water (1.20 g, 0.0666 mol) dissolved in sec-butyl alcohol (15 mL). The gel
was dried under near supercritical conditions by using an autoclave reactor.
Starting with a 7� 105 Pa nitrogen pressure the reactor was heated to
265 �C at a rate of 1.0Kmin�1 and the final pressure was in the range of 6 ±
9� 106 Pa. This pressure (nitrogen plus solvent vapor) was released quickly.
A white ultrafine powder of aluminum hydroxide aerogel was obtained,
which was converted to alumina by heating under dynamic vacuum at
500 �C for 4 h. The heat treatment is a very sensitive process and affects
some characteristics of the final product. As an example, when the
temperature was raised quickly to the final level of 500 �C, more carbona-
ceous deposits, indicated from a darker color, were obtained. This could be
due to fact that the allowed time was not enough for solvent ± residual
removal, resulting in more high-temperature decomposition of the
remaining solvent. Better samples were obtained when the temperature
was raised to 500 �C gradually. It was raised at increments of 50 K and held
at each temperature for 15 min, except at 350 �C where it was held for one
hour. From the pressure change during activation, it is indicated that most


of the dehydration takes place between 340 ± 380 �C. Results as a function
of different preparational variables are summarized in Table 1.


Alumina samples were studied by powder X-ray diffraction (XRD),
transmission electron microscopy (TEM), and N2 adsorption for BET
surface area and porosity structure.


In situ IR study of the dehydroxilation process of aluminum hydroxide/
oxide: Samples for this study were prepared as self-supported thin films
pressed, using a hydraulic press, on a tungsten grid. The tungsten grid was
mounted, through nickel clamps, in a special cell in which the sample can be
heated to different temperatures, as high as 1000 �C. The cell is linked
directly to an ultra high vacuum line (ca. 1� 10�6 Torr) where in situ IR
spectra could be recorded. The cell design is described in detail in reference
[29] .


Adsorption of pyridine : Pyridine adsorption was studied on alumina
samples by IR spectroscopy. The same apparatus and sample preparation
described above for the in situ IR system were employed. The sample was
heated at 500 �C for two hours and cooled to room temperature under
vacuum. Pyridine was then introduced to the sample at a pressure of
5.0 Torr and the IR spectrum was recorded after two hours where the
pressure in the cell dropped to about one Torr.


The desorption process of adsorbed pyridine was also studied by evacuating
and heating the sample at different temperatures. At each desorption
temperature the cell was evacuated for one hour (ca. 1� 10�4 Torr) then
cooled to room temperature before an IR spectrum was recorded.


Chemicals and instrumentation: All chemicals used in this study were
purchased from Aldrich and stored under nitrogen. BET surface areas and
porosity were estimated by using nitrogen adsorption at 77 K on a
Quantachrome NOVA-1200 instrument. Density measurements were
carried out using gas pycnometry on a Quantachrome Multipicnometer
1000 instrument, where ultra high pure helium was employed. Estimated
particle sizes were measured from TEM images and were also calculated by
using the following equation which relates the specific surface area of a
sphere particle with its diameter: D� 6/�S, where D is the particle
diameter, � is its density, and S is the specific surface area.[30] TEM images
were obtained using a Philips 201 electron microscope. XRD analysis were
carried out on a Scintag XDS 2000 diffractometer using a CuK� radiation
source. Diffraction data was collected in the 2� angle range of 20 ± 85�.


All IR studies were carried out on an ATI Mattson Research 1 Series
spectrophotometer equipped with a liquid nitrogen cooled MCT detector
with a resolution of 0.5 cm�1. The instrument was checked for reliability by
recording the standard spectrum of a polystyrene film.
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The Role of Chalcogen ±Chalcogen Interactions in the Intrinsic Basicity and
Acidity of �-Chalcogenovinyl(thio)aldehydes HC(�X)�CH�CH�CYH
(X�O, S; Y� Se, Te)


Pablo Sanz, Manuel Ya¬nƒ ez, and Otilia Mo¬*[a]


Abstract: The intrinsic acidity and ba-
sicity of a series of �-chalcogenovi-
nyl(thio)aldehydes HC(�X)�CH�CH�
CYH (X�O, S; Y� Se, Te) were inves-
tigated by B3LYP/6-311�G(3df,2p)
density functional and G2(MP2) calcu-
lations on geometries optimized at the
B3LYP/6-31G(d) level for neutral mol-
ecules and at the B3LYP/6-31�G(d)
level for anions. The results showed that
selenovinylaldehyde and selenovinylth-
ioaldehyde should behave as Se bases in
the gas phase, because the most stable
neutral conformer is stabilized by an
X�H ¥¥¥ Se (X�O, S) intramolecular


hydrogen bond (IHB). In contrast the
Te-containing analogues behave as oxy-
gen or sulfur bases, because the most
stable conformer is stabilized by typical
X ¥¥ ¥ Y�H chalcogen ± chalcogen inter-
actions. These compounds have a lower
basicity than expected because either
chalcogen ± chalcogen interactions or
IHBs become weaker upon protonation.
Similarly, they are also weaker acids


than expected because deprotonation
results in a significantly destabilized
anion. Loss of the proton from the
X�H or Y�H groups is a much more
favorable than from the C�H groups.
Therefore, for Se compounds the depro-
tonation process results in loss of the
X�H ¥¥¥ Se (X�O, S) IHBs present in
the most stable neutral conformer, while
for Te-containing compounds the stabi-
lizing X ¥¥¥ Y�H chalcogen ± chalcogen
interaction present in the most stable
neutral conformer becomes repulsive in
the corresponding anion.


Keywords: acidity ¥ basicity ¥
chalcogens ¥ density functional
calculations ¥ hydrogen bonds


Introduction


The existence of intramolecular hydrogen bonds (IHBs) may
significantly affect the intrinsic basicity or acidity of a given
compound, as was shown for tropolone,[1] , resorcinol,[2] and
thiomalonaldehyde.[3] In other cases, the formation of an IHB
on protonation significantly enhances the intrinsic basicity of
the system.[4] Among compounds that can form IHBs, the �-
chalcogenovinyl(thio)aldehydes HC(�X)�CH�CH�CYH
(X�O, S; Y� Se, Te) are of special interest, because they
can exhibit specific attractive forces between the two chalc-
ogen atoms. These stabilizing chalcogen ± chalcogen interac-
tions have long been known[5±7] and have received particular
attention in recent years, in an effort to rationalize the
structural and spectroscopic peculiarities of Se- and Te-
containing compounds in which these interactions are possi-
ble due to the presence of C�O or C�S donor groups.
Pioneering work was performed by Minyaev and Minkin,[8]


and recent experimental studies by Komatsu et al.[9] showed
that 17O and 77Se NMR spectroscopic data provide strong
evidence for intramolecular nonbonding interaction between
Se and O in hydroxyselenenyl compounds. We recently
investigated[10] the role of competition between X�H ¥¥¥ Y
(or X ¥¥¥H�Y) IHBs (a and b) and Y�X or X�Y
chalcogen ± chalcogen nonbonding interactions (c and d) in
the stability of �-chalcogenovinyl(thio)aldehydes. Our results
indicated that in selenovinylaldehyde and selenovinylthioal-
dehyde the O�H ¥¥¥ Se and S�H ¥¥¥ Se IHBs compete in
strength with the O ¥¥¥ Se and the S ¥¥ ¥ Se interactions, while
the opposite is found for the corresponding tellurium-
containing analogues. These dissimilarities are due to dra-
matic differences between Se and Te in terms of X ¥¥¥ Y
(X�O, S; Y� Se, Te) interactions, which are rather weak for
Se compounds, but very strong for Te compounds. Consequently,
for Se-containing compounds the global minimum of the
potential-energy surface (PES) corresponds to tautomers of
type a, and for Te-containing compounds to tautomers of type d.


Our aim here is to investigate, by density functional theory
(DFT) and high-level ab initio methods, the effect of
protonation and deprotonation on the strength of IHBs and
chalcogen ± chalcogen interactions, and hence on the intrinsic
basicity and acidity of these compounds.
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Protonation and deprotonation are particularly direct
methods for modulating donor or acceptor strength at each
chalcogen center. Therefore, the study of these processes for
the set of compounds investigated here can provide a further
probe of these chalcogen ± chalcogen interactions in a manner
that can be experimentally tested.


Methods of Calculation


The relative stability of the different protonated and deprotonated species
of the compounds under investigation was evaluated by using the B3LYP
approach. This method combines Becke×s three-parameter nonlocal hybrid
exchange potential[11] with the nonlocal correlation functional of Lee, Yang,
and Parr.[12] . In general, geometries obtained with this DFT method are in
fairly good agreement with experimental values,[13±20] and the harmonic
vibrational frequencies are closer to experiment than those obtained by
using other correlated methods such as the MP2 formalism.[21, 22] Further-
more, we previously showed[10] that, for the neutral compounds, this
approach yields results in good agreement with those obtained by means of
G2(MP2) ab initio calculations, but at a much lower cost. Nevertheless, to
assess the reliability of the DFT calculations, the energies of the protonated
species were also evaluated at the G2(MP2) level.
The geometries of the different protonated species of Se-containing
compounds were optimized at the B3LYP/6-31G(d) level, while for the
deprotonated species a 6-31�G(d) expansion was used, to assure an
appropriate description of the corresponding anion. The harmonic vibra-
tional frequencies were evaluated at the same level of theory used in the
geometry optimization to verify that the optimized structures corresponded
to local minima of the PES and to estimate the zero-point energy (ZPE),
which was scaled by the empirical factor of 0.98, proposed by Scott and
Radom.[23] The final energies were obtained in single-point calculations at
the B3LYP/6-311�G(3df,2p) level. The corresponding basis sets for Se
were those developed by Curtiss et al.[24]


For Te-containing compounds, we used the SKBJ relativistic potential of
Stevens et al. ,[25] which accounts for the most important relativistic effects.
For geometry optimizations and harmonic-frequency calculations, this
effective core potential was used together with the [4,1]� d basis described
in reference [10]. Hereafter, for the sake of simplicity this [4,1]�d basis for
Te, used in conjunction with a 6-31G(d) basis set for first and second row
atoms, is denoted 6-31G(d). For the particular case of anions the set of
diffuse functions reported earlier[10] was added to the [4,1]� d basis. To


calculate the final energies the (6s,6p,3d,1f) basis set developed in a
previous paper[10] was used together with a 6-311�G(3df,2p) basis set
expansion for the remaining atoms. Again for the sake of simplicity the
(6s,6p,3d,1f) basis for Te is referred to hereafter as a 6-311�G(3df,2p)
basis.


The bonding characteristics of the different tautomers were analyzed by
using the atoms in molecules (AIM) theory of Bader,[26] which is based on a
topological analysis of the electron charge density and its Laplacian.
Hence, we located the various bond critical points (bcp), because the
charge density at these points is a good indication of the strength of the
linkage. This information was complemented with that obtained by means
of the natural bond order (NBO) analysis of Weihnhold et al.[27] The NBO


Table 1. Total energies E [hartree], zero-point energies ZPE [hartree], and
relative energies �E [kJmol�1].


Species B3LYP G2MP2
E ZPE �E E �E


Selenium compounds
OSea � 2593.54853 0.06479 0 � 2592.01744 0.0
OSeb � 2593.54071 0.06076 10 � 2592.01486 7
OSed � 2593.54255 0.06085 5 � 2592.01602 4
OSeaH� � 2593.86870 0.07379 29 � 2592.32461 31
OSebH� � 2593.87716 0.07445 9 � 2592.33255 10
OSecdH� � 2593.88067 0.07457 0 � 2592.33640 0.0
OSeCH�(1) � 2593.82844 0.07348 134 ± ±
OSeH�(2) � 2593.85015 0.07154 72 ± ±
OSeH�(3) � 2593.79733 0.06846 203 ± ±
OSe�(1) � 2593.00739 0.05118 34 ± ±
OSe�(2) � 2593.01935 0.05166 4 ± ±
OSe�(3) � 2593.02056 0.05149 0 ± ±
TS12 � 2592.99099 0.04980 73 ± ±
TS13 � 2592.95819 0.04584 149 ± ±
OSeC�(1) � 2592.91148 0.04600 272 ± ±
OSeC�(2) � 2592.94712 0.04520 176 ± ±
OSeC�(3) � 2592.93877 0.04671 202 ± ±
SSea � 2916.50792 0.05927 0 � 2914.75377 0
SSeb � 2916.50320 0.05830 10 � 2914.75079 8
SSed � 2916.50546 0.05896 5 � 2914.75161 5
SSeaH� � 2916.84050 0.06877 14 � 2915.07303 16
SSebH� � 2916.84168 0.06883 11 � 2915.07384 14
SSecdH� � 2916.84603 0.06885 0 � 2915.07928 0
SSe�(1) � 2915.97696 0.04968 40 ± ±
SSe�(2) � 2915.99229 0.04986 0 ± ±
SSe�(3) � 2915.99189 0.04982 1 ± ±
TS12 � 2915.95028 0.04741 104 ± ±
TS13 � 2915.94184 0.04682 123 ± ±
Tellurium compounds
OTea � 199.44997 0.06369 36 � 199.03393 37
OTeb � 199.44388 0.05792 37 � 199.03372 37
OTed � 199.45918 0.05911 0 � 199.04788 0
OTeaH� � 199.77805 0.07109 40 � 199.35055 46
OTebH� � 199.78865 0.07175 14 � 199.36057 19
OTecdH� � 199.79415 0.07193 0 � 199.36791 0
OTe�(1) � 198.91989 0.05045 32 ± ±
OTe�(2) � 198.93150 0.05085 2 ± ±
OTe�(3) � 198.93216 0.05065 0 ± ±
TS12 � 198.90620 0.04928 65 ± ±
TS13 � 198.86105 0.04707 177 ± ±
STea � 522.41120 0.05820 39 � 521.77287 42
STeb � 522.40333 0.05599 54 � 521.76743 56
STed � 522.42485 0.05691 0 � 521.78882 0
STeaH� � 522.75027 0.06575 19 � 522.10072 20
STebH� � 522.75381 0.06636 11 � 522.10265 15
STecdH� � 522.75790 0.06619 0 � 522.10858 0
STe�(1) � 521.88815 0.04884 36 ± ±
STe�(2) � 521.90236 0.04899 0 ± ±
STe�(3) � 521.90177 0.04891 1 ± ±
TS12 � 521.86578 0.04689 91 ± ±
TS13 � 521.84511 0.04584 140 ± ±
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analysis will allow us to obtain reliable charge distributions, as well as
quantitatively evaluating the intramolecular attractive orbital interactions
which would be responsible for the stability of c- and d-type structures.


Results and Discussion


Preferred protonation and deprotonation sites : The com-
pounds under scrutiny can undergo protonation at the two
heteroatoms and at the carbon atoms of the unsaturated
skeleton. Similarly, deprotonation can occur from a C�H,
X�H, or Y�H bond. To estimate whether protonation and
deprotonation processes involving the carbon atoms can
compete with those involving the heteroatoms, we systemati-


cally investigated the relative stability of all possible proto-
nated and deprotonated structures for �-selenovinylaldehyde
HC(�O)�CH�CH�CSeH (OSe) as model compound. The
structures of the species investigated are shown in Figure 1,
and the corresponding total energies and relative stabilities
are summarized in Table 1. Both protonation and deprotona-
tion take place preferentially on the heteroatoms O or Se. The
C-protonated species OSeCH�(1) ± (3) lie 71 ± 201 kJmol�1


higher in energy than the O- and Se-protonated species.
Similarly, the anions obtained by deprotonation of C�H
bonds OSeC�(1) ± (3) lie 176 ± 272 kJmol�1 above those
produced by deprotonation of the OH or SeH group. Hence,
for the remaining compounds of the set under investigation


Figure 1. Optimized geometries of �-selenovinylaldehyde and its protonated and deprotonated forms with bond lengths [ä] and angles [�]. The geometries
of the neutral compounds were taken from reference [10].
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we concentrate exclusively on the species for which proto-
nation and deprotonation involve the heteroatoms. For these
protonated species, only conformers aH�, bH�, and cdH� are
possible.


For ease of discussion the neutral molecules are iden-
tified by specifying the two chalcogen atomsXY followed by a
letter in italics that identifies the conformer. A similar
procedure is adopted for the protonated species, so that
they can be easily related to the neutral structure from which
they are derived. Note that protonation on X of structure c
and protonation on Y of structure d yield a common cation
cdH�.


The optimized geometries of the different protonated
structures are shown in Figure 1 and Figure 2, and their total
energies and relative stabilities are summarized in Table 1.
The structures of the neutral compounds were taken from
ref. [10] and are also included in Figure 1 and Figure 2 to
facilitate the discussion.


For Se-containing com-
pounds structure a is the most
stable conformer, so gas-phase
protonation of �-selenovinyl(-
seleno)aldehydes HC(�X)�
CH�CH�CSeH (X�O, S)
should yield aH�-type cations.
Conversely, for Te compounds
the most stable neutral con-
former is of type d, so its direct
protonation should yield cdH�-
type species. However, our re-
sults (Table 1) indicate that
cdH� is systematically the most


stable protonated species regardless of the nature of the
chalcogen atom Y, while the aH�-type structures are system-
atically less stable. Furthermore, the B3LYP/6-311�
G(3df,2p) and G2(MP2) approaches both yield similar
estimates for these relative stabilities.


We now analyze in more detail the origin of the relative
stability changes of these compounds on protonation.


Effect of protonation on the strength of the chalcogen ±
chalcogen interactions : Comparing the structures of the
protonated forms with those of the corresponding neutral
species reveals that protonation significantly affect the
strength of the chalcogen ± chalcogen interactions. In fact,
on going from d to the corresponding protonated form cdH�,
the significant increase in the X ¥¥¥ Y distance indicates a
weaker chalcogen ± chalcogen interaction. This is indeed
confirmed by the charge density at the corresponding bcp,
which is considerably lower for the protonated than for the
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Figure 2. Optimized geometries of �-chalcogeno(thio)vinylaldehydes HC(�X)�CH�CH�CYH (X�O, Y�Te. X�S; Y�Se, Te) and their protonated and
deprotonated species with bond lengths [ä] and angles [�]. The geometries of the neutral compounds were taken from reference [10].
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neutral species (Table 2). As we have shown[10] for the neutral
compounds, two contributions are responsible for these
stabilizing interactions, one associated with a nO ± �*YH or
nS ± �*YH dative bond involving the lone pairs of the chalcogen
atom X and the antibonding �*YH molecular orbital, and
another associated with the electrostatic interactions between
the two chalcogen charge distributions. To estimate the
magnitude of the electrostatic interaction, we evaluated the
net atomic charges on both chalcogen atoms by NBO
analysis[27] . Assuming a point-
charge model in which the
charges are located at the cor-
responding nuclei, we used
these values to estimate the
interaction energy between
them. To estimate the strength
of the nO ± �*YH or nS ± �*YH da-
tive bond, we evaluated the
corresponding orbital interac-
tion by second-order NBO
analysis.[27] Although the inter-
action energies thus obtained
cannot be taken as an absolute
measure of the electrostatic or
covalent interactions, they al-
low us to estimate their relative
importance in stabilizing the
system (Table 3).


The first obvious conse-
quence of protonation on X to
yield the cdH� species is a
decrease in the donor ability
of X. Consequently, there is a
systematic decrease in the da-
tive contribution to the chalc-
ogen ± chalcogen interaction,
which is more pronounced for
Te-containing species (Table 3).
This is reflected, as mentioned
above, in an increase in the
X ¥¥¥ Y distance and a shorten-
ing of the Y�H (Y� Se, Te)
bond on going from the neutral
to the protonated form (see
Figure 1 and Figure 2). Hence,


the Y�H stretch is blue-shifted (Table 4), and the charge
density at the Y�H bcp increases (see Table 2). As expected
the C�X stretching frequency is red-shifted on protonation.


Species cdH� can be also viewed as the protonated form of
c-type neutral structures, in which the chalcogen ± chalcogen
interaction is repulsive.[10] In this case protonation renders this
interaction attractive, because the formation of a Y�H bond
makes possible the existence of a nX ±�*YH dative bond that
cannot exist in the neutral form. In agreement with this, on


Table 2. Charge densities (e au�3) at some relevant bcp (X�O, S; Y� Se, Te) of the neutral and protonated forms of �-chalcogenovinyl(thio)aldehydes


Bond OSea OSeaH� OSeb OSebH� OSed OSecdH� SSea SSeaH� SSed SSecdH�


X�H 0.312 0.338 ± 0.335 ± 0.335 0.197 0.208 ± 0.209
Y�H ± 0.171 0.177 0.172 0.171 0.172 ± 0.171 0.168 0.171
XH ¥¥¥ Y 0.048 0.010 ± ± ± ± 0.042 0.013 ± ±
X ¥¥¥HY ± ± 0.026 0.015 ± ± ± ± ± ±
X ¥¥¥ Y ± ± ± 0.021 0.014 ± ± 0.020 0.011


OTea OTeaH� OTeb OTebH� OTed OTecdH� STea STeaH� STed STecdH�


X�H 0.293 0.338 ± 0.338 ± 0.336 0.191 0.207 ± 0.208
Y�H ± 0.057 0.115 0.050 0.045 0.056 ± 0.057 0.044 0.050
XH ¥¥¥ Y 0.027 0.009 ± ± ± ± 0.027 0.012 ± ±
X ¥¥¥HY ± ± 0.013 0.011 ± ± ± ± ± ±
X ¥¥¥ Y ± ± ± ± 0.042 0.017 ± ± 0.032 0.012


Table 3. Changes[a] in the electrostatic and covalent contributions [kJmol�1] to the chalcogen ± chalcogen
interaction on going from d-type neutral species to cdH�-type protonated forms.


X�O, Y�Se X� S, Y�Se X�O, Y�Te X� S, Y�Te
Electrostatic Dative Electrostatic Dative Electrostatic Dative Electrostatic Dative


� 8 � 10 � 7 � 2 � 6 � 38 � 7 � 62


[a] These changes were evaluated by subtracting from the value obtained for the protonated species the value
obtained for the corresponding neutral compound. Since the interactions are attractive (negative) a positive sign
indicates that the stabilizing effect decreases on protonation.


Table 4. Harmonic vibrational frequencies [cm�1] of relevant vibrational modes of �-chalcogenovinyl(thio)al-
dehydes (X�O, S; Y�Se, Te) and their protonated forms.


Tautomer X�H stretch Y�H stretch C�X stretch C�Y stretch X ¥¥¥ Y stretch


OSea 2889 ± 1375 718 213
OSeaH� 3732 2424 1398 661 134
OSeb ± 2326 1718 602 168
OSebH� 3757 2420 1542 637 168
OSed ± 2304 1721 640 134
OSecdH� 3757 2386 1540 684 144
SSea 1991 ± 784 649 148
SSeaH� 2690 2382 770 614 126
SSeb ± 1909 1151 615 129
SSebH� 2684 2387 800 606 125
SSed ± 2237 1137 614 131
SSecdH� 2689 2373 801 618 118
OTea 3077 ± 1401 585 180
OTeaH� 3691 2094 1520 536 90
OTeb ± 2078 1741 464 140
OTebH� 3776 2106 1516 513 141
OTed ± 1876 1630 588 171
OTecdH� 3775 2060 1495 584 132
STea 2128 ± 762 549 139
STeaH� 2667 2084 1147 523 100
STeb ± 2084 1141 439 124
STebH� 2691 2102 1017 496 119
STed ± 1820 886 550 149
STecdH� 2696 2071 997 538 100
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going from structures c to cdH�, the X ¥¥¥ Y distance decreases
significantly, with the sole exception of the SSe, for which it
increases very slightly (Figure 2), and the Y�Hbond is slightly
shorter than in the corresponding neutral form d, because the
nX ± �*YH donor interaction is weaker in the X-protonated
species. These results seem to confirm that the stabilizing nX ±
�*YH dative bonding only takes place from the lone pairs of the
most electronegative chalcogen atom X to the �*YH antibond-
ing molecular orbital involving the less electronegative
chalcogen atom Y.


In the S-containing compounds, the electrostatic term
becomes repulsive rather than attractive due to the significant
charge redistribution caused by protonation (Table 3), which
also contributes to weakening of the chalcogen ± chalcogen
interaction.


The first conclusion of this analysis is that the existence of
the chalcogen ± chalcogen interaction leads to a lower intrinsic
basicity than expected for these compounds in the absence of
such an interaction, since its stabilizing effect is lower for the
protonated than for the neutral species.


Effect of protonation on the strength of the IHBs : Proto-
nation of structures a and b to yield aH� and bH� also
involves weakening of the corresponding IHBs. This is
mirrored in decreased charge density at the corresponding
bcp (see Table 2) and in a blue shift of the X�H and Y�H
stretching frequencies on going from the neutral to the
protonated forms (see Table 4). To quantify these effects we
can estimate the strength of XH ¥¥¥Y relative to X ¥¥¥HY
IHBs by means of isodesmic reactions [Eqs. (1) and (2)]. The
corresponding calculated energies, obtained at the G2(MP2)
level, are summarized in Table 5.


The systematic endothermicity of both reactions reflects
the stabilizing effect of the X�H ¥¥¥ Y and the X ¥¥¥H-Y IHBs,
as was also found for the neutral species.[10] However, while
the a-type forms of the neutral compounds have a stronger
IHB than the b tautomers,[10] for the corresponding proto-


nated species the opposite holds, and aH� species have a
weaker IHB than bH�-type structures. For instance, the Se�H
bond shortens by only 0.005 ä on going from OSeb to
OSebH�, and its stretching frequency is blue-shifted by
94 cm�1, while the O�H bond length decreases by 0.039 ä
and its stretching frequency increases by 843 cm�1 on going
from OSea to OSeaH�.


The fact that cdH� is always the most stable protonated
structure seems to indicate that for Se-containing compounds
the destabilization of the IHBs on going from a to aH� is, in
relative terms, larger than the destabilization of the chalc-
ogen ± chalcogen interaction on going from d to cdH�. This
plays an important role in the intrinsic basicities of these
compounds (vide infra).


Proton affinities : In estimating the proton affinity (PA) of the
Se compounds it must be taken into account that the most
stable neutral form is of type a, which cannot yield the most
stable cdH� structure by direct protonation. Hence, we
estimated the activation barrier for conversion of aH� and
cdH� structures by internal rotation about the O�H or S�H
group. The values of 34 (X�O) and 60 kJmol�1 (X� S) are
high enough that such an isomerization should not take place
under normal experimental conditions. Under these circum-
stances �-selenovinyl(thio)aldehydes HC(�X)�CH�CH�
CSeH (X�O, S) would behave as selenium bases in the gas
phase, and their proton affinities (823 and 854 kJmol�1,
respectively; see Table 6) would be given by the enthalpy
difference between the corresponding aH� and a forms.
Nevertheless, since the energy gap between the neutral forms
a and d is only 5 kJmol�1, the possible presence of some d-
type isomers in the gas phase cannot be excluded, and
therefore some cdH�-type protonated species could be
produced on protonation. In such a case the proton affinity
calculated from the enthalpies of cdH� and d structures would
be much higher (858 and 874 kJmol�1, respectively). Con-
versely, both HC(�X)�CH�CH�CTeH (X�O, S) com-


pounds, for which the d form
is the most stable neutral struc-
ture, would behave as oxygen
or sulfur bases in the gas phase,
with corresponding PAs of 852
and 856 kJmol�1, respectively.
There is good agreement be-
tween the B3LYP/6-311�
G(3df,2p) and G2(MP2) calcu-
lated values, although the for-
mer systematically exceed the
latter by 8 kJmol�1 on average.


In summary, if only the most
stable neutral conformer were
present in the gas phase, the
selenium compounds would be-
have as selenium bases, while
the corresponding Te-contain-
ing analogues would behave as
oxygen and sulfur bases. In this
respect the experimental meas-
urement of the PAs of the


Table 5. Energies [kJmol�1] of the isodesmic reactions [Eq. (1) and (2)] evaluated at the G2(MP2) level of
theory.


Y� Se Y�Te
X�O X� S X�O X� S


Eq. (1) Eq. (2) Eq. (1) Eq. (2) Eq. (1) Eq. (2) Eq. (1) Eq. (2)


41 58 43 47 28 74 39 66
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selenium bases would provide a useful information on the
relative stability of the neutral conformers, since a-type
species, according to our estimates, should have a much lower
intrinsic basicity than d-type structures.


For protonation processes leading to cdH� structures, the
values in Table 6 show that the intrinsic basicity of the O or
the S atom depends only slightly on the nature of the
chalcogen atom Y, and the largest difference is 18 kJmol�1.
However, quite unexpectedly, the intrinsic basicity of the d
forms of Se compounds is larger than that of the correspond-
ing Te-containing analogues, in spite of the fact that the donor
ability of the O and S atoms of the latter should be greater due
to the lower electronegativity of Te relative to Se. This can be
explained by the fact that the chalcogen ± chalcogen inter-
action is particularly strong for Te-containing compounds, and
the relative decrease in its strength on protonation is also
greater for Te compounds. In fact, on going from OSed to
OSecdH� the Se ¥¥ ¥ O distance increases by 0.154 ä, while on
going from OTed to OTecdH� this increase (0.351 ä) is more
than twice as large. In any case, our results indicate that, as
was found before for carbonyl and thiocarbonyl com-
pounds,[28] sulfur compounds are stronger bases than oxygen
compounds.


Gas-phase acidities : The structures of the anions formed by
loss of a proton attached to a chalcogen atom are also
included in Figure 1 and Figure 2. Their total and relative
energies are listed in Table 1, and the corresponding acidities
are summarized in Table 7. Neutral conformers a ± c yield a
common anion (conformer XY�(1)) upon deprotonation,
although due to the repulsion between the electron pairs of X
and Y, the two conformers XY�(2) and XY�(3) are system-
atically more stable by 32 ± 40 kJmol�1 (see Table 1). Con-
formers XY�(2) and XY�(3) can be viewed as the result of an
internal rotation of the�CHX and�CHY groups of XY�(1),
respectively. For Se compounds, these processes involve
significant activation barriers (X�O: 73 and X� S: 104 for
XY�(1)�XY�(2); X�O: 123 and X� S: 149 kJmol�1 for
XY�(1)�XY�(3); see Table 1). Similar values were obtained
for the corresponding Te-containing compounds (see Table 1).


Alternatively, XY�(2) and XY�(3) can also be formed by a
direct deprotonation of the neutral conformers e ± h, but these


neutral forms are higher in
energy (7 ± 56 kJmol�1)[10] than
the corresponding global mini-
mum (a or d).


Hence, we can conclude that,
under normal experimental
conditions, only the conformer
XY�(1) should be observed.
However, since for Se com-


pounds the most stable neutral conformer (a type) is
stabilized by an X�H ¥¥¥ Se (X�O, S) IHB, which is lost in
the deprotonation process, these compounds should exhibit a
lower intrinsic acidity than expected in the absence of this
IHB.


For Te compounds the situation is different, since the most
stable neutral conformer is stabilized by an X ¥¥¥ Te*YHH
chalcogen ± chalcogen interaction. The X ¥¥¥ Te distances in
the anion show that on deprotonation the chalcogen ± chalc-
ogen interaction becomes repulsive rather than attractive.
This is confirmed by the fact that in the anion no X ¥¥¥ Te bcp is
found. Furthermore, analysis of the X ¥¥¥ Te interaction in
terms of electrostatic and dative contributions shows that the
latter disappear while the former become repulsive. This
implies that all these compounds will also exhibit a lower
acidity than expected in the absence of these chalcogen ±
chalcogen interactions.


As it was also found for the proton affinities, the calculated
acidities do not depend much on the nature of the chalcogen
atom Y involved. However, the sulfur compounds are
systematically stronger acids in the gas phase than the
oxygen-containing analogues.


Conclusion


Our results show that selenovinylaldehyde and selenovinyl-
thioaldehyde should behave as Se bases in the gas phase,
because the most stable neutral conformer is stabilized by an


Table 6. Proton affinities[a] [kJmol�1] associated with two different protonation processes.


X�O, Y�Se X� S, Y� Se X�O, Y�Te X� S, Y�Te
Process B3LYP G2(MP2) B3LYP G2(MP2) B3LYP G2(MP2) B3LYP G2(MP2)


a� aH� 823 812 854 844 848 838 876 867
d� cdH� 858 847 874 866 852 846 856 845


[a] Bold type denotes the PA associated with the most stable neutral species.


Table 7. Gas-phase acidities[a] [kJmol�1].


X�O, Y�Se X� S, Y�Se X�O, Y�Te X�S, Y�Te


1391 1375 1399 1355


[a] Values obtained at the B3LYP/6 ± 311�G(3df,2p) level for deprotona-
tion of the most stable neutral species.
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X�H ¥¥¥ Se (X�O, S) IHB. In contrast the corresponding Te-
containing analogues behave as oxygen or sulfur bases,
because the most stable conformer is stabilized by typical
X ¥¥ ¥ Y�H chalcogen ± chalcogen interactions. Nevertheless,
for all Se and Te compounds the cdH� protonated conformer,
which exhibits an X ¥¥¥ YH chalcogen ± chalcogen dative bond,
is more stable than those stabilized by X�H ¥¥¥ Y (aH�) or
X ¥¥¥H�Y (bH�) IHBs. Owing to the high tautomerization
barriers between aH� and cdH� structures for Se compounds,
only the former should be observed in the gas phase under
normal experimental conditions. The presence of chalcogen ±
chalcogen interactions or IHBs is responsible for the low
basicity of these species, since all these interactions become
weaker in the protonated forms. Similarly, all of them are
weaker acids than expected, because deprotonation results in
an anion that is significantly destabilized relative to the
neutral compound. Loss of a proton from the X�H or Y�H
groups is a much more favorable process than from the C�H
groups. Therefore, for Se compounds the deprotonation
process implies the disappearance of the X�H ¥¥¥ Se (X�O,
S) IHB present in the most stable neutral conformer, while for
Te-containing compounds the stabilizing X ¥¥¥ Y�H chalco-
gen ± chalcogen interaction present in the most stable neutral
conformer becomes repulsive in the corresponding anion.
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1,1-Dicyano-2,2-diphenyl-1,2-dihydronaphthalene: Photochromism and
Evidence for Photochemically Induced C�CN Bond Cleavage
Helmut Gˆrner,*[a] Thomas Mrozek,[b] and Jˆrg Daub*[b]


Abstract: The photoreactions of the 1,1-
dicyano-2,2-diphenyl-1,2-dihydronaph-
thalene (DHN-1) have been studied by
photochemical techniques under various
conditions at room temperature. A tran-
sient species, TC, with a major maximum
at 545 nm in the UV-visible spectrum,
detected in small yield in polar aprotic
solvents and in large yield in trifluoro-
ethanol (TFE) and hexafluoropropan-2-
ol (HFP), is assigned as a carbocation (1-
cyano-2,2-diphenylnaphthalenium),
which is generated photochemically by
elimination of CN�. The decay of TC was
found to be a first-order process in HFP,
in which the longest lifetime of 0.4 s was
observed; in TFE, the carbocation de-
cays on the ms timescale, while the
shortest lifetime of 1 �s was found in
ethanol. The yield of TC increases
strongly upon addition of water to


alcohols or acetonitrile, and remains
substantial in the presence of large
amounts of water (1 ± 20�). On addition
of water to TFE or HFP, the lifetime of
the carbocation becomes much shorter.
This is supported by pulse-induced
charge formation due to the carbocation
and release of CN� ; the conductivity
decay is related to the lifetime of the
carbocation under selected conditions.
In addition, a major irreversible and a
minor thermally reversible photopro-
cess were spectroscopically observed in
solvents of low as well as high polarity.
The former photoproduct, absorbing


below 300 nm, is tentatively ascribed to
benzobicyclohexenes A produced by
phenyl-vinylmethane rearrangement. In
the latter process, a longer-lived benzo-
quinodimethane derivative B, having a
maximum at 400 ± 430 nm, is formed;
this is related to ring opening and
closure and represents a new example
of photochromic ten-electron electro-
cyclisation. The distinct differences be-
tween the photochromism of DHN and
that of dihydroazulene (DHA) stem
mainly from stereoelectronic effects.
This study, however, has also revealed
that photochemically induced bond het-
erolysis and photochemical/thermal
electrocyclisation, representing two ba-
sic processes of photochromism, may
occur in one molecular unit.


Keywords: charge separation ¥
electrocyclization ¥ naphthalene
derivatives ¥ photochromism ¥
stereoelectronic effects


Introduction


Photochromic systems are subjects of intense investiga-
tions.[1±5] Ten-electron photochromism has in recent years
been shown to be a viable concept for molecular switching.[5]


In particular, the 1,8a-dihydroazulene-1,1-azulenedicarboni-
triles (DHAs) have proved to be most versatile compounds.[6]


Typically, these DHAs are photoconverted into deeply
coloured, photochemically unreactive 10,10-dicyanovinylhep-
tafulvenes (VHFs), which reconvert thermally. The properties


of the DHA/VHF couple have been analyzed in great
detail.[5±11] In particular, we have reported on the photo-
chemical behaviour of 1,8-dihydro-2-aryl-1,1-azulenedicarbo-
nitriles.[8] Their DHA forms are efficiently photoconverted
into the VHF forms on a subnanosecond timescale. Using
femtosecond-resolved transient absorption spectroscopy, the
lifetime of the excited state of cyclopentane-condensed
dihydroazulene DHA-1, corresponding to the ring-opening
reaction, was measured as about 600 fs.[10] Theory predicts a
conical intersection in the excited-state regime.[11] Recent
measurements with even shorter pulses revealed an ultrafast
two-way photochemical interconversion between DHA-2 and
s-cis-VHF-2 (Scheme 1).[12]


Another dicarbonitrile-containing biphotochromic system
is based on the photoconversion of a dithienylene, 1,8a-
dihydro-2,3-bis-3-(2,5-dimethylthienyl)azulene-1,1-dicarboni-
trile, into both the VHFand thienobenzothiophene forms, the
thermal and photochemical properties of which have recently
been studied.[9] For comparison, a diphenylethene, 1,8a-
dihydro-2,3-diphenylazulene-1,1-dicarbonitrile, was also ex-
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amined; this compound can be photoconverted to the VHF
form, but not to dihydrophenanthrene.[9b]


It seemed interesting to study 1,1-dicyano-2,2-diphenyl-1,2-
dihydronaphthalene (DHN-1), representing a potential pho-
tochrome of the 1,2-dihydronaphthalene (DHN) type in
which 1,2-elimination of HCN is precluded by the presence
of two phenyl groups at C-2. From a structural point of view,
DHN represents the dicyanomethine analogue of chromene-
type photochromes.[13] Photochromism of a 2H-1-benzopyran
(BPY) derivative was reported in 1966.[14] A recent review
surveys benzo- and naphthopyrans and their potential appli-
cations.[15] DHN is related to BPYs, in which two merocyanine
isomers (tt : trans-trans and tc : trans-cis) are involved,[16±18] and
to flindersine,[19] a photochrome found in nature belonging to
this category of compounds.


It seemed of interest to extend the study to potential
photochromes, the structures of which would allow a 1,1-
dicyanomethine-assisted ten-electron reorganisation as in
DHA/VHF, while being embedded in a divergent molecular
and electronic structure. The azulene/naphthalene dichotomy,
as represented by compounds DHA and DHN (Scheme 2),


Scheme 2. Structurally related photochromes.


would comply with these requirements. With regard to the
electronic configuration, ring-opening of the dihydronaph-
thalene DHN yields an ™alternating∫ ortho-quinoid species,
whereas ring-opening of the DHA results in a ™non-alternat-
ing∫ VHF. The stereoelectronic situations in the two com-
pounds are also different. Dissociation of the C8a�C1 bond in
DHA leads to substantial overlap with the cycloheptatriene �
orbitals, whereas in the case of DHN the � orbitals are
orthogonal to the � orbitals of the elongating C1�C2 bond.
However, elongation of the C1�CN bond would be expected
to generate an overlapping orbital situation in the latter
case.[20]


In this work, photochemical
results concerning DHN-1 are
presented for the first time.
One photoreaction is photoiso-
merisation. In the course of this
study, we unexpectedly also
observed the formation of a
carbocation. It appears in wet
polar solvents at room temper-
ature, especially in the presence
of 2,2,2-trifluoroethanol (TFE)
or 1,1,1,3,3,3-hexafluoropro-
pan-2-ol (HFP). These fluoroal-
cohols are solvents that are
known to stabilise ions.[21±25]


They are also able to stabilise
the zwitterionic merocyanine


form of spiropyrans and spirooxazines.[26] On addition of
water to DHN-1 in TFE or HFP, the yield of the observed
carbocation remains substantial, but its decay is strongly
accelerated.


Results and Discussion


Time-resolved absorption properties : The steady-state ab-
sorption spectrum ofDHN-1 in any of the solvents used has its
main band at around 200 nm and a shoulder at 250 nm.
Generally, the transient spectra (�exc� 248 nm) show an
absorption increase at 300 ± 600 nm; this occurs within the
laser pulse width or after the disappearance of a scattering
signal. In a polar solvent such as acetonitrile, excitation of
DHN-1 leads to transient absorption spectra attributable to
two species (Figure 1b). One (denoted as B) gives rise to a


Figure 1. a) Absorption spectrum of DHN-1 in acetonitrile prior to (––)
and after (�±�±) excitation at 248 nm, and after relaxation (.. .); b) transient
absorption spectra at 20 ns (�), 4 �s (�) and 20 �s (�) after the pulse
(abscissa as in a); c) kinetics at 400 nm (left) and 545 nm (right).


quasi-permanent absorption increase with a maximum cen-
tered at �B� 430 nm (Figure 1c). The second species is a
shorter-lived transient with a maximum at �C� 540 ± 550 nm,
denoted as TC. Transient TC, which is formed within the pulse
width, is not sensitive to oxygen and its spectrum overlaps
with that of species B in the range from about 350 to 500 nm.


Scheme 1. Photochemical and thermal interconversions of the DHA/VHF system.
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The decay of TC is a first-order process in most solvents
(Table 1), with the shortest lifetime (�C� 1/kobs) of 1 �s being
observed in ethanol. The presence of water in acetonitrile (up
to 30�) does not have a strong influence on �C, but the peak at
545 nm is enhanced (Figure 2). In fact, the �A545 value


Figure 2. Transient absorption spectra for DHN-1 in MeCN/H2O (1:1) at
�0.1 (�), 3 (�) and 10 �s (�) after the 248 nm pulse; inset: kinetics at
545 nm.


strongly increases with increasing water concentration (Fig-
ure 3a). The spectral changes in methanol or ethanol are
similar, whereas those in dichloromethane, tert-butanol, or
propan-2-ol reveal only (or predominantly) the formation of
the quasi-permanent component B (Table 1 and Table 2).
Again, the �A545 value in these solvents strongly increases
with [H2O] (Figure 3a). It is interesting to note that in each of


the four alcohols and in their mixtures with water (1 ± 20�),
no solvated electrons could be detected just after the pulse,
thus ruling out photoionisation as the origin of TC (see below).


A much longer half-life of TC and a higher �A545 value was
observed forDHN-1 in HFP (Figure 4a) and in TFE; both are


Figure 3. Plots versus [H2O] of a) the relative �A545 value (open symbols)
and b) log kobs (filled symbols) forDHN-1 in HFP (circles), TFE (squares),
ethanol (�) and acetonitrile (�).


polar, protic solvents in which ions or radical ions are known
to be stabilised.[21±25] The time-resolved spectra in TFE
(Figure 5a) can be fitted by two first-order decay components
with t1/2� 1 ms and 10 ms. On addition of water (0.5 ± 5�) to
TFE, the decay of TC becomes faster and monoexponential,


Figure 4. Transient absorption spectra forDHN-1 in a) neat HFP at �1 �s
(�), 0.1 s (�), 0.2 s (�) and 1 s (�) after the 248 nm pulse; b) HFP/H2O (1:1,
v/v) at �1 �s (�), 1 ms (�) and 10 ms (�) and c) HFP/EtOH (1:1) at �1 �s
(�), 0.1 ms (�) and 10 ms (�); insets: kinetics at 545 nm.


indicating a single component. An example with TC as the
major species and �C� 0.1 ms is seen in TFE/H2O (1:1)
(Figure 5b). The plot of log kobs shows an almost linear
dependence on [H2O] (Figure 3b). A first-order decay of TC
and the longest lifetime of �C� 0.4 s were observed for DHN-
1 in HFP (Figure 4a). The yield of TC (�A545 value) does not
depend markedly on [H2O] (Figure 3a). The plot of log kobs
versus [H2O] is similar to that in the case of TFE, but is shifted
by about two orders of magnitude to smaller values (Fig-
ure 3b). In the presence of water (Figure 4b) or ethanol


Table 1. Lifetime and relative yield of the carbocation.[a]


Solvent ET
[b] Additive �C [ms] �AC


[c]


MCH 0 ± � 0.02
dichloromethane 0.31 ± � 0.02
tert-butanol 0.39 ± � 0.05
acetonitrile 0.46 � 0.006 0.1


H2O (15�) � 0.006 0.6
propan-2-ol 0.55 ± � 0.05
ethanol 0.65 0.001 0.08


H2O (5�) 0.001 0.3
methanol 0.76 0.001 0.05
TFE 0.90 1/10[d] 1


H2O (5�) 2 1
EtOH (2�) 0.2 1
MeCN (2�) 0.2 1


HFP 1.07 450 1
H2O (5�) 50 0.9
EtOH (10�) 0.1 0.9


[a] �exc� 248 nm. [b] Polarity parameter (normalised) from ref. [32].
[c] Relative values, measured at �C�545 nm (note: �AB


max�0.1��AC
max).


[d] Two components.


Table 2. Maxima and relative yields of A and B.[a]


Solvent �B/nm �rel
A


[b] �rel
B


[c] �AB
[d]


MCH 400 0.5 0.5 0.5
dichloromethane 410 0.5 0.5 0.5
acetonitrile 430 1 1 1
tert-butanol 410 0.6
propan-2-ol 400 0.6
ethanol 410 0.6 0.6 0.5
TFE � 400 0.8 0.4 � 0.5
HFP � 400 0.8 � 0.2


[a] From light-induced changes of the absorption spectrum; �exc� 248 nm.
[b] Relative values, measured at 290 nm. [c] Relative values, measured at
�B. [d] From transient measurements at 1 �s.
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Figure 5. Transient absorption spectra forDHN-1 in a) neat TFE at �1 �s
(�), 1 ms (�) and 0.1 s (�) after the 248 nm pulse and b) TFE/H2O (1:1) at
�1 �s (�), 3 ms (�) and 10 ms (�); insets: kinetics at 545 nm.


(Figure 4c), TC is the major species. The yields in neat polar
media are much lower than those in HFP or TFE (Table 1).


Time-resolved conductivity : The pulse-induced conductivity
signals of DHN-1 in acetonitrile/water (pH 7) (1:1, v/v) and
water/TFE mixtures (1:1; 1:9), as well as in HFP in the
presence of 5 and 0.5� water, are shown in Figure 6a ± e,
respectively. The amplitude increases within 0.1 �s and decays


Figure 6. Traces of conductivity signals of DHN-1 in a) water (pH 7)/
acetonitrile (1:1, v/v), b) water/TFE (1:1), c) water/TFE (1:9), and in HFP
in the presence of d) 5� and e) 0.5� water after the 248 nm pulse.


according to first-order kinetics, almost reverting to the value
prior to the pulse. The lifetimes in the cases illustrated are
��C� 6 �s, 50 �s, 170 �s, 50 ms and 0.25 s, respectively.


Photoconversion and thermal relaxation : Only weak fluores-
cence below 400 nm was observed for DHN-1 in methylcy-
clohexane (MCH) or ethanol at 25 and �196 �C, and virtually
no phosphorescence could be detected in glassy media. This
indicates rapid deactivation processes from the excited singlet
state (1DHN-1*). One reaction is the irreversible formation of
product A (Scheme 3), which can best be detected at around
290 nm. The relevant spectra are shown for the cases of
acetonitrile (Figure 1a) and MCH (Figure 7a) at room tem-
perature.


Scheme 3. Schematics representing ground state and excited state trans-
formations.


Figure 7. a) Absorption spectrum of DHN-1 in MCH prior to (––) and
after (�±�±) excitation at 248 nm and after relaxation (.. .); b) transient
absorption spectra at�100 ns (�) and 0.1 ms (�) after the pulse; c) kinetics
at 400 nm.


The spectral changes that follow 248 nm excitation of
DHN-1 in dichloromethane, tert-butanol and propan-2-ol
reveal species A and the quasi-permanent component B
(Table 2), but not TC. This is also the case in the nonpolar
MCH, in which the transient absorbs from �270 nm to about
500 nm with a maximum centered at �B� 400 nm (Figure 7a)
and exhibits no further changes for a duration of up to a few
seconds (Figure 7b,c). In fact, the absorption increase is
practically the same as that recorded within 0.1 ± 1 min
following removal of the light source. A similar increase in
absorption above 265 nm and a pronounced band with �B�
430 nm was recorded in acetonitrile (Figure 1a). The presence
or absence of oxygen has no discernible effect.


The band at �B in the steady-state absorption spectrum of
DHN-1 in several solvents after pre-irradiation (for example,
at 248 nm) is related to a ring-opened form ofDHN-1, namely
the benzoquinodimethane (B) form (see below). The thermal
relaxation time (�B) was fitted by a first-order decay. Note that
a smaller portion remains or disappears over a much longer
timescale; in addition, the maximum is slightly red-shifted
with time. These phenomena might be due to (E)/(Z)-
stereoisomerism of B.[18] The values for the major initial part
of �B in several solvents at room-temperature range from 102


to 103 s. On increasing the temperature, �B becomes shorter,
but analysis failed due to the small magnitude of the effect (at
the required low conversion).
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The increase at 290 nm (product A) with increasing dose of
incident radiation is initially linear and then approaches a
constant value (Figure 8b), whereas the signal at �B reaches a


Figure 8. Increase of absorption a) at �B (400 ± 430 nm) and b) at 290 nm
versus the 248 nm dose for DHN-1 in MCH (triangles), acetonitrile
(circles), TFE (squares), and ethanol (diamonds).


maximum value and decreases upon further pulsing (Fig-
ure 8a). When the light is removed, the two parts of the
spectrum that are separated by a minimum at about 360 nm
behave differently. The changes to the UV absorption are
essentially retained, whereas the band at �B� 400 ± 430 nm
reverts thermally to a value close to zero (see below). Two
quantum yields were therefore measured for low conversion,
that is, from the linear parts in Figure 8: one relates to product
formation at 290 nm (�rel


A � and the other to reversible
photocolouration (�rel


B �. These effects were observed in
virtually all organic solvents. In the presence of water, the
product formation at 290 nm is similar, but the reversible
photocolouration is small, especially when compared with the
contrasting findings regarding the �A545 value under the same
conditions. The �B values and the �A and �B values are listed
in Table 2. The yields are substantial in most organic solvents
and are largest in acetonitrile.


Comparable results, that is reversible colour (B) and
irreversible product formation (A), provided that the irradi-
ation time was markedly shorter than the thermal relaxation
time, were found using continuous irradiation (�irr� 254 nm).
Species B could not be enhanced by prolonged irradiation at
254 nm. The absolute quantum yield of conversion upon
pulsed excitation is relatively large and does not show a
marked dependence on the solvent or the amount of added
water (Table 3). Photodecomposition of DHN-1 in various
solvents was also monitored by HPLC (reversed-phase
column) at 215 ± 290 nm. Under conditions for which transient
TC was the major intermediate (see above), the major product
was found to elute after a retention time of 3.8 min, indicating
that the subsequent product (C) is more polar than DHN-1,
which has a retention time of 4.2 min. In other media, such as
MCH, several minor peaks with longer retention times
appeared, indicating less polar products.


1H NMR spectroscopy and FD mass spectrometry : To gain a
deeper insight into the photochemistry of DHN-1, 1H NMR
spectroscopy was used in combination with mass spectrom-
etry (FD-MS). In one experiment (a), a wet soltuion ofDHN-
1 in acetonitrile (�12 mg DHN-1 in CD3CN containing 20%
D2O; ca. 0.8 mL) was placed in a quartz NMR tube and
irradiated with light of �irr� 254 nm. New minor signals
appeared in the 1H NMR spectrum at around �� 7.0 ±
7.8 ppm following irradiation for 78 min. However, the photo-
product could not be positively identified (such as by 1HNMR
difference spectra), since most of the product signals were
coincident with the intense DHN-1 signals. Attempts to
accumulate the photoproduct by irradiation for an additional
360 min were unsuccessful because of decomposition. An
attempt to induce changes by thermal relaxation at room
temperature in the dark (24 h) also failed.


A mass spectrometric investigation of the photoproduct
mixture revealed compounds with m/z� 305.1 (3%), 333.1
(29%) and 334.1 (6%), besides the DHN-1 signal at m/z�
332.1 (100%).[27] The compound with m/z� 305.1 is tenta-
tively assigned as the naphthalene derivative C-1 (Scheme 4),
which was presumably formed via the cationic intermediate
TC. Upon addition of aqueous AgNO3 solution to a photo-
product mixture, a colourless precipitate was formed, which
we attribute to AgCN. This precipitate arising from DHN-1,
which was not observed in the absence of light, supports the
proposed initial photochemical step in Scheme 4. In a second
experiment (b), DHN-1 (�7 mg) was dissolved in about
0.8 mL of a CF3CH2OD/CD3CN mixture (1:1) due to its
limited solubility in neat CF3CH2OD. Irradiation (for 15 ±
355 min) under otherwise identical conditions as in experi-
ment (a) caused very similar effects as those discerned from
the aforementioned 1H NMR spectra.


Salient molecular signals can be discerned in the FD mass
spectrum of the photoproduct mixture at m/z� 324.2 (100%)
and m/z� 332.2 (68%), along with some weak ones, for
example, atm/z� 305.1 (5%) and 405.2 (1%). Peaks atm/z�
324.2 andm/z� 405.2 may be assigned to compounds C-2 and
C-3, formed by trapping of the carbocation TC with residual
OD� and CF3CH2O�, respectively (Scheme 4).


The identity of transient TC : At least three photoproducts, all
of which are formed via the excited singlet state of theDHN-1
form within 20 ns (Scheme 3), have to be considered: species
A and B, absorbing at 250 ± 300 nm and at �B� 370 ± 440 nm,
respectively, as well as transient TC. For TC, several alter-


Table 3. Absolute quantum yield of photoconversion.[a]


Solvent [H2O]/� �[b]


acetonitrile none 0.5 (0.4)[c]


28 0.4 (0.3)
ethanol none 0.4


5 0.3
TFE 5 0.2
HFP 5 0.2


[a] From light-induced changes of the absorption spectrum, �exc� 248 nm.
[b] Absolute values, measured by HPLC. [c] Values in parentheses refer to
�irr� 254 nm.
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natives to a carbocation may be considered: a triplet state, a
radical, a biradical, a zwitterion, a radical cation and a radical
anion. The triplet state can be excluded as oxygen does not
reduce the lifetime �C. Moreover, attempts to generate a
DHN-1 triplet state under sensitised excitation, by using
acetone, acetophenone or naphthalene in argon-saturated
acetonitrile at room temperature, failed. The lack of any
reaction with oxygen is also strong evidence against the
hypotheses of TC being a radical or biradical.


Fluoroalcohols are able to stabilise the zwitterionic mer-
ocyanine form of spiropyrans and spirooxazines by hydrogen
bonding.[26] The appearance of TC in polar media, with a
maximum in the visible region at �C� 545 nm, might be
suggestive of it being a zwitterion. However, the indepen-
dence of the spectral bands of the polarity of the medium and
the effects of water concentration on the yield and lifetime
(Table 1) are not consistent with this hypothesis.


Excitation of aromatic molecules with 5.0 eV pulses may
well lead to photoionisation products arising from the
solvated electron and the radical cation as primary spe-
cies.[28, 29] However, TC cannot be assigned to a radical cation,
since its counterpart, the solvated electron, was not detected
under conditions (e.g., in ethanol and in mixtures with water)
under which it is normally readily detectable.[29±31] Note that in
acetonitrile the solvated electron is scavenged within 1 ns.
One could, however, argue that the solvated electron rapidly
reacts with DHN-1. If this occurs intermolecularly, the
solvated electron should be detectable within about 1 �s,
given a diffusion-controlled rate constant and a DHN-1


concentration of 0.1m�. If electron transfer occurs intra-
molecularly, however, then a radical anion moiety should be
observable, which will subsequently react with oxygen. The
rate constant for this reaction is typically 2� 1010��1 s�1 in
ethanol or acetonitrile.[30, 31] Thus, a radical anion with a half-
life of �1 �s is excluded, since TC does not react with oxygen.


Features of the carbocation : The most plausible possibility is
that TC is a carbocation (Scheme 4), this being in agreement
with all the results. For example, TC was not detected in neat
dichloromethane, tert-butanol or propan-2-ol, and its yield
was rather low in methanol, ethanol and acetonitrile, these
being media with polarity parameters[32] below 0.8 (Table 1).
On addition of water to these solutions, the yield increases
substantially (Figure 3a). In HFP, in which the longest lifetime
was observed (Figure 4a), TC decays according to first-order
kinetics. In TFE, TC also has a rather long half-life and two
first-order decay components in the ms range (Figure 5a). On
addition of water to TFE or HFP, the yield remains substantial
or decreases only slightly (Figure 3a), but the decay becomes
much faster (Figure 3b).


The presence of water in acetonitrile or alcohols is
necessary for efficient formation of the observed carbocation.
The proposed reasons are better solvation of TC and of the
released CN� (Scheme 4), as well as the possible formation of
hydrogen cyanide. It is interesting to note that for the
photoheterolysis of 9-fluorenol, a related case, it has been
suggested that protonation of the molecule occurs even in the
ground state and that the driving force is separation of the two
ions by one water molecule.[26] Analogously, we propose that
the photoheterolysis of DHN-1 involves an assistance of ion
separation by a water molecule. The first-order decay kinetics
of the carbocation and the shorter lifetime in mixtures of HFP
with alcohols (ROH) or water (Figure 4a ± c) exclude the back
reaction with CN�. Instead, the decay kinetics of the
carbocation can be attributed to the addition of ROH and
deprotonation. In the presence of Br� in aqueous TFE, the
lifetime �C is strongly reduced, and this is ascribed to a
corresponding addition reaction (RO� is replaced by Br�).


To account for the final re-aromatisation of the naphtha-
lenium ion, a rearrangement has to occur (Scheme 4). The
major product with a retention time of 3.8 min upon HPLC,
formed under conditions under which transient TC is the
major intermediate, especially in the presence of water, is
compatible with the above assignment to 1-cyano-2,3-diphe-
nylnaphthalene (C-1) or to the dihydronaphthalene deriva-
tives C-2 and C-3. Fluorescence and a structured absorbance
would be expected for naphthalene C-1. However, no
fluorescence could be observed under conditions under which
TC is the major intermediate, indicating that re-aromatisation
to the naphthalene structure does not occur, at least not to any
spectroscopically detectable extent, under the applied con-
ditions. It is more probable that the presence of the
naphthalene derivative C-1 in the FD-MS spectrum (see
above) is merely due to its formation from C-2 or C-3 through
extrusion of ROH in the course of the FD-MS experiment.


The proposed mechanism is supported by pulse-induced ion
formation (Figure 6). The initial conductivity increase in the
presence of neutral water is due to the formation of the


Scheme 4. Assumed carbocation route of the DHN-1 photochemistry.
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carbocation and CN�, the latter, in terms of charges, being
rapidly replaced by OH�. The ensuing decrease in conductiv-
ity results from neutralisation in the course of the decay of the
carbocation. The increase in its lifetime from ��C� 6 �s in
water/acetonitrile (1:1) to 0.2 s in water/HFP mixtures (1:100)
is in reasonable agreement with the findings of absorption
spectroscopy. In particular, in HFP in the presence of 0.5 and
5� water, the lifetimes from the two methods are consistent.


Other photoreactions : The photoreaction of DHN-1 relating
to species B (benzoquinodimethane isomers) is suggested to
be ring-opening and to involve a thermal relaxation process,
in agreement with the synthesis of DHN-1. This photochrom-
ism of DHN-1 is a minor process and may be interpreted in
terms of the following reaction mechanism. Irradiation
populates the 1DHN-1* state, and the ring-opening takes
place on the appropriate reaction coordinate in the excited
singlet moiety, since intersystem crossing does not occur at all.
The thermal relaxation process (Scheme 3) differs from
that of chromene or other spiro compounds in that the
kinetics deviate from a monoexponential decay. Interestingly,
two ring-opening reactions have also been considered for
chromene and both photoprocesses involve thermal relaxa-
tion.[17]


Species A, being only weakly characterised by an absorp-
tion increase of the irreversible part below 400 nm, is
tentatively ascribed to a 1,1a,6,6a-tetrahydrocycloprop[a]in-
dene derivative resulting from a phenylvinylmethane rear-
rangement of DHN-1 (Scheme 3).[33, 34] Photoinduced forma-
tion of A, B and C are competing processes, but the
vibrationally relaxed 1DHN-1* state must be questioned as
a common precursor for speciesA as well, since the formation
ofA is not sufficiently suppressed when the yield of C reaches
a maximum (Tables 1 ± 3). We therefore propose that the
pathways to B and C are competing deactivation processes of
the vibrationally relaxed 1DHN-1* state and that the forma-
tion of A takes place from the Franck ±Condon state or via
relaxation to the 1DHN-1* state.


Figure 9 shows DHA and DHN in their ground states. This
clearly demonstrates that the C1�C2 � bond in DHN-1 is
essentially orthogonal to both the � system of the benzene


Figure 9. Structures of DHA (left) and DHN-1 (right). After geometry
optimisation using force field methods, the calculations were carried out
with Spartan[35] on a semiempirical level using AM1.


unit and the C3�C4 � bond. In contrast, for DHA an
overlapping orbital situation between the lengthening
C8a�C1 � bond and the cycloheptatriene � system may


contribute to the efficient C8a�C1 bond cleavage in this
photochrome. From Figure 9, it also follows that one of the
C�CN bonds in DHN is aligned almost parallel to the
benzene � system, whereas in DHA the corresponding
interaction is less.


Conclusion


Photoinduced charge separation and bond cleavage, as
fundamental steps in energy conversion, underpin a wide
range of processes, extending from molecular dimensions
(light-induced solvolysis, photoinduced heterolytic bond
cleavage)[36] up to photosynthetically active membrane-inte-
grated protein-pigment complexes,[37] photovoltaic devices[38]


and materials for photolithographic applications.[39] A heter-
olytic bond cleavage involving the cyano groups is suggested
as the driving force for carbocation (TC) formation from
electronically excited 1,1-dicyano-2,2-diphenyl-1,2-dihydro-
naphthalene. The three suggested photoprocesses all occur
on a timescale of less than 10 ns. Photochromic ring opening
and closure via the benzoquinodimethane analogue B is a side
reaction under these conditions, which becomes even less
efficient in the presence of water. Water in organic solvents is
necessary for the efficient formation of the observed carbo-
cation, but the quantum yield of photoconversion (leading
also to speciesA, presumably through a phenyl-vinylmethane
rearrangement) is rather independent of the solvent polarity
and the amount of added water. This suggests competing
photoprocesses, decomposition of DHN-1 via A, photochro-
mic ring-opening via B, and formation of carbocation TC,
which eventually yields stable compounds. These presumably
have dihydronaphthalenoid and naphthalenoid structures
(C-1 to C-3). As already addressed in the introduction,
structural and stereoelectronic reasons may be the decisive
factors responsible for the competition of electrocyclisation
and heterolytic bond cleavage. Further investigations of 2,2-
diphenyl-1,2-dihydronaphthalene and 1,1-diphenyl-1,2-naph-
thalene derivatives with better leaving group(s) and more
efficient stabilisation of the cationic intermediate should be
helpful to shift the photoprocesses more efficiently towards
the two photochromic pathways, electrocyclisation and pho-
toinduced bond dissociation.


Experimental Section


Synthesis : The photochromic chromene-like 6�-electron system DHN-1
was synthesised according to Scheme 5.[27] o-Iodobenzyl alcohol (1) was
first converted to o-iodobenzyl bromide (2) with HBr according to ref. [40];
this was then converted to the corresponding phosphonium salt (2-
iodobenzyl)triphenylphosphonium bromide (3) with triphenylphosphine
according to ref. [41]. Both reactions proceeded in near quantitative yield.
Wittig reaction[42] of 3 with diphenylacetic aldehyde gave cis/trans-3,3-
diphenyl-1-(2-iodophenyl)propene and 1,1-diphenyl-3-(2-iodophenyl)pro-
pene (4), the latter being a tautomeric product formed by base-induced
rearrangement. Palladium-catalysed coupling of 4 and malonodinitrile with
tBuOK as base in dimethoxyethane[43] yielded a mixture of isomeric
dicyano compounds (5), with one isomer predominating, namely the
tautomeric form 1,1-diphenyl-3-(2-dicyanomethylphenyl)propene. In a
final one-pot dehydrogenation reaction, the benzoquinodimethane deriv-
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atives 6 were produced by allylic and benzylic mono- or dibromination of 5
with NBS/AIBN in a first step, followed by thermolytic dehydrobromina-
tion and debromination, respectively.[44] Under the applied reaction
conditions, the (E)/(Z)-benzoquinodimethane isomers 6 immediately
rearranged to DHN-1.


(E/Z)-4 (and tautomeric form): Under N2, 3 (2.0 g, 3.6 mmol) was
suspended in THF (25 mL). tBuOK (0.40 g, 3.6 mmol) was then added
portionwise under ice-cooling, whereupon the reaction mixture immedi-
ately became orange. Stirring was continued for a further 20 min, and then
diphenylacetic aldehyde (0.64 mL, 3.5 mmol) was slowly added. The
mixture was stirred for 5 h at room temperature, while the colour faded
to a yellowish hue. The reaction mixture was then diluted with diethyl ether
and 0.1� aqueous HCl. After separation of the layers, the aqueous phase
was extracted a further four times with Et2O. The combined organic layers
were washed with water, dried over anhydrous Na2SO4 and filtered. After
evaporation of the solvent in a rotary evaporator, column chromatography
of the residue on silica gel eluting with CH2Cl2/PE (1:5) afforded 0.87 g
(2.2 mmol, 63%) of a yellowish resin. IR (KBr): �� � 3078, 3059, 3028, 2926,
2860, 1643, 1598, 1560, 1012, 968, 747, 700 cm�1; 1H NMR (250 MHz,
CDCl3, mixture of three isomers): �� 3.55 (d, 2H, J� 7.53 Hz; -CH2 of
tautomeric form), 4.98 ± 4.88 (m, 2H; -CPh2H of cis and trans forms), 7.40 ±
6.15 (m, 43H; aromatic and olefinic H), 7.48 (dd, 1H, J1� 7.93 Hz, J2�
1.59 Hz; HA or HD), 7.87, 7.81, 7.79 ppm (3 dd, 1H per isomer, J1� 7.93 Hz,
J2� 1.19 Hz for all isomers; HA or HD); 13C NMR (62.9 MHz, CDCl3):[45]


�� 41.24 (CH2 of tautomeric form), 54.20, 49.09 (-CPh2H of cis and trans
forms), 100.72, 100.01, 99.73 ppm (-CI of all three isomers); MS (70 eV, EI):
m/z (%): 396 (70) [M�], 318 (23) [M��Ph], 269 (27) [M�� I]; elemental
analysis calcd (%) for C21H17I (396.27): C 63.65, H 4.32; found C 63.71, H
4.42.


5 (stereoisomeric and tautomeric forms): Under N2, [Pd(PPh3)4] (23 mg,
20 �mol), CH2(CN)2 (66 mg, 1.0 mmol) and tBuOK (130 mg, 1.2 mmol)
were suspended in DME (10 mL), and the mixture was stirred for 10 min at
room temperature. Then, compound 4 (200 mg, 0.50 mmol, isomeric
mixture) was added, and the reaction mixture was refluxed for 24 h. At
least three new spots were detected by TLC (CH2Cl2/PE, 1:1, Rf� 0.30 ±
0.52), indicative of product formation. After the addition of further
portions of [Pd(PPh3)4] (23 mg, 20�mol) and tBuOK (130 mg, 1.2 mmol),
refluxing was continued for another two days. The mixture was then cooled
to room temperature, diluted with 0.1� HCl and stirred for 10 min. The
layers were allowed to separate, and the aqueous phase was extracted
another four times with Et2O. The combined organic layers were dried over
anhydrous Na2SO4 and filtered. After evaporation of the solvent in a rotary
evaporator, column chromatography of the residue on silica gel eluting
with CH2Cl2/PE (1:1) (Rf� 0.30 ± 0.52) afforded 66 mg (0.20 mmol, 39%)
of a brown resin. IR (KBr): �� � 3061, 3030, 2924, 2257, 2226, 1600, 761,
701 cm�1; 1H NMR (400 MHz, CDCl3): �� 3.56 (d, 2H, -CH2


a of
tautomeric form, J� 7.43 Hz), 4.76 (s, 1H, -C(CN)2H of tautomeric form),


6.11 (t, 1H,Hb of tautomeric form, J�
7.43 Hz), 7.82 ± 7.00 ppm (m, aromatic
H of all three isomers); MS (70 eV,
EI): m/z (%): 334 (55) [M�].


1,1-Dicyano-2,2-diphenyl-1,2-dihydro-
naphthalene (DHN-1): Under N2,
compound 5 (mixture of isomers;
0.39 g, 1.2 mmol), NBS (0.21 g,
1.2 mmol), and AIBN (catalytic
amount) were heated in CCl4 at
120 �C for 24 h. The progress of the
reaction was monitored by TLC
(CH2Cl2/PE, 1:1), irradiating the TLC
plate with 254 nm light (UV lamp),
while cooling it in liquid N2. The
product could be identified from a
red spot, which immediately faded
when the plate was warmed to room
temperature. After cooling to room
temperature, the reaction mixture was
filtered, and the residue was washed
twice with CCl4. Evaporation of the
solvent in a rotary evaporator, fol-
lowed by column chromatography of


the residue on silica gel eluting with CH2Cl2/PE (1:1) (Rf� 0.50) afforded a
still impure product. Further purification by washing several times with n-
pentane/diethyl ether yielded 54 mg (0.16 mmol, 13%) of a colourless
solid. M.p. 188 �C; IR (KBr): �� � 3079, 3034, 2243, 1791, 1600, 1487, 754,
701 cm�1; 1H NMR (400 MHz, CDCl3): �� 3.95 (m, 2H, 3- and 4-H), 7.54 ±
7.26 (m, 13H, phenyl- and benzo-H), 7.61 ± 7.57 ppm (m, 1H, benzo-H); MS
(70 eV, EI): m/z (%): 332 (100) [M�]; HRMS calcd for C24H16N2: 332.1313;
found: 332.1310.


Methods : Melting points: uncorrected, B¸chi SMP 20 and Reichert
Thermovar. IR: Bio-Rad FTS 155. EI-MS: Varian CH-5. FD-MS:
MAT 95. NMR: Bruker AC250 (24 �C) and ARX400 (21 �C) spectrom-
eters at 250/400 MHz for 1H and 101 MHz for 13C (ARX400). Chemical
shifts � are reported with respect to TMS as an internal standard. Solvents
and reagents for synthesis were used as purchased without further
purification unless stated otherwise (CCl4 was dried over P2O5; THF and
DME were dried over Na/K). The progress of reactions was monitored by
TLC. In all cases, solvent impurities were removed in vacuo by using oil-
diffusion pumps. Further methods were as described elsewhere.[9, 27]


The molar absorption coefficient of DHN-1 in methylcyclohexane was
�248� 1.0� 104��1 cm�1. The solvents used for spectroscopic investigations
(Merck) were of analytical (TFE, tert-butanol, propan-2-ol, methanol) or
Uvasol grade (acetonitrile). MCH was purified by passage through a basic
alumina column (Woelm); HFP (Aldrich) and ethanol were distilled; water
was from a milli-Q system. Steady-state measurements were performed by
using a diode-array spectrophotometer (Hewlett Packard 8453) and a
spectrofluorimeter (Perkin Elmer LS-5). Continuous irradiation at �irr�
254 nm was achieved by using a low-pressure Hg lamp. The relative
quantum yields were based on absorption increases as a function of the
irradiation time or laser dose. Uridine in aqueous solution at pH 7 was used
as an actinometry standard.[46] To determine the absolute quantum yield,
the decomposition of DHN-1 was monitored by HPLC using a reversed-
phase Nucleosil 3-C-18 column (125� 4.6 mm, 0.8 mLmin�1), detection at
215 ± 290 nm and with methanol/water (5:1) as eluent. Laser flash
photolysis with a time resolution of 20 ns was carried out using radiation
of �exc� 248 nm from an excimer laser.[8, 9] The relative yields were obtained
from the linear part of the absorption increase at 290 nm and the long
wavelength maximum (�B) versus the laser intensity using optically
matched solutions. Time-resolved conductometry was carried out as
described elsewhere.[31] Unless otherwise indicated, measurements refer
to 25 �C.
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Bidentate Ligation of Heme Analogues;
Novel Biomimetics of the Peroxidase Active Site


Gonen Ashkenasy,[a, c] David Margulies,[a] Clifford E. Felder,[a]
Abraham Shanzer,*[a] and Linda S. Powers*[b]


Abstract: The multifunctional nature of
proteins that have iron ± heme cofactors
with noncovalent histidine linkage to the
protein is controlled by the heme envi-
ronment. Previous studies of these ac-
tive-site structures show that the pri-
mary difference is the length of the iron-
proximal histidine bond, which can be
controlled by the degree of H-bonding
to this histidine. Great efforts to mimic
these functions with synthetic analogues
have been made for more than two
decades. The peroxidase models result-
ed in several catalytic systems capable of
a large range of oxidative transforma-
tions. Most of these model systems
modified the porphyrin ring covalently
by directly binding auxiliary elements
that control and facilitate reactivity; for
example, electron-donating or -with-
drawing substituents. A biomimetic
approach to enzyme mimicking would
have taken a different route, by attempt-
ing to keep the porphyrin ring system


unaltered, as close as possible to its
native form, and introducing all modifi-
cations at or close to the axial coordina-
tion sites. Such a model system would be
less demanding synthetically, would
make it easy to study the effect of a
single structural modification, and might
even provide a way to probe effects
resulting from porphyrin exchange. We
introduce here an alternative model
system based on these principles. It
consists of a two component system: a
bis-imidazolyl ligand and an iron ± por-
phyrin (readily substituted by a hemin).
All modifications were introduced only
to the ligand that engulfs the porphyrin
and binds to the iron×s fifth and sixth
coordination sites. We describe the de-
sign, synthesis, and characterization of


nine different model compounds with
increased complexity. The primary tool
for characterizing the environment of
each complex FeIII center was the Ex-
tended X-ray Absorption Fine Structure
(EXAFS) measurements, supported by
UV/Vis, IR, and NMR spectroscopy and
by molecular modeling. Introduction of
asymmetry, by attaching different imi-
dazoles as head groups, led to the
formation of two axial bonds of different
length. Addition of H-bonds to one of
the imidazoles in an advanced model
increased this differentiation and ex-
panded the porphyrin ring. These com-
plexes were found to be almost identical
in structure to peroxidase active sites.
Similarly to the peroxidases and other
synthetic models, these compounds sta-
bilize the green, compound I-like inter-
mediate, and catalyze the oxidation of
organic substrates.


Keywords: biomimetic catalysis
¥ heme proteins ¥ N ligands ¥
porphyrinoids ¥ protein models


Introduction


Even though the globins function as oxygen-transport pro-
teins and the peroxidases and catalases perform catalytic
substrate oxidations and reductions, they share features of the
heme active site: an iron-protoporphyrin IX prosthetic group


that is linked to the protein by a proximal histidine residue. In
peroxidases, the sixth distal position of the heme is occupied
by a water molecule or by another amino acid from the
protein, while globins bind small molecules like O2 and CO.
The peroxidases react with peroxide to form reactive ferryl
iron intermediates–known as compounds I and II.[1, 2] My-
oglobin reacts slowly with peroxide to form a myoglobin-
peroxide species similar to compound II[3] that contains a
single oxidizing equivalent above the met form. However,
myoglobin uses its own amino acid side chain as a substrate;
this renders it inactive after a few cycles.[4]


The primary structural difference between these active sites
is the length of the iron-proximal histidine bond, which is
about 0.2 ä shorter in horseradish peroxidase and cyto-
chrome C peroxidase than in myoglobin or hemoglobin.[5±12]


Studies have shown that strong hydrogen bonding to the
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proximal histidine in the peroxidases–for example, in
cytochrome C peroxidase these H-bonds are formed by
His175, Asp235, and Trp191–results in an increased electron
density on the heme active site; this stabilizes both the iron
and radical electron-deficient centers that exist in the catalytic
intermediates.[13±17] This strong H-bonding has also been
shown by Powers and co-workers, using site-specific muta-
genesis studies, to be responsible for the shorter iron-proximal
histidine ± nitrogen (Fe�N�) bond.[9, 11, 12]


During the last two decades, several research groups have
manipulated the structure of metalloporphyrin complexes in
order to mimic the peroxidatic activity. Valentine, Groves,
Dolphin, Traylor, Mansuy, their co-workers, and others have
extensively studied models that utilized the FeIII and MnIII


complexes of meso-tetramesityl porphyrin (TMP) or of
halogenated porphyrins. These molecules prevent the forma-
tion of unreactive �-oxo dimmers and self-oxidation of the
porphyrin. Thus, they enable the formation of compound I- or
II-like intermediates and catalyze the oxidation of alkenes,
alkanes, and other substrates.[18±25] In such model systems, as in
the enzymes, the catalytic process is enhanced with respect to
rate and yield once the fifth metalloporphyrin coordination
site is ligated by a nitrogen-containing ligand, generally an
imidazole.[20, 22] The effect of hydrogen bonding to this
imidazole on reactivity has only been sporadically investigat-
ed.[18, 20, 22, 26] We note the recent contribution of Nakamura
and co-workers that probed the effect of hydrogen bonding in
thiolated ligands on the structure and reactivity of cyto-
chrome P450 models,[27, 28]and of Nocera and co-workers that
demonstrated the ability to orient exogenous water next to
the metal center by hydrogen bonding.[29]


In almost all of the structures studied–and the same is true
for models of cytochrome P450–the auxiliary elements that
control and facilitate reactivity were attached to the porphy-
rin ring covalently. However, a biomimetic approach would
follow the evolutionary process, attempting to keep the
porphyrin ring system unaltered, as close as possible to its
native form, and introduce all modifications at or close to the
axial coordination sites. Such an approach is less demanding
synthetically, because chemical transformations are per-
formed on an alkyl (or peptide) chain rather than on the
porphyrin aromatic ring. It supplies a convenient platform
from which to probe the effect of a single modification on the
structure and reactivity of the entire complex. In addition, it
allows the easy exchange of the iron ± porphyrin for another
metalloporphyrin.
Recently, we reported the characterization of metallopor-


phyrin complexes with the dipodal ligands 1 and 2 (Scheme 1),
for the development of NO sensors.[30] These ligands posses
two arms that wrap around metalloporphyrin moieties and
bind to the metal center. The complexes bind to solid surfaces
through the ligand disulfide rings and form well-defined
monolayers. These monolayers on a GaAs surface bind NO,
and detection of the binding event is achieved by tracking
changes in the surface electronic properties. It occurred to us
that the skeletons of ligands 1 and 2might serve as a platform
for the incorporation of auxiliary groups that will provide an
array of complexes with metalloporphyrins that will mimic the
peroxidase active site.


Scheme 1. Bidentate ligands. 1 and 2 : symmetric ™parent∫ ligands, 3 ± 6 :
symmetric ligands with H-bonding between the side-chain carbonyl and the
imidazole head group, 7: asymmetric ligand, 8 and 9 : asymmetric ligands
with a single H-bond to the NH-imidazole.


We describe here the design, synthesis, and characterization
of a novel set of complexes made from the organic tailor-made
ligands 1 ± 9 (Scheme 1) and iron(���) porphyrins. All varia-
tions between complexes were introduced only onto the
ligand that engulfs the heme and binds to the iron fifth and
sixth coordination sites, while the FeIII porphyrins, FeTPPCl
(TPP� tetraphenylporphyrin) and FeDMPPCl (DMPP� di-
methyl ester of protoporphyrin IX), were utilized without
altering their porphyrin skeleton. The parent ligands, 1 and 2,
were first modified by breaking the symmetry of the ligand in
such a way as to guarantee differentiation between the two
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axial bond lengths. We then introduced a selective hydrogen
bond to only one of the imidazole groups in order to mimic
the extensive hydrogen-bonding network observed in perox-
idases. UV/Vis titrations, and electron spray MS and 1H NMR
spectroscopy measurements showed the formation of the
desired 1:1 ligand-to-FeIII porphyrin complexes. The environ-
ment of the complex FeIII center was characterized thoroughly
with Extended X-ray Absorption Fine Structure (EXAFS)
measurements, and the results were supported by spectro-
scopic (UV/Vis, IR, and NMR) and theoretical (EFF calcu-
lations) tools. The first-coordination-shell bond lengths in the
more advanced complexes, made of ligands 7 ± 9 in Scheme 1,
were found to be practically identical to those in the active
sites of horseradish peroxidase, cytochrome C peroxidase,
Arthromyces ramosus peroxidase, and myeloperoxidase. Sim-
ilarly to the peroxidases and other synthetic models, these
biomimetic compounds stabilize the green oxoferryl-porphy-
rin radical cation and catalyze the oxidation of organic
substrates.


Experimental Section


Synthesis : The synthesis of the active-ester precursor I (Scheme 2) was
described earlier.[31]


Scheme 2. Synthesis of the precursor I.


Preparation of the symmetric ligands 1 ± 3 and 6 : The appropriate amino
imidazole (2.0 molequiv.) and triethylamine (2.0 equiv) were added to a
solution of I (1.0 equiv) in CHCl3 or THF, and the reaction mixture was
stirred at room temperature overnight. The solvent was removed and the
product was separated on a silica column (CHCl3/CH3OH, 8:2, 50 ± 70%
yields). Compound 3: IR (KBr) �� � 1099 (ether), 1650 (CONH), 1739
(COOMe); 1H NMR (400 MHz, CD3OD) �� 7.58 (s, 2H), 6.87 (s, 2H),
4.67 (m, 2H), 3.75 (m, 4H), 3.68 (s, 6H), 3.20 (m, 2H), 2.90 ± 3.15 (br, 2H�
4H), 2.65 (m, 2H), 2.43 (m, 4H). Compound 6: IR (KBr) �� � 1102 (ether),
1633 (CON-Et2), 1652 (CONR); 1H NMR (400 MHz, CD3OD) �� 7.61 (s,
2H), 6.87 (s, 2H), 5.07 (t, J� 7.0 Hz, 2H), 3.78 (m, 4H), 3.45 (m, 4H� 2H),
3.20 (m, 4H), 2.95 (m, 4H), 2.70 (m, 2H), 2.44 (m, 4H), 1.14 (t, J� 6.5 Hz,
6H), 1.06 (t, J� 6.5 Hz, 6H). MS (ES) m/z� 681 [M��H]. The spectral
characterizations of ligands 1 and 2 have been published before.[30]


Preparation of ligands 4 and 5 : The enantiomerically pure cyclohexyl
derivative of I was prepared in a similar fashion to I from (1S,2S)-trans-1,2-
cyclohexanediol (Sigma), and was used as a precursor for the synthesis of
ligands 4 and 5. The two different diastereomers were prepared by coupling
this active ester to 2.0 molequiv. of �-histidine methyl ester (4), or �-
histidine methyl ester (5), in the same procedure as described above for 3.
Compound 4: 1H NMR (400 MHz, CD3OD) �� 7.63 (s, 2H), 6.90 (s, 2H),


4.70 (m, 2H), 3.77 (m, 4H), 3.70 (s, 6H), 3.12 (m, 4H), 3.08 (m, 2H), 2.46 (t,
J� 6.2 Hz, 4H), 1.96 (br, 2H), 1.61 (br, 2H), 1.18 (m, 4H). Compound 5:
1H NMR (400 MHz, CD3OD) �� 7.62 (s, 2H), 6.88 (s, 2H), 4.70 (m, 2H),
3.75 (m, 4H), 3.69 (s, 3H), 3.12 (m, 4H), 3.01 (m, 2H), 2.44 (m, 4H), 1.95
(br, 2H), 1.82 (br, 2H), 1.18 (m, 4H).


Preparation of the nonsymmetric ligands 7 ± 9 : 1-(3-Aminopropyl)-imida-
zole (0.9 molequiv.) and triethylamine (0.9 equiv.) were added to a solution
of I (1.0 equiv.) in THF, and the reaction mixture was stirred at room
temperature, until all the amine was consumed (tlc). The appropriate
amino NH-imidazole (1.2 equiv.) and triethylamine (1.2 equiv.) were
added, and the mixture was stirred overnight. The solvent was removed,
and the nonsymmetric compound was separated from the two symmetric
compounds over a silica column (CHCl3/CH3OH/NH3, 8:2:drops). The
detailed characterization of 7 has been published recently.[32] Compound 8:
IR (KBr) �� � 1100 (ether), 1650 (CONH), 1738 (COOMe); 1H NMR
(400 MHz, CDCl3/CD3OD) �� 7.70 (s, 1H), 7.58 (s, 1H), 7.12 (s, 1H), 6.96
(s, 1H), 6.85 (s, 1H), 4.65 (m, 1H), 4.05 (t, J� 7.2 Hz, 2H), 3.74 (m, 4H),
3.65 (s, 3H), 3.24 (m, 2H), 3.13 (m, 2H), 3.07 (m, 2H), 2.95 (m, 2H), 2.68
(m, 2H), 2.33 (m, 4H), 1.95 (quint, J� 7.2 Hz, 2H). Compound 9: IR (KBr)
�� � 1102 (ether), 1633 (CON-Et2), 1647 ± 1652 (CONR); 1H NMR
(400MHz, CD3OD) ��7.68 (s, 1H), 7.60 (s, 1H), 7.12 (s, 1H), 6.96 (s, 1H),
6.85 (s, 1H), 5.06 (m, 1H), 4.03 (t, J� 7.2 Hz, 2H), 3.80 (m, 4H), 3.38 (m,
4H), 3.17 (br, 4H), 2.93 (m, 2H), 2.72 (m, 2H), 2.41 (m, 2H), 1.96 (quint,
J� 7.2 Hz, 2H), 1.12 (t, J� 6.5 Hz, 3H), 1.04 (t, J� 6.5 Hz, 3H). MS (ES)
m/z� 596 [M��H]. Ligands 7 ± 9 were additionally characterized by 2D
COSY 1H NMR to ensure connectivity between the fragments of each arm.


Spectroscopic measurements


X-ray absorption spectroscopy : X-ray absorption measurements were
performed at the National Synchrotron Light Source on Beamline X-9
using Si(111) crystals, which provide �2 eV resolution at 7 keV. Complexes
and model compounds were prepared from solutions in DMF (15 m�),
except for 9-FeDMPPCl, which was found to be less soluble and was
prepared from a solution of FeDMPPCl (5 m�) and excess 9 at room
temperature. Then, the samples were frozen and maintained at � � 80 �C
during X-ray exposure to minimize radiation damage.[33]


Data were analyzed according to previously described methods[5±12, 34±40] as
well as by using the UWXAFS package.[41] A considerable number of
crystallography studies on heme proteins and model compounds have
shown that the largest differences/changes in bond lengths occur in the first
coordination shell. Thus, our analyses concentrate on the first coordination
shell.


Briefly, the absorption below the edge was set equal to zero. The EXAFS
modulations were isolated by background subtraction and normalization,
k3-multiplication, which approximately equalizes the modulations in k-
space (k is the wave vector, Figure 1a), and Fourier transformation, which


Figure 1. Most stable, calculated conformation of a) 2-FeTPPCl and b) 6�-
FeTPPCl. The view is almost along the porphyrin plane, the two imidazoles
are in the center left and right, bound to the central iron atom, and the
anchor base is at the bottom. The H-bonds in 6�-FeTPPCl are shown as
dashed lines, with the lengths indicated [ä]. Atom coding: lightly shaded:
carbon, darkly shaded: nitrogen, black: hydrogen, and white: oxygen. Most
of the hydrogens are not shown for clarity, but were included in the
calculation.
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converts the data to distance space (Figure 1b). The contribution of each
shell was isolated by application of a Fourier window filter and back-
transformation, or the background was subtracted, k3-multiplied data can
be used directly. Thus, for each coordination shell, the amplitude contains
the number of scattering atoms [N] and their Debye ±Waller factors [�2],
while the phase contains the average length [r] and the threshold energy
[Eo]. Comparison of the sample amplitude and phase with those of
carefully chosen model compounds having similar structure and for which
the structure has been determined gives the sample parameters: r, N, ��2,
and �Eo, where�� (model-protein). The goodness of fit was judged by the
sum of the residuals squared, �R2. Results of the fitting procedures were
compared by using the statistical arguments of Powers and Kincaid.[37]


For a solution to considered ™best∫, it must satisfy the following criteria:
i) all parameters must be physically reasonable, ii) the sum of the residuals
squared must be smaller than all other physically reasonable solutions by at
least a factor of 1.4, iii) all distance parameters of one solution must differ
from those of another solution by at least their respective estimated errors,
and iv) the residuals must be comparable to the total error in the data. In
order to demonstrate that these methods are capable of resolving the
reported lengths in the data, data having the same parameters as those
found for the experimental data were synthesized by using the amplitudes
and phases from model compounds. Gaussian noise was added in the
amount contained in the experimental data, and these synthetic data were
then analyzed. Lengths like those reported for the experimental data can
clearly be reliably distinguished.[37]


Optical absorption spectroscopy (UV/Vis): All measurements were made
on a Beckman DU-7500 diode-array spectrophotometer. Typical spectra of
the FeIII ± porphyrin complexes (22 �C, 1� 10�5 ± 5� 10�4�, DMF or
CHCl3) were found to be as follows, FeTPPCl � 1 ± 6 : �� 416 ± 419 nm
(�� 150000), 550 ± 551 (9000); 7-FeTPPCl �� 416 nm (�� 150000), 541
(9000); 9-FeTPPCl �� 406 nm (�� 130000), 525 (br, �� 5000); FeDMPPCl
� 1 ± 6 : �� 412 ± 414 nm (�� 150000), 534 ± 539 (13500). FeIII ± porphyrins
titrations with increasing amounts of the ligands (1 ± 3) were monitored at
room temperature, and the changes in the spectra relative to the free-base
FeIII ± porphyrin were utilized to calculate the binding constants (K1 and �2)
of the bis-imidazolyl binding sites to the central metal ions, similarly to the
way described inWalker et al.[42] Experiments to follow the oxidation of the
complexes to the ferryl radical cation were made in isolated and cooled
UV/Vis cells.


Electron spray MS : Samples obtained from the ligand-to-FeIII ± porphyrin
solutions (1:1, 15 m� in CHCl3 or CHCl3/CH3OH 8:2) were analyzed by
ES-MS, and the detector was set to look for these species as well as for
higher-order oligomers. The molecular mass of the cationic complex
without the chlorine counter ion is generally observed, together with the
Na� adduct, and in some cases with a small amount of the free ligand. The
followingm/z values were observed for complexes of the symmetric ligands
with FeTPPCl: [1-FeTPP]�: 1178 [M��H], 511 [1��H]; [2-FeTPPCl]�:
1150 [M��H], 483 [2��H]; 3-FeTPPCl: 1267 [M��H], 598 [3��H];
[6-FeTPPCl]�: 1350 [M��H], 1373 [M��H�Na�].
NMR measurements : 1H NMR measurements of the complexes were
carried out on a Bruker AMX-400 spectrometer. The samples of low-spin
ligand-to-Fe3� ± porphyrin solutions (1:1, 22 ± 25 m� in CDCl3, CDCl3/
CH3OH 8:2, or [D7]DMF) were measured at different temperatures (�40
to �50� 0.1 �C). All chemical shifts are reported in � units from TMS as
internal standard. The oxidation products in [D7]DMF were followed at
low temperatures (� � 30 �C), and the decomposition of these species was
monitored by slowly heating the sample to above �5 �C in the NMR
machine.


Molecular modeling : Molecular-mechanics calculations of 2-FeTTPCl, 3-
FeTPPCl, and a complex equivalent of 6-FeTPPCl (having dimethyl amide
side chains), in which the disulfide bases were replaced by cyclohexyls, were
done by using the locally developed EFF force field.[32] The partial atomic
charges on the imidazole moieties were adjusted with the help of MOPAC
and of DFT calculations[43] on an imidazole, both isolated and complexed
with Zn�2 or NH4�, respectively. These calculations showed that the
imidazole ring becomes substantially more positively charged upon
complexation. The final values used were: N1 (bound to the Fe3�) �0.89,
C2 and C5 0.0, H on C2 or C5 �0.11, N3 �0.11, H on N3 �0.42, C4 �0.03,
and �0.11 was added to the carbon of the first side-chain methylene.


Oxidation reactions


Oxoferryl radicals. Complexes of the bis-imidazole ligands with FeTPPCl
(in DMF or CHCl3/CH3OH 8:2) were prepared at room temperature in
concentration ranges that ensured complete binding (�99%). The solution
was then cooled (�78�T�� 20 �C), and the oxidant meta-chloroperben-
zoic acid (mCPBA, 5 ± 10 molequiv.) was added in one aliquot. The
reactive species was formed over several minutes at moderately low
temperatures (� � 30 �C), and much more slowly at �78 �C. Fast regen-
eration of the low-spin FeIII complexes was evidenced after heating the
solution (T�� 5 �C), or after addition of cyclooctene (5 molequiv.) to the
cold solution.


Oxidation of ABTS : A solution of ABTS (2,2�-azino-di-(3-ethylbenzthiazo-
line-6-sulphonic acid), Sigma, 4.0� 10�5�), containing complexes of the
bis-imidazole ligands (8 m�) and FeTPPCl (1.3� 10�5�) in DMF (200 �L)
at 22 �C was titrated by stepwise addition of mCPBA aliquots (80 mol
equiv.). When equilibrium had been reached, a wavelength scan of the
cuvette was obtained and was interpreted for the ratio between the starting
material ABTS and its radical cation.[44] Ten to twelve portions were
sufficient to obtain a stable, exclusive spectrum of the product. In the
kinetic experiments, the spectral changes of the initial oxidation steps were
followed, every 0.1 ± 0.3 seconds, immediately after the addition of the first
mCPBA portion. To compare the reactivity of the three complexes, 2-, 7-,
and 9-FeTPPCl, we performed several sets of experiments in triplicate, in
which identical conditions of temperature, concentration, total solution
volume, and stirring were maintained. All three reactions appeared to
follow second-order kinetics, first-order with respect to the catalyst and
ABTS concentrations.


Results and Discussion


Design and synthesis


Ligands : All together, nine bis-imidazolyl ligands, shown in
Scheme 1, were synthesized by using a procedure similar to
that described earlier for ligands 1 and 2.[30] In the final step,
the dipentachloro phenolate I, synthesized as described in
Scheme 2, was coupled to the appropriate amine(s) in order to
obtain the individual derivative. Ligands 1 and 2 consist of two
alkyl chains with N-alkyl (1) or NH (2) imidazoles as head
groups for intramolecular, unstrained binding of metallopor-
phyrins. Ligands 3 and 6 are modified versions of 2, made of �-
histidine derivatives. These compounds posses carbonyl
groups at the side chains that can form seven membered
rings in aprotic solvents through intramolecular hydrogen
bonding to the NH groups of their imidazoles. Ligands 4 and 5
are similar to 3, but have cyclohexyl as bases and are
diastereomerically pure. These were made as controls to
demonstrate that the utilization of disulfides and/or racemic
mixtures produces no observable differences.
The asymmetric ligand 7 has one N-alkyl imidazole (as in


ligand 1) and one NH imidazole (as in 2) on the same
skeleton. NH imidazoles bind iron ± porphyrins much more
strongly than N-alkyl imidazoles,[42] thus this ligand was
designed to form complexes with one short and one longer
axial bond to the central FeIII ion. The structures of 8 and 9
contain both features described above. These ligands have
NH andN-alkyl imidazoles to create nonsymmetric binding to
iron ± porphyrins, and a carbonyl at one side chain for
H-bonding only to the imidazole NH. All ligands were placed
on top of a cyclic disulfide ring that provides the means for
future anchoring to solid support.[30]
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Iron ± porphyrin complexes : Complexes of the ligands with
metalloporphyrins were prepared either by adding an excess
of the ligand to a dilute solution (1� 10�5 ± 5� 10�4�) of
FeIII ± porphyrins or by simple mixing of equimolar concen-
trated solutions (c� 15 m�, CHCl3 or DMF). In the first
method, titrations of FeIII ± porphyrins with the symmetric
ligands 1 ± 3 were monitored by UV/Vis measurements, and
changes in the spectra relative to the free-base metallopor-
phyrins were utilized to calculate the binding constants (K1
and �2) of the bis-imidazolyl binding sites to the central metal
ions.[42] The representative reaction (1) reflects the desired
stoichiometry when both imidazoles (Im) of a single ligand
bind to the metalloporphyrin. An equivalent equation can be
derived to show the step-by-step binding of the two imidazolyl
fragments, and thus to reveal the relative stability of the
monoligated complex by using K1. The formation constants
obtained from the titrations with these ligands, as well as with
their single-stranded analogues, are summarized in Table 1–
the �2 values fall in the range of 103 ± 104��2.


FeTPPCl � 2Im�
�2
FeTPPCl(Im)2�Cl� (1)


Inspection of Table 1 reveals higher �2 values for the
dipodal ligands (1 and 2) relative to their single-stranded
model compounds (AcPrIm and A-His, respectively). Titra-
tion of FeTPPCl with the symmetric dipodal ligands showed
no formation of a monoimidazolyl complex, although such
intermediates were observed with the single-stranded models
AcPrIm (Table 1, K1� 50��1) and with N-methyl imidazol.[42]


These results demonstrate not only the well-known formation
of diimidazolyl complexes with iron ± porphyrins, but also the
strong tendency of the dipodal ligands to undergo intra-
molecular reactions, to form complexes of 1:1 stoichiometry
(chelation effect). The exclusive formation of complexes with
such a stoichiometry was also evidenced by ES-MS analysis of
the complexes; this showed that the 1:1 cationic complexes
(without the Cl�) gave rise to the major peak, and no
oligomers of higher mass (see Experimental Section for m/z
values).
The moderate formation constants (�2) in Table 1 correlate


excellently with stability-constant values obtained earlier for
complexes of substituted imidazols and metalloporphyrins.[42]


A simple calculation revealed that these complexes are the
dominant species when solutions of 10�3� concentration or
higher are utilized. Indeed, all other experiments described


here (FTIR, NMR, EXAFS etc.), were performed with
complexes that were synthesized by the second method (c�
15 m�), in which more than 99% of the molecules are in the
bis-imidazolyl complex form.
1H NMR measurements of each low-spin complex of the


FeIII ± porphyrins FeDMPPCl and FeTPPCl with the ligands,
which were obtained by using the second-complexation
method, yielded spectra that belong to only a single species.
All the proton chemical shifts could be assigned by following
the changes with temperature in the spectra of FeTPPCl
complexes with the symmetric ligands (1, 2, 3 or 6) because of
simplification owing to their C2 symmetry. Complexes of
FeDMPPCl were compared to previously reported systems in
order to resolve the chemical shifts in the high (�� 0) and low
(�� 10 ppm) field spectra.[45] Interestingly, for the spectrum of
the nonsymmetric complex 7-FeTPPCl, one can also assign
the peaks of protons in the vicinity of the paramagnetic center.
Different chemical shifts were observed for the two C2-bound
imidazole protons (���7.8 and �15.6 ppm, [D7]DMF,
240 K) and for the CH2-imidazole protons (�� 17.9 and
19.2 ppm), which are located on opposite arms of the ligand.
Molecular mechanics were used to determine the lowest-


energy conformations of 2-FeTPPCl, 3-FeTPPCl, and 6�-
FeTPPCl (a complex possessing dimethyl amide side chains,
equivalent to 6-FeTPPCl). The S�S bond in each ligand was
replaced by a C�C bond. The structures obtained, as shown in
Figure 1 for the most-stable conformations of 2-FeTPPCl and
6�-FeTPPCl, share the following features: i) the ligand strands
are located above the porphyrin pyrroles, on opposite faces,
between two phenyl substituents, and ii) the coordination of
imidazoles to the iron center is almost perfectly axial; this
gives octahedral coordination geometry.
All the stable conformations obtained for the structures of


3-FeTPPCl and 6�-FeTPPCl had the carbonyl side chains
pointing toward the imidazole NH to form reasonably stable
seven-member rings through hydrogen bonding. The H-bond
lengths in the stable conformations of 6�-FeTPPCl were found
to be around 1.80 ä (Figure 1), while those in 3-FeTPPCl are
slightly longer, �1.95 ä.
The hydrogen bonding from the side-chain carbonyl to the


imidazole NH was directly evidenced in the infrared spectra
(KBr) of ligand 6 and complex 6-FeTPPCl. The diethyl amide
carbonyls on the side chains of these molecules vibrate at
1633 cm�1. Exactly this value, red-shifted relative to non-
associated amide carbonyls, was reported for other intra-
molecularly H-bonded diethyl amides.[46] The carbonyl vibra-
tions at the ester side chains of ligand 3 and its complexes are
less sensitive to association and were only slightly shifted
(1738 cm�1, �7 cm�1 to the red) relative to the free esters.
1H NMRmeasurements at various temperatures (243 ± 295 K)
revealed that chemical shifts of the imidazolyl and CH2
imidazolyl protons in 3- and 6-FeTPPCl are less sensitive to
temperature changes than these protons in 2-FeTPPCl. This
observation is attributed to the more rigid structures that are
formed in the former complexes, through hydrogen bonds that
™hold∫ the imidazoles and side-chains together.


Ligation of the central FeIII ion : Figure 2 shows the k3-
multiplied, background-subtracted, EXAFS data (A) for


Table 1. Formation constants for ligand ±FeIII-porphyrin complexes.


Metalloporphyrin Ligand Solvent K1 [��1] �2� 10�4 [��2][a]


FeTPPCl 1 DMF 1.1
AcPrIm[b] DMF � 50 0.4
2 DMF 2.2
A-His[b] DMF 1.3
3 DMF 2.3


FeDMPPCl 1 CHCl3 2.4


[a] Calculated with respect to concentrations of imidazolyl residues.
[b] AcPrIm�N-acetyl-1-(3-aminopropyl) imidazole, A-His�N	-acetyl-
histamine.
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selected complexes formed by the bis-imidazole ligands and
iron ± porphyrin, and the Fourier transforms of this data (B).
All measurements were recorded under practically identical
conditions with respect to solvent (DMF), concentration
(�15 m�), and temperature. The fitting results were similar
to other synthetic heme compounds for which crystallography
data are available.


Symmetric ligation : The first-coordination-shell bond lengths
around the central iron ion for complexes of the FeIII ± por-
phyrins with the symmetric ligands 1 ± 3 and 6 are compared in
Table 2. The average Fe�Np bond lengths are shorter in
complexes of 1 or 2 than in complexes of 3 or 6, into which
carbonyl side chains had been introduced. The axial bonds
(Fe�Nim) are also longer for complexes of 3 or 6, relative to
those of 1 or 2, but differences are smaller. The bond lengths
in complexes 4-FeDMPPCl and 5-FeDMPPCl were found to
be essentially identical (�0.01 ä) to those of 3-FeDMPPCl.
This result supports the assumption that the environment of
the heme is very similar for each of the diastereomers (e.g. of
3-FeDMPPCl), and that the disulfide base does not interfere
with the iron complexation.
The elongation of the Fe�N bonds in complexes of 3 ± 6 is


explained by the increased electron density on the FeIII due to


the hydrogen bonding between
the carbonyls on the ligand side
chains and the free NHs of the
imidazole head groups.[11, 47]


The effect of hydrogen bonding
was also clearly seen in the UV/
Vis and 1H NMR measure-
ments. The UV/Vis spectra of
3- and 6-FeDMPPCl are red-
shifted by 1 nm in the Soret
region and by 3 ± 5 nm in the
Q-region relative to those of 1-
and 2-FeDMPPCl. In agree-
ment with the EXAFS results,
these red shifts reflect the fact
that the central FeIII ions in 3-
and 6-FeDMPPCl are axially
coordinated by more electron-
rich imidazoles.
Table 2 shows that slightly


longer Fe�Np bonds were found
for the complexes of Fe-
DMPPCl with 1 or 2 (2.04 ä)
than for the complexes of
FeTPPCl with these ligands
(2.01 ± 2.02 ä). We attribute
this difference to H-bonding
from the DMPP methyl esters
to one of the ligand imidazoles.
This structural feature has been
shown by molecular modeling
in the structure of 2-Fe-
DMPPCl[32] and in the crystal
structure of bis-imidazole hem-
in.


The bond elongation around the FeIII center due to
H-bonding, as evidenced also from Table 2 (2-FeTPPCl and
3-FeTPPCl), is similar in magnitude to that due to the
introduction of electron-donating groups on the porphyrin
periphery, as seen by comparing 2-FeTPPCl to 2-FeTmPPCl
(TmPP� tetra-p-methoxyphenyl porphyrin). Moreover, a
large increase of the FeIII first-coordination-shell bond lengths


Figure 2. A) Background-subtracted, k3-multiplied EXAFS data normalized for one absorbing atom for selected
complexes formed by each type of bis-imidazole ligand and iron ± porphyrin FeTPPCl. B) Fourier transform
spectra of the EXAFS data in (A).


Table 2. First-coordination-shell bond lengths [ä] for complexes of FeIII


porphyrins and symmetric ligands.[a]


Porphyrin Bond Ligand
1 2 3 6


FeTPPCl Fe�Np 2.01 2.02 2.06 2.09
Fe�Nim 1.91 1.90 1.92 1.95
Fe�N≈ 2.00 2.00 2.01 2.05


FeDMPPCl Fe�Np 2.04 2.04 2.07 2.08
Fe�Nim 1.90 1.91 1.94 1.92
Fe�N≈ 2.02 2.02 2.03 2.08


FeTmPPCl Fe�Np 2.05 2.13
Fe�Nim 1.95 1.99
Fe�N≈ 2.02 2.06


[a] Fe�Np�Fe to N(pyrrole) average length, Fe�Nim�Fe to N(imidazole)
average length, Fe�N≈ �Fe to N(all) average length. Error in all cases�
� 0.015 ä.
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is found on forming the complex 3-FeTmPPCl, in which the
ligand forms H-bonds and the porphyrin contains the four
methoxy electron-donating groups.


Nonsymmetric axial ligation : The EXAFS results for com-
plexes of ligands 7 ± 9 show that the data can only be
adequately modeled with three atom types (e.g. for 7-
FeDMPPCl in Table 3). This indicates nonsymmetric axial
ligation, which is shown schematically in Scheme 3 as Fe�Nim
and Fe-X, respectively.
The bond lengths to FeIII in complexes of 7 ± 9 are


summarized in Table 4. The shorter bonds (Fe�Nim) in
complexes of ligand 7 were found to be about 1.90 ä, very
similar to the Fe�Nim bonds in complexes of the symmetric
ligand 2 (Table 2). On the other hand, the bonds to theN-alkyl
imidazoles (Fe�X) in these complexes are significantly longer,
�2.10 ä; this demonstrates nonsymmetric heme axial ligation
with this simple ligand. The Q-band peak in the UV/Vis
spectrum of 7-FeTPPCl was observed at 541 nm, shifted to the
blue by about 10 nm relative to the typical peak of a


symmetric compound. This shift reflects the formation of an
imperfect octahedral complex, in which one (nitrogen) ligand
is bound weekly. As noted in the design and synthesis section,
the 1H NMR spectrum of 7-FeTPPCl also showed different


binding of the N-alkyl imida-
zolyl and NH imidazolyl to the
central FeIII.
The Fe ±N-alkyl imidazole


bonds in complexes of ligands
8 or 9 with FeDMPPCl were
found to be even weaker. In
these complexes, hydrogen
bonding at the NH imidazole
side chain resulted in increased
electron density on the Fe cen-
ter that imposed additional
elongation of the Fe�X bonds
up to almost 2.40 ä, �0.5 ä
longer than the axial bonds in 1-
FeDMPPCl. The Fe�Nim bond
lengths in these complexes
remained similar (�1.90 ä),
while the Fe�Np bonds were
elongated like those for
H-bonding in complexes of the
symmetric ligands, 3 and 6. The
blue shift in the UV/Vis spec-
trum of 9-FeTPPCl, due to the
nonsymmetric binding, was
more significant than that ob-
served in the spectrum of
7-FeTPPCl. The Soret and
Q-bands (406 nm, shifted by
12 nm or 525, shifted by 25 nm
relative to 2-FeTPPCl, respec-
tively) are similar to those ob-
tained with (six-coordinating)
high-spin FeIII-porphyrin com-
plexes.
The results with complexes of


ligands 8 and 9 show that non-
symmetry in the ligand head
groups indeed produces 1:1


Table 3. Fitting results for the first coordination shell of 7-FeDMPPCl
complex.


r [ä] N ��2 [ä2][a] �E0 [eV][b] �R2


2.03[c] 4 3.7� 10�3 � 0.4 0.7
1.87[d] 1 4.3� 10�3 5.1
2.20[e] 1 4.3� 10�3 � 1.7
2.05 5 � 1.3� 10�3 � 1.6 5.0
2.25 1 � 3.5� 10�3 0
2.04 5 � 7.3� 10�4 � 0.6 3.0
1.85 1 1.9� 10�5 � 5.1
2.05 4.3 � 9.7� 10�4 � 1.8 5.5


[a] ��2(model complex) � 30%. [b] �E0(model complex) � 1.5 eV.
[c] Fe�N� 0.015 ä. [d] Fe�N� 0.025 ä. [e] Fe�N� 0.04 ä.
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Scheme 3. Pictorial representation of the XAS results (Tables 2 and 4), reflecting the changes in the first
coordination shell of the heme analogue FeDMPPCl due to complexation with four selected bis-imidazole
ligands.
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complexes with nonsymmetric axial ligation to FeIII. In
addition, H-bonding within only one ligand arm increases
the electron density at the FeIII center; this elongates both the
Fe�Np bonds and that of the opposite axial ligand (Fe�X).


Comparison with the peroxidases : The electron density at the
iron center in bis-imidazole hemes can be finely tuned by
H-bonding and nonsymmetry in the axial ligands. These
modifications are presented graphically in Scheme 3, which
shows the first-coordination-shell bond lengths in four
selected complexes, taken from Table 2 and Table 4. These
demonstrate the design basis for novel peroxidase biomimetic
compounds.
Table 4 compares the results for complexes of ligands 7 ± 9


to the first coordination shells of native peroxidases. Note that
the distal ligand in our complexes is always an N-alkyl
imidazole, while in the peroxidases it is a water molecule or an
amino acid side chain. The complexes 7-FeTPPCl and 7-
FeDMPPCl are very similar to the first-coordination-shell
bond lengths of Arthromyces ramosus peroxidase (ARP)[11]


and myeloperoxidase (MPO).[48] In ARP, Asp246 is hydrogen
bonded to the proximal histidine (His170), in MPO it is
Asn421 (to His336).[15, 49] Complexes of 8 and 9 with
FeDMPPCl, in which H-bonding caused a lengthening of
the distal ligand bond and the average Fe�Np lengths, are very
similar to the active sites of horseradish peroxidase
(HRP)[5, 11] and cytochrome C peroxidase (CcP).[5, 9, 11] Both
HRP and CcP have hydrogen-bonding networks involving one
or two hydrogen bonds to the aspartic acid (HRP: Asp247,
CcP: Asp235), which in turn is hydrogen bonded to the
proximal histidine.[50, 51] These hydrogen-bonding networks
are probably stronger than the single H-bond of ARP and
MPO.
It is interesting to note that the effect on the FeIII electron


density due to substitution of the porphyrin periphery by
electron-withdrawing or -donating groups, which we and
others[25] have observed, was also demonstrated in proteins by
substitution at the 2- and 4-positions of the heme in HRP.[12]


Increased electron density at the HRP heme resulted in
lengthening of the Fe�Np bonds, the same effect we saw in our
models with complexes of FeTmPPCl (see Table 2). Thus,
there are two alternative ways by which it is possible to


control the electron density at iron ± porphyrin active sites,
either in heme proteins or model compounds.


Peroxidase activity : The reddish-brown solutions of 7-
FeTPPCl or 9-FeTPPCl in DMF or CH2Cl2/CH3OH turned
green when the complexes were oxidized by mCPBA at low
temperatures (T�� 20 �C); this indicated the formation of
ferryl radical cation species–analogues of the peroxidase
compound I. Attempts to oxidize complexes of the symmetric
ligands 2-FeTPPCl and 3-FeTPPCl under these conditions
failed. The difference in behavior is probably due to the fact
that in complexes of the nonsymmetric ligands one imidazole
is bound weakly and was released to facilitate the introduction
of the oxidative reagent. This explanation is supported by our
observation that at lower temperatures (e.g. �78 �C) the
complex was unreactive, unlike complexes with no axial
ligands (e.g. FeTMP�).[19] In order to characterize the reactive
species that were formed by 7-FeTPPCl and 9-FeTPPCl, we
followed their formation by optical absorption and 1H NMR
spectroscopy.
Addition of 5 ± 10 equivalents of mCPBA to solutions of 7-


FeTPPCl or 9-FeTPPCl (1 ± 5� 10�5�, DMF, 25 �C) in the
optical absorption cells resulted in the appearance of a new
spectrum (Figure 3) that was characterized by peaks at 554,


Figure 3. UV/Vis spectra of 7-FeTPPCl, 2.5� 10�5� in DMF at �25 �C,
before (- - - -) and 20 minutes after (––) the addition of 10 molequivalents
of the oxidative reagent mCPBA.


643, and 675 nm. This spectrum is very similar to the spectra of
other oxo-ferryl radical cations of tetraphenyl iron ± por-
phyrins.[19, 21, 52±54] Under these conditions, the radical cation
was generated in 20 minutes and remained stable for another
few minutes. The Soret band is only slightly shifted relative to
the starting spectrum (418 nm); this suggests that one
imidazole was still bound to the Fe center, although we could
not eliminate the possibility that a DMF molecule had been
coordinated.[21]


EXAFS data analysis of the frozen intermediates indicated
that the long axial ligand had been replaced by another ligand,
probably an oxygen, having a bond length comparable to that
of the hydrogen-bonded imidazole ligand (�1.8 ä).[55] These
results also indicate that the iron had been oxidized, as the


Table 4. Comparison of first-coordination-shell bond lengths in complexes
of the nonsymmetric ligands (7 ± 9),[a] and in the active site of perox-
idases.[b][11]


bond 7-FeDMPPCl 7-FeTPPCl 8-FeDMPPCl 9-FeDMPPCl


Fe�Np 2.03 2.01 2.09 2.05
Fe�Nim 1.87 1.91 1.90 1.81
Fe-X 2.20 2.14 2.38 2.26


ARP MPO HRP CcP


Fe�Np 2.02 2.03 2.04 2.05
Fe�Nim 1.89 1.93 1.90 1.94
Fe-X 2.10 2.13 2.39 2.30


[a] Fe-Np�Fe to N(pyrrole) average length �0.015 ä, Fe-Nim�Fe to
N(closer axial imidazole) length �0.025 ä, Fe-X�Fe to N(longer axial
imidazole or distal ligand) length�0.04 ä. [b] ARP:Arthromyces ramosus
peroxidase, MPO: myeloperoxidase, HRP: horseradish peroxidase, CcP:
cytochrome C peroxidase.
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absorption edge was shifted by approximately 2 eV to higher
energy.[5]


The oxidation of 7-FeTPPCl by mCPBA was followed by
1H NMR spectroscopy (5 ± 10 m�, [D7]DMF, �33 �C). The
spectrum of the radical cation is characterized by a �-pyrrole
peak at �� 13.8 ppm and by a broad o-phenyl peak centered
at ���4.1 ppm. These are very similar to the chemical shifts
observed earlier for radical cations of FeIV tetrakis(o-pivala-
midophenyl) porphyrin chloride.[53] Other peaks in the vicinity
of the iron center could not be resolved because they
overlapped those of the ligand. The low-spin chemical shifts
of �-pyrrole (���23.6 ppm) and of CH2-imidazolyls (��
17.9, 19.2 ppm) disappeared almost completely. Quenching
of the reactive species back to the UV/Vis or 1H NMR spectra
of the low-spin complexes was done by elevating the temper-
ature (T�� 5 �C) or by the addition of cyclooctene as a
substrate for further oxidation.
In order to further asses the reactivity of the various


complexes, we used a modified version of the method that is
utilized in ELISA applications to oxidize the chromogen
ABTS by HRP and H2O2.[44, 56] Complexes 2-, 7- and 9-
FeTPPCl (1.3� 10�5� in DMF) catalyzed the oxidation of
ABTS in DMF, with mCPBA as the oxidant. The optical
absorption maxima of ABTS (�340 nm, split to three peaks)
decreased upon addition of the oxidant to a mixture of each of
the complexes with ABTS. The typical spectrum of the green
ABTS radical cation with a maximum at 420 nm appeared.[44]


Successive additions of mCPBA resulted in total conversion
to the radical cation. The reactivity of the three complexes as
catalyst for oxidation was compared, under identical condi-
tions, by following the kinetics of the spectral changes during
the initial steps of oxidation. Example values for k2 to oxidize
ABTS (3.1 equiv. with respect to the studied complex) after
addition of mCPBA (80 equiv.) at room temperature (23 �C)
were as follows: 1.1� 104� 1� 103 s�1 for 2-FeTPPCl (t1/2�
1.8 s), 3.2� 104� 2� 103 s�1 for 7-FeTPPCl (0.6 s), and 4.1�
104� 2� 103 s�1 for 9-FeTPPCl (0.4 s). The same trends were
also observed if the reaction conditions, that is, temperature,
concentration, or total volume, were varied. The most reactive
was 9-FeTPPCl, which is nonsymmetric and possesses
H-bonds, while 7-FeTPPCl, which lacks H-bonds, was less
reactive. As expected from the above-described experiment
to form the oxoferryl radical cation, 2-FeTPPCl is a signifi-
cantly less reactive catalyst.
Our current efforts focus on performing molecular-hetero-


geneous catalysis by using monolayers of the complexes on
solid substrates. The preliminary solution studies showed that
complexes of our ligands with MnTPPCl catalyze epoxidation
and hydroxylation reactions with H2O2 as the oxidant.[57] The
reactions in which the nonsymmetric complexes (7- and 9-
MnTPPCl) served as catalysts were faster and produced
higher yields than reactions with the symmetric complexes (1-
and 2-MnTPPCl) or with imidazole complexes.


Conclusion


We have demonstrated that understanding the key structural
features of an active site is sufficient to reproduce it by


different chemical means. Therefore, our model system
represents by definition a biomimetic approach to enzyme
design. Gradual modifications in the structure of simple
ligands lead to the conclusions that nonsymmetry in ligand
head groups induces nonsymmetric axial ligation to FeIII


porphyrins, and that H-bonding within only one ligand arm
expands the porphyrin core and elongate the opposite axial
ligation. Due to the H-bonding, the electron density at the
FeIII center increases to facilitate the catalytic activity. These
results mimic those observed previously for the peroxidase
family. The methods described here, with simple ligands, can
probably be used to mimic the nature of other metalloprotein
families.
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Metal-Induced Supramolecular Chirality in an Optically Active
Polythiophene Aggregate


Hidetoshi Goto,[a] Yoshio Okamoto,[b] and Eiji Yashima*[a]


Abstract: Chiral polythiophenes (PTs),
in sharp contrast to other optically
active polymers, exhibit optical activity
in the � ±�* transition region which is
derived from the chirality of the main
chain when they self-assemble to form a
supramolecular �-stacked aggregate
with intermolecular interactions in a
poor solvent or in a film. We now report
that the regioregular, optically active PT
poly[(R)-3-{4-(4-ethyl-2-oxazolin-2-yl)-
phenyl}thiophene] (poly-1) exhibits
unique split-type induced circular di-
chroism (ICD) in the � ±�* transition
region of the main chain upon complex-
ation with various metal salts such as
trifluoromethanesulfonates of copper(�),


copper(��), silver(�), and zinc(��), and
iron(��) perchlorate in chloroform, which
is a good solvent for poly-1. The appear-
ance of ICD and slight changes in the
UV/Vis spectra (no color change), ex-
cept for the zinc salts, indicated that the
chirality may not be induced by chiral �-
stacked aggregates of poly-1, but by the
chirality of the main chain, for example,
a predominantly one-handed helical
structure induced by intermolecular co-
ordination of the oxazoline groups to


metal ions. The sign of the Cotton effect
depends on the metal salt; most metal
salts induced ICDs with similar Cotton-
effect patterns, while zinc salts caused an
inversion of the signs of the Cotton
effect of poly-1 accompanied by a grad-
ual red shift in the absorption of up to
125 nm. The changes in the conforma-
tion and the size of the poly-1 aggregates
induced by different metal salts were
also investigated by 1H NMR titrations,
static light scattering (SLS), atomic
force microscopy (AFM), and mem-
brane filtration. On the basis of these
results, we propose a possible model for
the chiral supramolecular aggregates of
poly-1 with metal salts.


Keywords: aggregation ¥ circular
dichroism ¥ oxazolines ¥ polythio-
phenes


Introduction


Polythiophenes (PTs) are typical �-conjugated polymers[1]


and have been extensively studied with regard to applications
in macromolecular sensor systems[2] and electronic and optical
devices such as polymer light-emitting diodes (LEDs) and
organic transistors,[3] because their chemical and physical
properties can be easily tuned by modifying the structure of
the monomer unit, by controlling the regioregularity of
3-substituted PTs,[1f, 4] or by just blending PTs with different
substituents.[3d] In addition, chiral PTs bearing an optically
active substituent in the side group have attracted great
interest, due to their unusual chiroptical properties and


potential applications, for example, in circular polarized
electroluminescence (CPEL) devices,[5] enantioselective elec-
trodes.[6a] Chiral PTs, like other �-conjugated chiral polymers,
exhibit optical activity in the � ±�* transition region in a poor
solvent, at low temperatures, and in films, in which they form a
chiral supramolecular self-assembly through intermolecular
�-stacking interactions. However, in sharp contrast with other
optically active polymers, chiral PTs usually show no optical
activity in this region in a good solvent or at high temper-
ature.[6±10] Although a number of chiral PTs have been
prepared so far, most previous studies focused on their
unusual chiroptical behavior in dependence on the solvent
(solvatochromism) and temperature (thermochromism), and
only a few reports are related to their chiral-recognition
abilities. The first chiral recognition by a chiral PT was
demonstrated by Lemaire et al.[6a] They investigated the
chiral-recognition ability of regiorandom chiral PTs with an
achiral detector (cyclic voltammetry) on the basis of changes
in the shape of the voltammograms of the chiral PTs in the
presence of chiral doping agents such as camphor sulfonic
acid. We recently reported the first clear example of chiral
recognition with a regioregular (head-to-tail : HT) chiral PT
derived from poly[(R)-3-{4-(4-ethyl-2-oxazolin-2-yl)phen-
yl}thiophene] (poly-1) bearing an optically active oxazoline
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residue.[11a] The polymer exhibited a completely inverted
circular dichroism (CD) by responding to the chirality of
chiral amino alcohols.
Poly-1was designed and synthesized on the assumption that


its chiral oxazoline residues could coordinate to various metal
ions to form a chiral supramolecular aggregate which could be
used as a polymeric catalyst for asymmetric synthesis, since
some metal complexes with chiral bis-oxazolines have been
used as highly enantioselective catalysts.[12] Moreover, chiral
oxazoline residues can be easily converted to the correspond-
ing chiral amino esters by acid hydrolysis and further to
achiral carboxyl groups by saponification of the amino esters.
We found that a partially hydrolyzed PT containing a chiral
amino ester group (33 mol%) was soluble in DMSO and
responded to the chirality of amines: the induced CD (ICD) in
the � ±�* transition region depended on the absolute config-
uration of the chiral amine.[11a] Furthermore, poly-1 showed a
unique ICD in a relatively low wavelength UV/Vis region
upon complexation with metal ions such as CuII and FeIII in
chloroform, which is a good solvent for poly-1, as well as in
poor solvents.[11] The ICDs are completely different from the
previously reported ICDs, which were due to chiral PT
aggregation through intermolecular �-stacking interactions.
We consider that the induced chirality of poly-1 may be
derived from the chirality of the
main chain, such as a predom-
inantly one-handed helical con-
formation generated by inter-
molecular coordination of the
oxazoline group to metal ions.
We now report on detailed
studies on such unusual and
interesting metal-induced ICDs
by UV/Vis and CD spectrosco-
py, 1H NMR titration, static
light scattering (SLS), atomic
force microscopy (AFM), and
filtration experiments.


Results and Discussion


CD and UV/Vis studies on the
complexation of PTs with metal


salts : The complexation of chiral regioregular (poly-1) and
regiorandom (poly-2) PTs with various metal salts was
investigated by CD and absorption spectroscopy. As previ-
ously reported for other chiral PTs,[7] poly-1 and poly-2 also
showed no ICD in the � ±�* transition region in a good
solvent (chloroform), while poly-1 exhibited a unique split-
type ICD with a positive first Cotton effect and a negative
second Cotton effect in the absorption region in the presence
of metal salts.[11a] Figure 1 shows typical CD and absorption
spectral changes of poly-1 in the presence of increasing
amounts of Cu(OTf)2 ([CuII]/[monomer units of poly-1]� 0 ±
0.5) in chloroform.[13] These changes in the ICDs were
accompanied by a gradual blue shift of �max (448 nm) of up
to about 30 nm and the appearance of an absorption at a
longer wavelength with clear-cut isosbestic points at 430 and
505 nm, and the color of the solution changed slightly, from
yellow-orange to yellow. The complex showed almost the
same ICD over a temperature range of �10 to 60 �C and
hardly exhibited linear dichroism (LD).[14] These results
clearly indicate that chirality on the poly-1 main chain is not
induced by the chiral, intermolecularly �-stacked aggregates
of poly-1, as observed in a poor solvent, but by a main-chain
chiral conformation, such as a predominantly one-handed
helical structure induced by intermolecular complexation
between the oxazoline residues and CuII ions.
Other explanations for the ICD of the poly-1/CuII complex


include chiral induction by metal-to-ligand charge transfer
(MLCT) between the chiral oxazoline residues and Cu(OTf)2.
However, this can be excluded, because the complex of
Cu(OTf)2 with the optically active bis-oxazoline 3, a model
compound for poly-1, exhibited no ICD in the range
350 ± 600 nm under the same conditions as the poly-1/CuII


complex. Another possibility is derived from oxidation of the
main chain, since Cu(OTf)2 can act as a dopant. However, the
doping of the HT poly(3-hexylthiophene) with Cu(OTf)2
caused a significant red shift (�300 nm) in the � ±�*
transition, and this possibility can therefore also be excluded.
In contrast, poly-2 showed a very weak ICD with CuII ions,
accompanied by only minor changes in the UV/Vis spectra


Figure 1. CD (A, C) and absorption (B, D) spectral changes of poly-1 (A, B) and poly-2 (C, D) in the presence of
Cu(OTf)2 in chloroform in a 0.50 cm quartz cell at ambient temperature (ca. 22 ± 24 �C) with a polymer
concentration of 0.05 mgmL�1 (0.2 m� monomer units).
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(C and D in Figure 1), and this indicates that regioregularity is
an important factor for controlling the chiral structures.
We then measured the CD spectra of poly-1 in the presence


of various metal salts to investigate the effect of the metals on
the supramolecular chirality induction in the poly-1 main
chain ([metal salt]/[monomer units of poly-1]� 0.5; Table 1).
These metal salts were selected since their complexes with
chiral bis-oxazolines have been used as efficient catalysts for
asymmetric synthesis.[12] Because the metal salts used are
insoluble in chloroform, stock solutions in appropriate


solvents such as acetonitrile, THF, acetone, or ethanol were
prepared and added to a solution of poly-1 in chloroform
before the CD measurements. Most transition metal ions
(CuII, CuI, FeII, FeIII, CoII, NiII, PdII, and AgI) also induced
chirality in poly-1 in chloroform, and their complexes thus
showed similar ICDs. However, alkaline earth metal salts
(Mg(OTf)2 and MgBr2) caused no ICD, and ZnII salts caused
significantly different ICDs in poly-1. The CD intensities of
the poly-1 complexes strongly depend on the metal, the
electric charge, and the coordination structures. AgI and CuI


tended to induce more intense ICDs, but for MII and MIII ions,
there is no clear trend. The poly-1/Cu(OTf)2 complex showed
similar ICDs regardless of the solvent used to dissolve
Cu(OTf)2, except for ethanol, which caused a slight decrease
in the ICD intensity, probably due to its solvation of CuII ions,
which may disturb the coordination of CuII ions to the
oxazoline residues.[15]


Zn(OTf)2 brought about dramatic changes in the UV/Vis
and ICD patterns of poly-1 compared with those of the other


metal complexes (Figure 2). On addition of Zn(OTf)2 to a
solution of poly-1 in chloroform, split-type reversed ICD was
observed. These changes in the ICDs were accompanied by a
significant change in the absorption spectra; �max was red-
shifted by up to about 125 nm, with a series of vibronic
transitions at 530 and 575 nm and clear-cut isosbestic points at
406 and 491 nm. Poly-2 also showed a similar ICD, but the CD
intensity decreased by a factor of eight. More interestingly,
the ICD patterns of poly-1 were significantly influenced by
the counteranions; ZnCl2 and ZnBr2 induced similar ICDs to


Zn(OTf)2, whereas Zn(ClO4)2
caused an inversion of the
ICD with signs similar to those
induced by Cu(OTf)2. The
counteranions of CuII also in-
fluenced the ICD intensities of
poly-1, but their patterns were
not inverted. We can thus con-
trol the supramolecular chiral-
ity of the poly-1 aggregates with
metal salts, although the reason
is not clear at this moment.
Similar counteranion effects
were observed in catalytic
asymmetric Diels ±Alder reac-
tions with chiral metal com-
plexes of bis-oxazolines and
were considered to be due to a
difference in the coordinating
affinity of anionic ligands to
metals.[12c]


Complexation dynamics and
size of supramolecular aggre-
gates : The stoichiometry of the
complex formation between
poly-1 and metal salts
(Cu(OTf)2 and Zn(OTf)2) was
determined by means of con-
tinuous-variation plots (Job


Table 1. CD and absorption spectral data of poly-1 in the presence of various metal salts in chloroform at about
22 ± 24 �C.[a]


Metal complex[b] CD spectrum[c] Absorption
spectrum[c][�]� 10�4 [degcm2dmol�1]/�max [nm]


Metal salt Oxidation state Solvent[d] First Cotton Second Cotton �max [nm]


MgBr2 � 2 THF ±[e] ±[e] 452
Mg(OTf)2[f] � 2 acetonitrile ±[e] ±[e] 450
Fe(ClO4)2 � 2 acetonitrile 1.52/514 � 1.94/448 441
Fe(ClO4)3 � 3 acetonitrile 1.24/514 � 1.84/445 446
Co(ClO4)2 � 2 acetonitrile 0.54/514 � 0.80/448 447
Ni(ClO4)2 � 2 acetonitrile 1.08/508 � 1.35/445 446
Pd(OAc)2 � 2 THF ±[e] � 0.17/430 447
Cu(OTf)2 � 2 acetonitrile 0.92/511 � 1.24/435 432


THF 1.10/517 � 1.42/443 414
acetone 0.86/520 � 1.20/443 422
ethanol 0.62/520 � 1.00/443 431


Cu(OTf)2[g] � 2 acetonitrile 0.03/520 � 0.10/410 410sh
Cu(ClO4)2 � 2 acetonitrile 0.26/520 � 0.52/443 431
CuCl2 � 2 THF 0.12/503 � 0.36/431 443
CuBr2 � 2 THF 0.22/524 � 0.88/425 438
CuOTf � 1 acetonitrile 2.15/529 � 3.32/447 442
AgOTf � 1 acetonitrile 1.89/563 � 2.90/457 458
Zn(OTf)2 � 2 acetonitrile � 0.75/570 0.72/396 530sh, 575sh
Zn(ClO4)2 � 2 acetonitrile 0.30/516 � 0.87/453 437
ZnCl2 � 2 THF � 0.25/513 0.25/390sh 450
ZnBr2 � 2 THF � 0.23/517 0.25/390sh 450


[a] Poly-1 concentration 0.05 mgmL�1, cell length 0.5 cm. The molar ratio of metal salts to poly-1 was 0.5.
[b] OTf� trifluoromethanesulfonate. [c] sh� shoulder. [d] Solvent used for dissolving the metal salt (0.5 vol%).
[e] No distinct CD. [f] On addition of Mg(OTf)2, the poly-1 solution became slightly turbid. [g] Poly-2 was used
instead of poly-1.


Figure 2. CD (A) and absorption (B) spectral changes of poly-1 in the
presence of Zn(OTf)2 in chloroform at ambient temperature (ca. 22 ±24�C ).
For other conditions, see Figure 1.







FULL PAPER E. Yashima et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0817-4030 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 174030


plots) from CD spectroscopic studies in which the total
concentration of poly-1 and metal salt was kept constant at
0.4 m� (Figure 3).[16] Maximum complex formation occurred


Figure 3. Job plots of poly-1 with Cu(OTf)2 (A) and Zn(OTf)2 (B) in
chloroform at 25 �C. The total concentration was 0.4 m�, and the CD
intensity of the complex was analyzed.


at a molar fraction of Cu(OTf)2 and Zn(OTf)2 of about 0.33
relative to monomer units of poly-1 (i.e., 1:2 complexation),
and the metal ions appear to undergo interchain coordination
to two oxazoline groups on average, since an intrachain
coordination of metal ions to adjacent oxazoline residues is
difficult, as shown by molecular modeling.
The ICD intensity of the poly-1/metal complexes gradually


increased with time, and the changes in the ICD intensities of
the poly-1/Cu(OTf)2 with time were monitored under the
conditions of 2:1 complexation at 25 �C in chloroform to
estimate the rate constant k and the stoichiometric number of
complex formation (Figure 4). If the equation and rate law for
2:1 complexation are represented by Equations (1) and (2),
respectively, the relation between the ICD intensity and time
can be analyzed by using Equations (3) and (4).


2oxazoline�CuII�k complex (1)


d�complex�
dt


� k[oxazoline]2[CuII] (2)


Figure 4. Changes in CD intensity at 510 nm and the radius of gyration Rg


of poly-1 in the presence of Cu(OTf)2 in chloroform at 25 �C with time; the
initial poly-1 concentration and the molar ratio of Cu(OTf)2 to poly-1 were
0.05 mgmL�1 (0.2 m� monomer units) and 0.5, respectively. The curve for
the CD intensity changes was calculated with the parameters [�]max�
2.64� 104 degcm2dmol�1 and k� 8.31� 103��2 s�1.


2 k�oxazoline�20t
���max


2


� 1


����max � ���	2 �
1


���2max


(3)


t1/2�
3


2 k�oxazoline�20
(4)


In Equations (1) ± (4), [oxazoline], [CuII] , and [complex]
are the concentrations [�] of the oxazoline residues of poly-1,
Cu(OTf)2, and the oxazoline/CuII complex; [oxazoline]0 is the
initial concentration [�] of the monomer units of poly-1; t and
t1/2 [s] are the measured time and half-life; and [�] and
[�]max [degcm2dmol�1] are the observed and calculated max-
imum ICD intensities. All data were used for calculating [�]max


and k in Equation (3), and plots of t versus 1/([�]max� [�])2 led
to a linear relation with a correlation coefficient r� 0.999, and
the standard deviations of the calculated values from the
experimental ones in curve fitting with Equation (3) were less
than 3%. The obtained k, t1/2 , and [�]max values were 8.31�
103��2 s�1, 1.28 h, and 2.64� 104 degcm2dmol�1 (���
8.0 cm�1��1), respectively. These results also support 2:1
complexation between the oxazoline residues of poly-1 and
CuII ions and agree with the results of the Job plots.
Induction of time-dependent intermolecular chiral aggre-


gation of poly-1 by metal ions was also indicated by SLS
measurements on poly-1/Cu(OTf)2 complex in chloroform
([CuII]/[monomer units of poly-1]� 0.5). Although the orig-
inal poly-1 in chloroform did not show any scattering from
polymer molecules because of its low molecular weight, the
complex exhibited scattering whose intensity increased with
time. The SLS data were analyzed by Zimm±Berry plots to
estimate the radius of gyration Rg, and the changes in the Rg


value were plotted versus time (Figure 4). The Rg value
gradually increased with time and it reached an almost
constant value after 24 h (Rg� 110 nm, corresponding to a
particle size of 220 nm). As seen in Figure 4, the changes in
the Rg values of the poly-1/Cu(OTf)2 were almost propor-
tional to those in the ICDs of the complex with time, and
therefore the maximum Rg value could be calculated to be
about 132 nm by using the equations analogous to Equa-
tions (2) and (3), in which [�]max and [�] are replaced with
Rg, max and Rg, respectively.
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Atomic force microscopy (AFM) provided direct evidence
for the growth in particle size of the poly-1/Cu(OTf)2
complex.[17] Figure 5 shows the changes in the particle size
of the complex with time, investigated by AFM in the tapping
mode. The AFM measurements were performed by casting
the poly-1/Cu(OTf)2 complex in chloroform on mica sub-
strates, followed by evaporation in a stream of nitrogen to
avoid a further aggregation on the mica. The AFM image in
Figure 5A shows a number of small, round particles with an
average diameter and height of 100
 30 and 35
 15 nm,
respectively, in the initial stage. The particle size gradually
increased with time, and the average diameter and height
after 4 h were 239
 39 and 119
 27 nm, respectively. These
results roughly agree with the SLS results, although it is still
difficult to observe the chiral supramolecular structures at a
single-molecule level by AFM.
We also estimated the particle size of the poly-1 aggregates


in the presence of metal salts by filtration experiments. A
solution of poly-1 in chloroform containing an appropriate
amount of Cu(OTf)2 was filtered through membrane filters
with pore sizes of 0.50, 0.20, 0.10, and 0.02 �m, and the
intensity changes of the filtrates in the CD and absorption
spectra were measured (Figure 6).[18] Although the solution of
poly-1 could pass through the membrane filter with a pore size
of 0.02 �m, the poly-1/Cu(OTf)2 complex could not pass
through the membranse with smaller pores because of the
increase in the particle size of the aggregates with increasing
amount of Cu(OTf)2. On addition of 0.2 equiv Cu(OTf)2 to
the monomer units of poly-1, about half of the complex was


retained by the 0.20 �m membrane filter, and the filtrate
permeated through the membrane with a pore size of 0.02 �m.
However, the solution had almost completely lost its optical
activity. This result, together with those from SLS and AFM,
clearly indicates that the optical activity of poly-1 is induced
by intermolecular supramolecular aggregation. When more
than 0.5 equiv of Cu(OTf)2 were added to the poly-1 solution,
most of the aggregates could not pass through the membrane
with a pore size of 0.20 �m. These results indicate that the
particle size of the poly-1/Cu(OTf)2 aggregates showing
optical activity is greater than about 0.20 �m. Similar par-
ticle-size-dependent optical activity of chiral polymer aggre-
gates was reported for optically active polysilanes in poor
solvents.[18b]


Structure of the poly-1/metal salt complex : To obtain
information on the structure of the chiral supramolecular
assemblies of poly-1 complexed with different metal salts, we
monitored the changes in the 1H NMR chemical shifts during
the titration of a solution of poly-1 in CDCl3 with CuOTf and
Zn(OTf)2 (Figure 7). Because FeII, FeIII, NiII, CoII, and CuII


ions are paramagnetic, such NMR titration experiments were
difficult. The 1H NMR titrations were also done for 1, a model
compound of poly-1, for comparison. Peaks were assigned on
the basis of 2D COSY experiments. On addition of CuOTf
and Zn(OTf)2 to the poly-1 solution ([CuI or ZnII]/[poly-1]�
0 ± 0.5; Figure 7A and B), the signals of the oxazoline residues
gradually shifted downfield, followed by broadening of the
peaks, although Zn(OTf)2 induced completely different ICDs


on poly-1 than CuOTf. Further
addition of the metal salts
caused precipitation of the
poly-1 complexes. The thio-
phene and aromatic ring signals
hardly changed in the presence
of the metal salts, that is, the
poly-1 main chains do not form
a �-stacked lamellar aggregate,
which is frequently observed
for PTs in poor solvents. Similar
changes in the proton signals
occurred during the complex-
ation of 1 with the metal salts
(Figure 7C and D). Although
most signals shifted downfield,
a significant difference could
not be detected between poly-
1 and 1 with the same metal
salts. These results suggest that
metal ions coordinate to the
oxazoline residues, and this
may induce the subsequent con-
formational change of poly-1 to
form a chiral supramolecular
aggregate in dependence on
the nature of the metal ion.
To gain further information


on the structures of the chiral
supramolecular aggregates of


Figure 5. Changes in AFM images of the complexes of poly-1 with Cu(OTf)2, prepared from a chloroform
solution of poly-1 in the presence of Cu(OTf)2; the initial poly-1 concentration and the molar ratio of Cu(OTf)2 to
poly-1were 0.05 mgmL�1 (0.2 m�monomer units) and 0.5, respectively. The AFM images were taken after 0 (A),
0.25 (B), 0.5 (C), 1 (D), and 4 h (E). The heights along the trace drawn through the micrograghs are also shown.
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poly-1 with metal salts, we performed X-ray diffraction
measurements on the aggregates formed with Cu(OTf)2 and
Zn(OTf)2, but the X-ray diffractograms showed that the
poly-1/metal complexes had an amorphous structure, so that a
precise model for the chiral supramolecular structures of the
poly-1-metal complexes cannot be determined. However,
possible models can be proposed by using the spectroscopic
data of the aggregates together with computer modeling and
molecular mechanics calculations (Figure 8). The NMR, Job
plot, and UV/Vis data demonstrated that a metal atom is
coordinated on average to two nitrogen atoms of oxazoline
residues of non-�-stacked main chains in an interchain
fashion, because intrachain coordination to two adjacent
oxazoline groups is sterically difficult. Figure 8 illustrates two
possible structures of the complexes. The polythiophene
backbones are assumed to have a helically twisted s-trans
(B) or s-cis (C) conformation, so that the polymer chains can
not form a �-stacked lamellar structure. The metal ions are
bound intermolecularly on two oxazoline residues to give a


coordination polymer (D) or a loose double-stranded helical
polymer complex (E). The former complex may be more
favorable than the latter from a structural point of view. Here,
the helical conformation of the poly-1 molecule is optically
active. However, further intermolecular assemblies may be
necessary for clustering into large colloidal particles (F) that
retain the helical conformation and thus show ICD. However,
we do not have unambiguous spectroscopic data for these
models, and further experiments are needed.


Conclusion


We have found novel metal-induced chirality in a chiral PT
aggregate bearing optically active oxazoline residues. The
ICD intensity and pattern depended on the nature of the
metal ion and counteranion. The stoichiometric number, the
size, and structure of the supramolecular aggregate of the
poly-1 complexes with metal salts were investigated by means


Figure 6. CD (A, C, E) and absorption (B, D, F) spectral changes of poly-1with CuII in chloroform after filtration through membrane filters with pore sizes of
0.50, 0.20, 0.10, and 0.02 �m at ambient temperature (ca. 22 ± 24 �C ) with a poly-1 concentration of 0.05 mgmL�1 (0.2 m� monomer units) before filtration.
The molar ratio of Cu(OTf)2 to poly-1 was 0.2 (A, B), 0.5 (C, D), and 1.0 (E, F).
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of Job plots, SLS analysis, filtration experiments, AFM
measurements, and 1H NMR titrations, so that a possible
model for the metal-induced chiral aggregation could be
proposed. To elucidate the detailed chiral supramolecular
structures of poly-1 with metal salts, further investigations on
a series of oligothiophenes with a well-defined structure are
necessary.[19] We expect that the chiral supramolecular
aggregates of poly-1 with metal ions may be used as macro-
molecular chiral catalysts for asymmetric synthesis and as
sensors for chiral recognition. These studies are now in
progress.


Experimental Section


Materials : The regioregular (HT content� 90%) and regiorandom (HT
content� 40%) PTs poly-1 and poly-2 were prepared according to
previously reported methods.[11] The molecular weights Mn of poly-1 and
poly-2 were determined to be 5.3� 103 and 3.4� 103, respectively, by size-


exclusion chromatography (polystyr-
ene standards) with chloroform as
eluent. The relatively low molecular
weights of these polymers may be due
to precipitation from the solvent dur-
ing polymerization, which may pre-
vent further propagation reactions.
CDCl3 (99.8% D) and CD3CN
(99.8% D), obtained from Nippon
Sanso (Tokyo, Japan), were dried over
CaH2, distilled under nitrogen, and
stored under nitrogen over 4A molec-
ular sieves (Nacalai Tesque, Kyoto,
Japan). Chloroform, acetonitrile, and
acetone were dried over CaH2, dis-
tilled under nitrogen, and stored under
nitrogen. THF was distilled from so-
dium benzophenone ketyl under nitro-
gen. Methanol was dried over magne-
sium turnings and iodine and distilled
under nitrogen. Cu(OTf)2 was pur-
chased from Tokyo Kasei (Tokyo,
Japan), and CuOTf, Zn(OTf)2,
AgOTf, MgBr2, and Mg(OTf)2 from
Aldrich. Pd(OAc)2 was obtained from
Wako Pure Chemical (Osaka, Japan).
Other metal salts listed in Table 1 were
purchased from Kishida Chemical
(Osaka, Japan). All metal salts were
used as received.


Measurements : 1H (500 MHz) and 13C
(125 MHz) NMR spectra were record-
ed on a Varian VXR-500S spectrom-
eter with TMS as internal standard.
Absorption and CD spectra were
measured on a Jasco V-570 spectro-
photometer and a Jasco J-725 spectro-
polarimeter, respectively, in a 0.5 cm
quartz cell unless otherwise noted. LD
spectra were measured on a Jasco
J-725 spectropolarimeter with an LD
attachment. Temperature was control-
led with a Jasco PTC-348WI apparatus
for CD measurements. The concentra-
tions of poly-1 and poly-2 were calcu-
lated on the basis of monomer units.
SLS experiments were performed on a
DLS-700 (Otsuka Electronics Co.)
equipped with a 5 mW HeNe laser


(632.8 nm) at 25 �C . AFMmeasurements were carried out on a Nanoscope
IIIa microscope (Digital Instruments) in the tapping mode. Height and
phase images were simultaneously measured at the resonance frequency of
the silicon tips with cantilevers 125 �m in length. X-ray diffraction
measurements were made on a RIGAKU RINT-1200 and with CuK�


radiation.


UV/Vis and CD titrations of poly-1 and poly-2 with various metal salts :
Typical experimental procedure: Stock solutions of poly-1 (5 mg/100 mL,
0.2 m� monomer units) in chloroform and Cu(OTf)2 (35.4 mg/5 mL,
20 m�) in acetonitrile were prepared in a dry box (NX1-M00320, Vacuum
Atmospheres Company, Hawthorne, USA) under an argon atmosphere.
The poly-1 solution (2 mL) was transferred to a 0.5 cm quartz cell with a
stopcock by using a 2 mL pipette, and the initial UV/Vis and CD spectra
were measured. Increasing volumes of the Cu(OTf)2 solution (0 ± 10 �L, 0 ±
0.5 equiv) were added to the poly-1 solution, and then absorption and CD
spectra were recorded for each addition of the Cu(OTf)2. The solution of
the poly-1/CuII complex was allowed to stand for 15 min before the
measurements. In a similar manner, the UV/Vis and CD titrations of poly-1
with other metal salts were performed.


Job plots of poly-1 with metal salts : The stoichiometries of complexation
between poly-1 and Cu(OTf)2 and Zn(OTf)2 were determined by using
continuous-variation plots (Job plots).[16] Stock solutions of poly-1 and


Figure 7. Changes in 1H NMR chemical shifts of poly-1 (A, B) and 1 (C, D) in CDCl3 in the presence of CuOTf
(A, C) and Zn(OTf)2 (B, D) at 25 �C. The initial poly-1 concentration was 2 mgmL�1 (8 m� monomer units).
Positive values indicate a downfield shift.
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Cu(OTf)2 in chloroform containing a very small amount of acetonitrile
(0.5 vol%) were prepared in a dry box under an argon atmosphere (50 mL,
0.4 m�). Portions of the two solutions were transferred to eight 2 mL flasks
equipped with a stopcock in such a way that their ratio changed from 0 to 1,
while the total volume was kept at 2 mL. The sample solutions were
allowed to stand for 24 h, the CD spectrum for each flask was recorded at
25 �C, and the CD intensities were plotted against the molar fraction of
Cu(OTf)2 to give the Job plot shown in Figure 3. The same procedure was
used for Zn(OTf)2.


Filtration experiments on poly-1/Cu(OTf)2 : Advantec membrane filters
with pore sizes of 0.50, 0.20, and 0.10 �m (Toyo Roshi Co. Ltd., Japan) and
aWhatman biofilter (pore size 0.02 �m) were used. Stock solutions of poly-
1 (100 mL, 0.2 m�) in chloroform and Cu(OTf)2 (5 mL, 20 m�) in
acetonitrile were prepared in a dry box under an argon atmosphere. The
poly-1 solution (10 mL) was transferred to a flask equipped with a stopcock
by using a 10 mL pipette. To this was added an appropriate volume (20, 50,
100, and 200 �L) of the Cu(OTf)2 solution ([CuII]/[monomer units of poly-
1]� 0.2, 0.5, 1.0, 2.0), and then the UV/Vis and CD spectra were recorded


(the CD intensity of the poly-1/
Cu(OTf)2 complex was hardly influ-
enced by acetonitrile up to a volume
ratio of ca. 5%). Each solution was
filtered with the membrane filters, and
the absorption and CD spectra of the
filtrates were recorded.


AFM measurements on supramolecu-
lar aggregates of poly-1 with Cu(OTf)2 :
A stock solution of poly-1 (50 mL,
0.2 m�) in chloroform was prepared.
2 mL aliquots of the poly-1 solution
were transferred to five 2 mL flasks
equipped with a stopcock, and then
the Cu(OTf)2 solution (10 �L, 20 m�)
was added to each flask. The solutions
were allowed to stand for 0, 0.25, 0.5, 1,
and 4 h, and then cast on freshly
cleaved mica substrates. The solvents
were evaporated in a stream of nitro-
gen, and AFM images were recorded.
1H NMR titrations of poly-1 and 1
with metal salts : Typical experiment:
Stock solutions of poly-1 or 1 (4 mg/
2 mL, 8 m�) in CDCl3 and CuOTf
(20.7 mgmL�1, 80 m�) or Zn(OTf)2
(29.1 mgmL�1, 80 m�) in CD3CN
were prepared in a dry box under an
argon atmosphere. The poly-1 solution
(500 �L) was transferred to a 5 mm
NMR tube with a Hamilton micro-
syringe, and the initial 1H NMR spec-
trum was recorded at 25 �C . To this
were added increasing volumes of the
CuOTf solution (0 ± 25 �L, 0 ± 0.5 e-
quiv) under nitrogen and the 1H NMR
spectra were measured for each addi-
tion of CuOTf. The same procedure
was used in the titration of poly-1 with
Zn(OTf)2, and of 1 with the CuOTf
and Zn(OTf)2.


Molecular modeling and calculations :
Molecular modeling and molecular
mechanics calculation were performed
with the Dreiding force field (ver-
sion 2.21)[20] as implemented in CER-
IUS2 software (version 3.8; Molecular
Simulations Inc., Burlington, MA,
USA) running on an Indigo2-Impact
graphics workstation (Silicon Graph-
ics). The polymer model (20 repeating
monomer units) of poly-1 was con-
structed with a Polymer Builder mod-


ule in CERIUS2. Charges on atoms of poly-1 were calculated by using QEq
in CERIUS2; total charge of the molecule was zero. The starting main-
chain conformation of a polymer model was defined as a rotational
conformation of a single bond between neighboring thiophene rings. The
initial dihedral angle of a single bond from planarity was set to 120 (s-trans)
and 20� (s-cis) to give polymer models with a twisted helical conformations.
The models were constructed by the conjugate gradient method. The
energy minimization was continued until the root-mean-square (rms) value
became less than 0.1 kcalmol�1ä�1. CuII ions were then manually placed in
the coordination sites of poly-1 (the oxazoline nitrogen atoms) to give a
possible model for the supramolecular aggregates (see Figure 8).
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The Di-Iron Subsite of All-Iron Hydrogenase:
Mechanism of Cyanation of a Synthetic {2Fe3S} ±Carbonyl Assembly


Simon J. George, Zhen Cui, Mathieu Razavet, and Christopher J. Pickett*[a]


Abstract: This paper describes the kinetics and intimate mechanisms associated with
cyanation of {2Fe3S} assemblies to give species structurally related to the subsite of
all-iron hydrogenase. Stopped-flow FTIR spectroscopy has enabled the quantitation
of the dynamics of five well-defined steps that experimentally illustrate the role of
bridging carbonyls in the assembly of the dicyanide species, how on ± off sulfur
ligation can have a dramatic effect on cyanation kinetics and how the {2Fe3S} core
stabilises bridging carbonyl species.


Keywords: bioinorganic chemistry ¥
bridging ligands ¥ carbonyl ligands
¥ hydrogenases ¥ metal ±metal
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Introduction


X-ray crystallographic data for Fe-only hydrogenases isolated
from Desulfovibrio desulfuricans[1] and Clostridium pasteur-
ianum[][2] together with infrared evidence show that the active
centre of the enzyme possesses a {2Fe3S} subsite in which a
terminal CO, a bridging CO and a CN ligand are bound at
each iron centre.[3] The two Fe atoms of the subsite share two
bridging sulfur ligands of a 1,3-propanedithiolate or related
azapropanedithiolate unit[4] with one of the Fe atoms addi-
tionally sulfur-ligated by a cysteinyl ligand bridged to a
{4Fe4S} cluster (Figure 1a). This cluster/subsite assembly is
termed the H cluster. Together, the protein structural data
and FTIR studies of the enzyme have stimulated much effort
directed towards the synthesis of free-standing structures
related to the subsite of the H cluster. This has been both to
provide insight into structure/spectroscopy/function of the
natural system and to uncover new electrocatalysts for
hydrogen evolution/uptake pertinent to energy transduc-
tion.[5±10]


Molecules with a {2Fe2S}-propanedithiolate[5] or with a
azapropanedithiolate core[6] have been synthesised, and they
possess some of the structural elements of the CO-inhibited
subsite. However, they lack differential 2S/3S ligation of the
iron sites as well as a CO bridging group. Recently, we have
shown that formal backbone modification of a propane-
dithiolate ligand allows access to the {2Fe3S} ± carbonyl
[Fe2(CO)5{MeSCH2C(Me)(CH2S)2}] A and also its benzyl
thioether analogue. These molecules possess differential S


Figure 1. X-ray crystallographically determined structures of a) the di-iron
subsite of the H centre of all-iron hydrogenase, this is a composite model
combining features reported by Peters (PDB code 1FEH) and Nicolet
(code 1HFE);[1, 2] b) the pentacarbonyl complex A ;[7] c) monocyanide
intermediate C.[12]


ligation of the iron atoms, as occurs in the natural subsite
(Figure 1a and b).[7] Importantly, A reacts with [NEt4][CN] to
form a dicyanide with a bridging carbonyl group [Fe2(CO)3-
(�-CO){MeSCH2C(Me)(CH2S)2}(CN)2]2� (D). This dianion
possesses the key attributes of the natural subsite, namely a
{2Fe3S} core with differentiated irons each ligated by cyanide
and bridged by a carbonyl.[7] Compound D slowly rearranges
at ambient temperature to the thermodynamically stable
product [Fe2(CO)4{MeSCH2C(Me)(CH2S)2}(CN)2] 2� (E), in
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which the bridging carbonyl has switched to a terminally
bound mode with the re-formation of an Fe�Fe bond and the
dissociation of the thioether ligand. Recent transient stopped-
flow (SF) and spectroelectrochemistry data indicate that one-
electron oxidation of E leads to an unstable FeI�FeII species
with a bridging CO ligand and ��(CO) frequencies near those
observed in the CO-inhibited form of the oxidised H centre,
thereby implying a role for this biologically unprecedented
mixed-valence state in the natural system.[8]


Cyanation of carbonyl precursors is a key step in the
synthesis of analogues of the subsite. Defining the mechanistic
details of such reactions might give both information for the
design of new functional materials[10] and an understanding of
the biosynthesis of the subsite. In one of two independent
studies of the cyanation reactions of {2Fe2S} systems, the
monocyanide [Fe2(CO)5{CH2(CH2S)2}(CN)]� was proposed
as a direct intermediate on the pathway to the dicyanide
[Fe2(CO)4{CH2(CH2S)2}(CN)2]2� from the hexacarbonyl
[Fe2(CO)6{CH2(CH2S)2],[9] whereas in the other study it was
suggested that this is not the case.[10, 11] Both studies invoke


bridging-CO transition states to explain the substitution
chemistry.


This paper addresses the kinetics and intimate mechanisms
associated with the pathway by which the {2Fe3S} ± carbonyl
A is converted to the {2Fe3S} dicyanide D and thence to the
rearranged {2Fe2S} product E. It illustrates the role of
bridging carbonyls in the assembly of the dicyanide species,
how on ± off sulfur ligation can have a dramatic effect on
cyanation kinetics and how the {2Fe3S} core stabilises
bridging carbonyl species.


Results and Discussion


The dicyanation of the {2Fe3S} assembly A to give the stable
productE resolves into four well-defined steps involving three
successively formed intermediates B, C and D, which have
been spectroscopically characterised and their structures
assigned, Figure 2. Under forcing conditions of high [CN�],
the direct conversion of B to E can also occur. We have


Figure 2. Infrared (left) and UV-visible (right) spectra of species A to E together with proposed structures (centre). Superimposed and normalised on the
infrared spectra of B and E are corresponding data from the {2Fe2S} complexes [Fe2(CO)5{CH2(CH2S)2}(CN)]� and [Fe2(CO)4{CH2(CH2S)2}(CN)2]2�,
respectively. The infrared spectra are normalised to a concentration of 0.58 m�. The optical spectra were obtained from a 0.18 m� complex.
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identified a stable bridging carbonyl species and show that
bridging-carbonyl transition states provide the key to under-
standing the overall substitution mechanism. In addition, we
show that the primary substitution chemistry of the di-iron
system involves an unprecedented on±off neighbouring-group
participation of the tethered thioether ligand; this controls the
reaction kinetics. That it also defines the stereochemistry of
mono-cyanation is unambiguously established by X-ray struc-
tural analysis of the isolated monocyanide intermediate.[12]


The dicyanation pathway is summarised in Scheme 1. The
experimental evidence supporting each of the four sequential
steps I ± IV in this Scheme is now given together with that for
the high-[CN�] pathway V from species B to species E. This is
followed by a discussion of how optimal orientation of the
facial ligands at the iron centres is sensitive to the arrange-
ment of the propane dithiolate backbone substituents, and
how this influences reaction rate. Finally, we discuss infrared
and UV-visible characteristics of the speciesA ±E and note an
intense visible absorption that might provide a useful
diagnostic for the formation or loss of a bridging CO in the
enzyme or model systems.


Step I: Monocyanation with concerted thioether dissociation :
The first step is the rapid binding of CN� and displacement of
the tethered methyl thioether from the iron atom to produce a
monocyanide intermediate [Fe2{MeSCH2C(Me)(CH2S)2}-
(CO)5CN]� , B (Figure 2B).


The evidence for the nature of intermediate B is as follows.
Firstly, titration experiments monitored by FTIR spectros-
copy show stoichiometric binding of cyanide (data not
shown). Secondly, the ��(CO) and ��(CN) region of the infra-
red spectrum of B is superimposable on that of the crys-
tallographically defined {2Fe2S}-monocyanide complex
[Fe2(S2C3H6)(CO)5CN]� , which has been independently char-


acterised by Darensbourg[9] and Rauchfuss.[10] Thirdly, the
UV-visible spectrum of B and that {2Fe2S}-monocyanide
complex are dominated by the same absorption maxima at
343 nm (Figure 2B).[9] These observations are fully consistent
with B and [Fe2(S2C3H6)(CO)5CN]� possessing identical
primary coordination spheres with any differential electronic
effect caused by formal substitution at the remote 2-position
of the propanedithiolate unit being, as expected, negligible.


The mechanism of the formation of B is revealed by
analysis of the kinetic data obtained by SF-FTIR spectros-
copy. The intermediate B is completely formed within a few
seconds of adding a stoichiometric amount or small excess of
[Et4N][CN] to A. The SF-FTIR data in Figure 3c show
excellent isosbestic points, which reveal the clean formation of
B. Typical time-course data are shown in Figure 3a. Under
pseudo-first-order conditions, the rate shows a linear depend-
ence on cyanide concentration, with a second-order rate
constant of 1410��1s�1 (Figure 3b). This rate is independent
of [CO] (Figure 3a).


The formation of the monocyanide with second-order
reaction kinetics that are independent of [CO] clearly shows
that the mechanism is associative (Scheme 2). We note that
associative-substitution kinetics have previously been ob-
served for the reaction of the related compounds
[Fe2(CO)6(SR)2] (R�CH3, CH2CH3, CH2C6H5, C6H5,
p-C6H4CH3) with tertiary phosphines.[13] Darensbourg et al.
have examined the kinetics of cyanide substitution on
[Fe2(S2C3H6)(CO)6] and similarly invoke an associative path-
way.[9] However, their reported substitution rate (21.5 �C) for
this {2Fe2S} compound is about 10000-fold slower than we
observe with the {2Fe3S} complex. This dramatically under-
scores the role of the hemilabile thioether ligand in the
substitution, as we discuss further below in the context of
Scheme 2.


Scheme 1. Summary of the cyanation chemistry of A.
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Figure 3. The monocyanation of A to B monitored by stopped-flow
infrared spectroscopy. a) Example time course for the formation of B
monitored at 2034 cm�1 in the absence (�) and presence (�) of CO. Initial
[A]� 0.29 m�, [CN�]� 2.5 m�. The line is a single-exponential fit.
b) Cyanide dependence under pseudo first order conditions. Initial [A]�
0.055 m�. The solid line is for a cyanide dependent rate constant of
1410��1 s�1. c) Example infrared spectra following the reaction. Initial
[A]� 1.16 m�, [CN�]� 2.5 m�.


Step II: Equilibrium rebinding of the thioether with CO
displacement : In the absence of a significant excess of
[Et4N][CN], B loses CO to form C. The complex C has been
isolated and characterised by X-ray crystallography (Fig-
ures 1c and 2C).[12] This unambiguously establishes the
rebinding of the thioether with the loss of a CO ligand. The
interconversion of B and C is fully reversible. The FTIR
spectra show good isosbestic points (Figure 4a) and analyses
of the time course data (Figure 4b) show that the rate and
extent of formation of C is dependent on [CO]. The
equilibrium constant for the reaction is estimated to be
Kd� 1.6 m� with kforward� 0.6� 10�3 s�1 and kback� 0.39��1 s�1


(Scheme 1).
The crystallographic structure of C shows that the cyanide


ligand occupies the Fe site distal to the thioether ligated iron
atom (Figure 1c). A solution FTIR spectrum obtained from a
freshly redissolved crystal of C was identical with that in
Figure 2C. The FTIR kinetics of subsequent steps (see below)
show no evidence for isomeric interconversion in which
cyanide is exchanged between the differentiated iron sites.
These observations indicate that the initial attack of cyanide
on A to give B occurs exclusively at the iron atom that is
ligated by the three CO ligands rather than the thioether-
ligated iron atom. Electronically, this is not surprising because
the electron-donating nature of the thioether group would be
expected to deactivate the metal to which it is attached with
respect to associative attack. That the initial associative
reaction to form B (Step I) is at least four orders of magnitude
faster than substitution of {2Fe2S}-carbonyls, together with
the regiospecificity of this reaction, is explained as follows.
Attack on A by cyanide at the electron-poor Fe(CO)3 centre
takes place with the concerted formation of the bridged CO
transition state TS, Scheme 2. Subsequent rapid but reversible
dissociation of the thioether leads to the product B (or slower
CO loss to the product C). The thioether ligand thus both


Scheme 2. The proposed role of a bridged CO monocyanide transition state TS in the reaction of Awith cyanide to form B and the equilibrium of B and C.
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stabilises the bridging-CO TS and functions as a good leaving
group to provide a low-activation-energy pathway for sub-
stitution. In the {2Fe2S} system, the electron-withdrawing CO
group is less effective in both of these roles, and the
substitution kinetics are consequently much slower.


The reversibility of the conversion of B and C provides an
opportunity to examine the regiospecificity of CO rebinding
to C. Figure 5 compares the FTIR spectrum of unlabelled B
with that of singly isotopically labelled B by using data taken


Figure 5. Infrared spectrum of B singly isotopically labelled with 13C18O
(––) compared with unlabeled B (- - - -) obtained from stopped-flow
infrared spectroscopy. The two spectra are normalised at the 2031/
2028 cm�1 band. Compound C (0.58 m�) was incubated with 13C18O for
less than one half-life (600 s, 34% conversion). The spectrum of uncon-
vertedC has been subtracted to give the figure. Spectra essentially identical
in form were obtained at times at least up to 1200 s. Indicated are a) the
isotopically invariant peaks and b) the isotopically sensitive bands of B.


600 seconds after adding 13C18O to C. The reaction was only
34% complete at this time. Two major bands at 2031 and
1957 cm�1 are essentially unaffected by the isotopic substitu-
tion. However, the bands at 1976 and 1915 cm�1 are com-
pletely lost and are replaced by an increase in intensity in the
region of 1955 cm�1 and a band at 1850 cm�1. This can be


interpreted in terms of single isotopic substitution breaking
vibrational coupling between two carbonyls with similar
uncoupled ��(CO) frequencies. Substitution for 13C18O should
shift ��(CO) frequencies by 91 cm�1, so the new intensity at
1955 cm�1 arises from uncoupled 12C16O, while the new band
at 1850 cm�1 is ��(13C18O), the corresponding ��(12C16O) being
1941 cm�1. We assign the isotopically invariant higher-energy
pair to the {Fe(CO)3} site of B and the isotopically sensitive
lower-energy bands to the more electron-rich {Fe(CO)2(CN)}
site. Thus, the observations are readily rationalised by the
labelled CO molecule attacking the cyanide-ligated iron
atom, concerted migration of an unlabelled CO ligand and
concomitant dissociation of thioether from the other iron
(Scheme 2). The spectroscopic consequences of this are
i) breaking the vibrational coupling of CO at the cyanide-
ligated Fe atom to reveal uncoupled �� (13C18O) at 1850 cm�1


and �� (12C16O) near 1955 cm�1, ii) leaving the higher-frequen-
cy modes at 2031 and 1957 cm�1 little changed. This CO-
ligation pathway mirrors the initial cyanide attack on A, as
both mechanisms proceed via the bridging-CO transition state
TS with the site of attack on the iron centre distal to the
thioether ligand. That formation of a bridging CO is
intimately associated with the substitution chemistry at
{2Fe3S} centres is spectroscopically demonstrated in the
second cyanation step.


Step III: Dicyanation with formation of the metastable
bridging carbonyl D : The reaction of C with a moderate
excess of cyanide leads to the clean and complete formation of
the species D. The SF-FTIR spectra show excellent isosbestic
points with the growth of a bridging CO band at 1780 cm�1


(Figure 6c). Two ��(CN) stretches at 2083 and 2076 cm�1 show
that the two iron sites have differential ligation, and this has
been confirmed by Mˆssbauer spectroscopy.[12] The data are
consistent withD×s possessing the structure shown in Figure 2,
in which the thioether remains coordinated to an iron atom
following attack by cyanide.[7]


Figure 4. The equilibrium of B and C monitored by stopped-flow infrared spectroscopy. a) Example infrared spectra following the equilibration of 1.16 m�
B in the absence of CO. b) Time courses (––) and numerical simulations (- - - -) i) Initial [B]� 1.16 m�, [CO]� 4.8 m� ; ii) Initial [B]� 1.16 m�, no CO;
iii) Initial [C]� 0.58 m�, [CO]� 6.4 m�. Experiments with ™B∫ were in fact with A treated with a slight excess of CN� (final concentrations 1.16 m� and
1.75 m�); this formed B within 3 s. C was similarly prepared in a closed bottled that was left for 3 h. The numerical simulations used k1� 0.006 s�1, k-1�
0.39��1 s�1 and Kd� 1.55 m�.
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Figure 6. The reaction of C with cyanide to form D monitored by stopped-
flow infrared spectroscopy. All samples have initial [C]� 0.58 m�.
a) Example time course for the formation of D monitored at 1959 cm�1


(––) together with a single-exponential fit giving 2.4� 10�3 s�1 (- - - -),
[CN�]� 75 m�. b) Cyanide dependence under pseudo first order condi-
tions. Initial [C]� 0.58 m�. The line is a fit to Br˘nsted×s equation (see
text). c) Example infrared spectra following the reaction with 75 m� CN�.


Figure 6a shows a typical time-course for the conversion of
C to D under pseudo-first-order conditions with a single-
exponential fit to the data. Figure 6b shows the dependence of
the observed reaction rate kobs on [CN�]. The nonlinear plot is
a consequence of the primary-kinetic-salt effect, in which for a
anion ± anion reaction kapparent must increase with the ionic
strength of the media. The experimental curve can be fitted to
Br˘nsted×s equation[15] with a first-order dependence on
cyanide concentration Figure 6b). This fit gives a second-
order rate constant at zero ionic strength of 0.020��1 s�1 for
the second cyanation step. The first-order dependence on
cyanide is consistent with an associative attack of cyanide on
the thioether-ligated Fe atom with the concerted shift of a
terminal CO ligand into a bridging mode and the breaking of
the metal ±metal bond, conserving the stable 18-electron
configuration about the iron atoms. As with the primary
cyanation step I (Scheme 1), the incoming nucleophile attacks
the more electron-poor iron centre (Scheme 3).


A clear difference in the chemistries of the {2Fe2S} and
{2Fe3S} systems is that the latter supports the stabilisation of
the bridging CO unit. This is rationalised by the thioether
donor ligand compensating for the strongly withdrawing
™keto∫ carbonyl group. In the {2Fe2S} system, charge with-
drawn by any bridging-CO transition state must labilise trans-
terminal carbonyls by diminishing back donation, thereby
triggering metal ±metal bond formation and the switching of
the bridging CO into terminal-CO bonding mode: neither two
cyanide ligands nor one cyanide and a thioether (cf. C) are
alone sufficient to stabilise the CO bridge.


Scheme 3. The reactions of B and C with cyanide.


Step IV: {2Fe3S} ± {2Fe2S} core rearrangement of D to give E :
FTIR spectroscopy shows that D slowly rearranges at 25 �C to
the thermodynamically stable final product E in which the
bridging carbonyl has switched to a terminally bound mode
with the re-formation of a Fe�Fe bond and the dissociation of
the thioether ligand (Figure 2E, Scheme 3). Compound E is
unequivocally the dicyanide with the thioether dissociated:
the carbonyl/cyanide region of its infrared spectrum can be
superimposed over that of the crystallographically defined
complex [Fe2(CO)4{CH2(CH2S)2}(CN)2]2�.[9, 10] We have fol-
lowed this reaction by UV-visible spectroscopy, Figure 7b, and
the kinetics fit to a single exponential with a rate constant of
6.5� 10�5 s�1. We note that the formation of the monocyanide
complex B by the analogous rearrangement the bridged
transition state TS (Scheme 2) must proceed at a rate which is
at least six orders of magnitude faster than the conversion ofD
to E. This further underlines the need for an electron-
donating cyanide ligand on both iron atoms to stabilise the
bridging carbonyl group.


Step V: Dicyanation by attack of cyanide on the ™{2Fe2S}∫
species B: The reaction of B with cyanide to give E directly
takes place at a significant rate only under forcing conditions.
For example, a 30-fold excess of cyanide (25 m�), generatesD
relatively cleanly via the formation of C (Figure 8a) with less
than 13% of E formed via Step V. Thus under these
conditions there is minimal attack on the ™{2Fe2S}∫ core of
B in a reaction analogous to that observed for the ™simple∫
monocyanide [Fe2(CO)5{CH2(CH2S)2}(CN)]� . However, un-
der the forcing conditions of a 300-fold excess of cyanide
(250 m�), direct attack of cyanide on B to give E becomes a
significant pathway that competes with the formation ofD via
C (Figure 8c, Scheme 3). This is a consequence of the [CN�]-
independent conversion of B to C becoming rate limiting.
Numerical simulation with the three experimentally deter-
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Figure 7. The reaction of a) C with cyanide to form D and b) the
subsequent rearrangement of D to give E monitored by UV-visible
spectroscopy. The insert is the time course measured at 490 nm (––) and
single-exponential fit giving 6.5� 10�5 s�1 (- - - -) for the loss of D. Initial
[C]� 0.18 m�, [CN�]� 50 m�.


mined rate constants for Steps II and III (IV is insignificant on
this timescale) provides an estimate for the second-order rate
constant of 0.004��1 s�1 for step V (Figure 8). This kinetic
analysis shows that D is not directly produced from B.[16] We
discuss the stereochemical effects that determine the relative
rates of cyanation of the {2Fe3S} and {2Fe2S} systems below.


Electronic and steric consequences of the pendant thioether
on reaction rates : In the regioselective cyanation of A to give
B, the thioether locks the conformation of the {Fe-
(CO)2(SMe)} unit, but leaves the {Fe(CO)3} free to rotate.
Darensbourg et al. have suggested that a staggered confor-
mation, as shown in Scheme 4, may be a required precursor to
the formation of a carbonyl bridge in {2Fe2S} systems, and
that such a conformation is readily accessed and not energeti-
cally limiting at ambient temperatures.[9] In the case of the
{2Fe3S} system A, cyanide can attack with concerted forma-
tion of a bridged-CO low-energy transition state that is
stabilised by the predisposed trans-thioether group provided
by the locked conformation (Scheme 4). This stereoelectronic
effect may also contribute to the extraordinary rate enhance-
ment of this monocyanation over that of [Fe2(CO)6{CH2-
(CH2S)2}].[9]


The complex [Fe2(CO)5{CH2(CH2S)2}(CN)]� has FTIR and
UV/vis spectroscopic features essentially indistinguishable
from B. Therefore, with respect to the primary coordination
sphere, the two species can be considered as ™electronically
identical∫. However, the rate constant for the direct attack of


Figure 8. Time courses (––) and numerical simulations (- - - -) for the
reaction of B with cyanide monitored by stopped-flow infrared spectros-
copy. a) 25 m� [CN�], b) 75 m� [CN�], c) 250 m� [CN�]. The time courses
have been normalised to concentration units. [B] was determined at
2031 cm�1, [C] from the common crossover of A, D and E at 1934 cm�1, [D]
from the intensity of the 1780 cm�1 band and [E] at 1875 cm�1 corrected for
the contribution of D. The rate constants used in the simulations for the
direct reaction of B with cyanide to give E were: a) 3.5� 10�3��1 s�1,
b) 3.8� 10�3��1 s�1, c) 4.2� 10�3��1 s�1.


cyanide on B is almost forty times smaller than the
0.146��1 s�1 reported for its attack on [Fe2(CO)5{CH2-
(CH2S)2}(CN)]� .[9] The explanation for this difference most
likely resides with steric factors, and can be rationalised by the
propane dithiolate substituents preventing adoption of the
optimum geometry for either cyanide attack in one conformer
or bridge formation in the other (Scheme 4). Notably,
Rauchfuss and co-workers have provide crystallographic
evidence for the close approach of a methyl bridgehead
substituent to a carbonyl in related N-methylazapropane
dithiolate complexes.[6]


The rate constant for the attack of cyanide on C is about
five-fold greater than it is for attack onB, despite the expected
deactivation of the iron atom towards nucleophilic attack by
the electron-donating thioether ligand. Given that the at-
tacked iron centre in B is sterically encumbered, as it is in the
locked geometry of C, the difference in rate constants might
rest with the thioether ligand stabilising a product-like
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Scheme 4. Steric factors influencing the cyanation ofA, C and B. The rates
are relative to that for the {2Fe2S} complex [Fe2(CO)5{CH2(CH2S)2}-
(CN)]�: 0.146��1 s�1.


transition state as a CO approaches a bridging mode and this
more than compensating for its deactivating electron-donor
nature.


Comparative FTIR and UV-visible spectroscopic data for
species A±E : Figure 2 shows FTIR and corresponding UV-
visible spectra for the species A ±E. There is a striking
similarity in the patterns of the FTIR spectra of C and E,
species that are formally related by the replacement of the
ligating SMe group by CN�. The bands in C are all shifted to a


lower frequency by approximately 20 cm�1 on conversion to
E. This relatively small shift observed on replacing the neutral
thioether ligand by anionic cyanide attests to the strong
donating ability of the SMe group. That all the bands shift by
approximately the same amount suggests that the ligand
charge is delocalised across both iron atoms. Species D, which
possesses both two cyanide ligands and a ligated SMe, has
three terminal ��(CO) modes close to those of E. This implies
that the bridging CO group is strongly electron-withdrawing,
an effect which is compensated for by the bound SMe ligand.


Figure 2 shows the optical data for the complexes A ±E.
The spectra for metal ±metal bonded speciesA,B, C and E all
show a dominant absorption in the UV at or below 370 nm
with broad weaker features at lower energies, as do the
spectra of the {2Fe2S} systems reported by Darensbourg.[9]


The major electronic transition shifts to the red on formal
replacement of CO by cyanide. For example, in [Fe2-
(CO)6{CH2(CH2S)2}], the band is at 327 nm, in the mono-
cyanides [Fe2(CO)5{CH2(CH2S)2}(CN)]� and B it is at 343 nm,
whilst in [Fe2(CO)4{CH2(CH2S)2}(CN)2]2� and E it occurs at
353 nm. Formal substitution of CO in [Fe2(CO)6{CH2-
(CH2S)2}] by an SMe as in A also results in a red shift from
327 to 370 nm. The intramolecular substitution of CO in B by
SMe to form C results in a smaller red shift from 343 to
367 nm. Clearly electron-donating groups at the {2Fe2S} core
decrease the energy separation between the donor and
acceptor orbitals involved in the transition but do not seem
to significantly modify the electronic manifold. This is in stark
contrast to the consequence of introducing a bridging CO
ligand. The electronic spectrum of D is dominated by a new
broad band in the visible region at 490 nm which has peak
width at half height of 80 nm. There is only a weak transition
in the UV region at 355 nm. Such a dramatic change indicates
significant alteration in electronic structure. The dominant
charge-transfer band in the spectrum of [Fe2(CO)6(S2)] is
observed at 335 nm with a weak shoulder at 425 nm and these
have been assigned to transitions from the ™bent∫ Fe�Fe bond
comprising the HOMO (a1) to its antibonding counterpart,
which comprises the LUMO (b2), and from ™lone-pair∫
Fe(3d) orbitals.[17] The UV transitions observed for the
metal ±metal bonded species A, B, C and E are undoubtedly
analogous, and it is most likely that the visible transition
observed for D involves charge transfer from Fe (3d) to the
bridging C�O �*.


The loss of absorption intensity around 350 nm and the
appearance of a low energy band, signalling the loss of an
Fe�Fe bond and formation of a CO bridge (cf. Figure 7a),
might thus be a useful diagnostic in kinetic and spectroscopic
studies of the enzyme system.


Conclusion


Here we summarise the principal conclusions of this study of
the cyanation of a {2Fe3S} system.


i) Stepwise substitution chemistry : There are four successive
steps with three isolatable intermediates in the dicyanation
reaction of the {2Fe3S} ± carbonyl. Each step was studied in
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isolation; this allowed a full spectroscopic and kinetic
dissection of the whole reaction pathway.


ii) On ± off role of tethered thioether group : The ability of the
tethered thioether group to dissociate upon the initial attack
by cyanide on the {2Fe3S} core has dynamic and steric
consequences. Firstly, there is an over 104-fold increase in the
rate of monocyanation of A vis-a¡ -vis the {2Fe2S} system
reported by Darensbourg et al.[9] Secondly, the monocyanide
product B is formed regioselectively, the cyanide binds at the
Fe atom distal to that from which the thioether dissociates.
Thirdly, rebinding of thioether to the monocyanide reversibly
eliminates CO to form C. Fourthly, attack of a second cyanide
molecule takes place on the thioether-ligated monocyanide C
about five times faster than on the CO-ligated/SMe-dissoci-
ated intermediate B and gives a bridging CO intermediate D.
Finally, D rearranges to the thermodynamically stable prod-
uct E by dissociation of the thioether, conversion of the
bridging CO to a terminal mode and regeneration of a metal ±
metal bond.


iii) The role of bridging CO in substitution at di-iron centres :
The regiospecific formation of the monocyanide B and the
isotopically detected regioselective regeneration of B from
thioether-ligated C provide experimental support for the
involvement of bridging-CO transition states in the substitu-
tion chemistry of the di-iron assemblies. This is underlined by
the direct spectroscopic characterisation of the bridged-CO
intermediate D.


iv) Stabilisation of bridging CO : The attack of CN � on C
gives the bridged-CO intermediate D, whereas attack on B
does not give a spectroscopically detectable CO-bridged
species. The presence of a thioether ligand and the dianionic
charge introduced by dicyanation appear to be the key factors
in stabilising the bridge. We estimate that the bridge-to-
terminal-CO conversion takes place at least 106 times faster
for the monoanionic TS than for D. In the dicyanide, the
electron-donating ability of the thioether prevents labilisation
of a CO ligand trans to the strongly electron-withdrawing
™keto∫ carbonyl bridge. Recent work has shown that oxida-
tion of E generates a transient {2Fe3S} cyanide core with
bridging CO and a FeI�FeII mixed-valence state[8] attesting to
the ability of an {2Fe3S} core to stabilise a bridging CO
configuration in a higher oxidation state, as is observed in the
CO-inhibited enzyme system.[1±3]


v) Observation of a potentially diagnostic electronic transi-
tion in the visible region : The FeI�FeI metal ±metal-bonded
systems are characterised by a sharp absorption band in the
UV region around 350 nm. The breaking of this bond during
the formation of a bridging carbonyl is signalled by the
appearance of a low energy band in the visible region at
490 nm. This might thus be a useful diagnostic probe in fast
kinetic studies seeking to identify short-lived CO-bridged
transients in model chemistry and possibly in turnover studies
of the enzyme system.


vi) Comments on {2Fe3S} systems and the natural subsite/H
cluster : The distal Fe atom of the subsite of all-iron hydro-
genase possesses a labile water molecule that can be replaced
by inhibitory CO.[2] It has been reasonably postulated that it is
at this distal Fe atom that a proton is bound, reduced to
hydride and thence evolved as dihydrogen following protic
attack–a process mediated by an azapropane bridge func-
tioning as a proton-transfer intermediary.[3, 4] However, there
is little explicit in this model that would explain the need for a
binuclear rather than mononuclear subsite neither that
invokes the need for bridging CO in turnover states. We note
that in our model {2Fe3S} system, bridging CO is strongly
electron-withdrawing, as evidenced by comparison of the
terminal stretching frequencies ofD andE (Figure 2B and D).
Thus an electron-withdrawing bridging CO ligand trans to
ligated H2O at the distal iron of the subunit should substan-
tially enhance the acidity of the bound water and thence the
possibility of a prototrophic shift to the proximal iron,
possibly by conformational flipping of the azapropane bridge
(Scheme 5).


Scheme 5. Possible role of the bridging CO in a prototrophic shift at the di-
iron subsite.


Finally, the step-wise dicyanation of the synthetic {2Fe3S}
system is controlled through dissociation/association of the
pendant thioether group. It is not inconceivable that the
cysteinyl S group bridging the subsite to the {4Fe4S} cluster
might possibly function in a similar fashion during H-centre
biosynthesis or even during turnover of the enzyme.


Experimental Section


Stopped-flow FTIR spectroscopy : Stopped-flow FTIR (SF-FTIR) experi-
ments were performed by using an adapted Bruker IFS66/S spectrometer
(Bruker UK Ltd., Coventry, UK) fitted with a liquid-nitrogen-cooled
mercury cadmium telluride (MCT) detector. The stopped-flow circuit and
cell were home-built and described elsewhere.[14, 18, 19] The drive system and
stopped-flow cell were entirely housed within an anaerobic dry glove box
(�1 ppm O2) (Belle Technology, Portesham, Dorset, UK).[19] The sample
cell temperature was maintained at 25 �C for all experiments by means of a
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water-cooled jacket. The cell path length was calibrated to 48.2 �m. For
these experiments the instrument collected data between 2200 and
1700 cm�1. Typically, for an infrared resolution of 4 cm�1, the time
resolution was 25 ms per spectrum, and the dead-time before detection
was 18 ms. Exact sample conditions are given in the Figure legends.


Analyses of time-dependent spectra, as well as fitting and numerical
simulation of time-courses were all carried out by using home-written
software. The simulation programs employed the RKSUITE suite of
subroutines, which are an implementation of the Runge ±Kutta method.[20]


UV-visible spectroscopy : UV-visible measurements were performed en-
tirely within the same anaerobic glove box used for the SF-FTIR
measurements with an Ocean Optics SD2000 fibre-optic spectrophotom-
eter (Ocean Optics Inc, Florida, USA) and a TOPS Mini-D2 light source
(Avantes, Eerbeek, The Netherlands). The optical cell had a path length of
10 mm. With this configuration a good quality, 2 nm resolution, optical
spectrum can be collected at least once every second.


Sample preparation : The complex [Fe2(CO)5{MeSCH2C(Me)(CH2S)2}]
was prepared as previously described.[7] [Et4N][CN] (Aldrich) was dried
at 80 �C under vacuum. Acetonitrile was distilled over CaH2 prior to use.
All manipulations were usually performed in a glove box (�1 ppm O2)
under dinitrogen and occasionally by Schlenk techniques. Solutions for
stopped-flow infrared and time-resolved UV/visible spectroscopies were
prepared immediately before use and kept in the dark.[21] CO solutions
were quantitated by the IR band of free CO at 2128 cm�1 by using CO-
saturated acetonitrile as a standard.[22] All concentrations for stopped-flow
experiments are quoted after mixing.
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Abstract: The DPP dyes (�diketo-
pyrrolopyrrole) 1 are deprotonated to
give the corresponding dianions 2. These
are treated with two moles of the tran-
sition-metal complexes [LnMX]�
[(Ph3P)2MX] (M�Cu, Ag; X�Cl,
NO3), [(Ph3P)AuCl], [(Et3P)AuCl],
[(tBuNC)AuCl], [(Ph3P)2PdCl2], and
[(Ph3P)2PtCl2] to give the novel bisme-
talated DPP dyes [LnM�N{C3R1(O)}2-
N�MLn] (4±10). In comparison with
the starting materials, these compounds
show better solubilities, high fluores-
cence quantum yields (�� 80%), and
bathochromic absorptions. The com-


pounds 4c, 5a, 6b, 6c, 6e, 7c, and 8c
were characterized by X-ray crystallog-
raphy. The copper and silver atoms in 4 c
and 5a are trigonal planar and are
surrounded by the P atoms of the
phosphane ligands and the N atom of
the DPP dianion 2. Both metals are
somewhat forced out-of-plane, and the
P2M plane and the phenyl planes of R1


are twisted by �70� and �25�, respec-


tively, towards the chromophore plane.
The gold atoms in 6 ± 8 are linearly
coordinated to one N and one P (6b, c,
e, 7c) or one C atom (8c), respectively.
The gold atoms are only slightly pressed
out-of-plane, and the P substituents are
staggered so that there is enough space
for the planarization of R1 into the plane
of the chromophore. Compound 8c
shows intermolecular d10 ± d10 interac-
tions between AuI centers of different
molecules, and these interactions lead to
infinite chains of parallel orientated mol-
ecules in a gauche conformation of neigh-
bors (torsion angle� 150�) in the crystal.


Keywords: coinage metal complexes
¥ dyes ¥ fluorescence ¥ structure
elucidation ¥ UV/Vis spectroscopy


Introduction


We recently reported the substitution reaction of some
transition-metal complexes with DPP dye derivatives to
obtain the first DPP complexes, which exhibit interesting
new properties (DPP� diketopyrrolopyrrole).[1] The diaryl
DPP dyes 1 are one of the most recently developed classes of
technical pigments,[2] the remarkable properties of which,
such as high light fastness, extraordinary thermal stability, and
very low solubility, are supported by the formation of
intermolecular N ¥ ¥ ¥H ¥ ¥ ¥O hydrogen bonds. Unfortunately,
such hydrogen bonds diminish fluorescence quantum yields in
many cases, hence the use of 1 for fluorescence applications is
limited. The fluorescence quantum yield of the phenyl


derivative (R1�C6H5) 1a, for instance, was found to be only
50%.[3] The formation of hydrogen bonds can be inhibited by
alkylation[4] or arylation[5] of the nitrogen atoms (derivatives
of the type 3, Scheme 1). This blocking results in an increase
of the fluorescence quantum yields by several percent and in a


Scheme 1. Actual and expected derivatives of DPP dyes.
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hypsochromic shift of the absorption maximum in the UV/Vis
spectra. A further possibility for the blocking of these
positions is the coordination of the nitrogen atoms to metal
ions to give complexes of the type 4 ± 10 (Scheme 1).[1] In a
preliminary communication we used complex fragments of
Group 11 metals. Bulky substituents like phosphanes on at
least one further coordination site prevented the formation of
polymeric networks and shielded the entire chromophore
against external influence. The result was novel DPP dye
complexes with excellent fluorescence properties.[1] A very
high quantum yield in one case indicated the unprecedented
effect of efficient support of fluorescence by bulky gold
substituents. This was attributed to the complete planarization
of the chromophore, including the phenyl substituents R1.[6]


Herein, the reactions of DPP dianions with complexes of the
type [(Ph3P)2MX] (M�Cu, Ag; X�Cl, NO3), [LAuX] (L�
PPh3, PEt3, CNtBu; X�Cl), [(Ph3P)2PdCl2], and
[(Ph3P)2PtCl2] will be reported in detail (Scheme 1).


Results and Discussion


Synthetic aspects : Analogously to the N-alkylation,[4] the red
DPP pigment 1a ± f was treated first with two equivalents of
hexamethyldisilazane sodium (�NaN(Si(CH3)3)2) in DMF to
give the deep blue dianion of DPP (2a ± f). Subsequently it
was added to a suitable transition-metal salt or complex, for
example, [(PPh3)2MX] (M�Cu, Ag; X�Cl, NO3), [LAuX]
(L�PPh3, PEt3, CNtBu; X�Cl), or [(Ph3P)2MCl2] (M �Pd,
Pt). The products 4 ± 10 precipitated, either directly from the
reaction mixture or after recrystallizing the crude product, as
intensely colored, brilliant red to purple solids in good yield
(Scheme 2). They are soluble in chlorinated hydrocarbons,


Scheme 2. Synthesis of the transition-metal complexes of dyes 4 ± 10.


but 5a,c and, to a smaller extent, 4a,c, and 9a,c slowly
decompose in CHCl3. This is due to traces of HCl therein,
which reprotonate the lactam-N (Scheme 3). The lightfastness
of the dissolved complexes is limited to a few weeks, whereby
6c lasted by far the longest period. In our experience, this is


Scheme 3. Elimination processes of the dye complexes 4a,c and 5a,c.


comparable to the N-alkylated derivatives. In the solid state,
especially the gold complexes (except 7c), can be stored for
months under argon in the dark at RT, and even for weeks
under air without detectable decomposition products.
Generally, well-defined products are obtained only when


using ™soft∫ nonoxophilic metal ions like Ag�, Au�, and Pt2�


(e.g. in [(PPh3)2MX] (M�Cu, Ag; X�Cl, NO3), [LAuX]
(L�PPh3, PEt3, CNtBu; X�Cl), and [(Ph3P)2PtCl2]) along
with bulky ligands like L�PPh3. These stabilize the products
by preventing intermolecular interactions as a result of their
steric demand. It was shown that simple metal salts (CuCl,
AgBF4) or sterically undemanding complexes ([(MeO)3P-
CuCl]) yielded only insoluble grayish or poorly soluble violet
solids, that defy characterization.
Desirable properties such as high stability, solubility, light-


fastness, and fluorescence of the complexes depend, in most
cases, on the metal center. In that respect it turned out that the
gold complexes 6a ± f, 7c, and 8c exceed any other derivative.
But the influence of the ligands L and the phenyl groups R1


must not be ignored: for example, 7c with L�PEt3 is
obtained in good yield and has good solubility in common
organic solvents, however it decomposes in chloroform within
minutes. The use of the isonitrile ligand CNtBu in 8c appeared
to be a good compromise, combining high fluorescence
quantum yields with good stability and solubility in common
organic solvents. However it decomposes in the presence of
alcohols and amines and is obtained in low yield, usually 12%.
Additionally, the substituents on the phenyl groups of the
DPP core have a remarkable effect on the solubility: among
6a ±d (R1� para-C6H4X; X�H, Me, Cl, and CN), deriva-
tive 6c with chlorine is by far the least soluble.
The above-mentioned lack of stability of the dissolved


copper and silver complexes 4a,c and 5a,c, respectively, can
essentially be attributed to the high polarities of the metal ±
nitrogen bonds, which are therefore easy to cleave. Further-
more, two experiments indicate a stepwise dissociation of
PPh3. First, the addition of [(CO)4Cr(NCCH3)2] to a solution
of 4c resulted in a red precipitate, which is assumed to consist
of ™DPPCu2∫, according to IR spectral and elemental
analyses. IR and 31P{1H} NMR spectra of the yellow solution
confirmed the presence of [(CO)4Cr(PPh3)2] (mixture of cis
and trans isomers). Secondly, 31P{1H} NMR measurements of
compound 5c at ambient temperature (not two doublets as
expected, but one broad signal) and at �70 �C gave different
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results (at least two similar species with Ag�PPh3 bonds were
detected in solution (CD2Cl2)). Consequently, an equilibrium
with the monophosphane complex (like 6a ± f) can be
formulated (see Scheme 3).
In contrast to the platinum complexes 10a,c, the palladium


derivatives 9a,c are described best, according to elemental
analyses, with only one PPh3 ligand per metal center (i.e. a
[(PPh3)PdCl] fragment instead of [(PPh3)2PdCl]). Therefore
the vacant coordination site makes it necessary to propose a
�-Cl bridged coordination polymer.


Molecular structures : Compounds 4c, 5a, 6b, c, e, 7c, and 8c
were obtained as single crystals suitable for X-ray crystal
structure analyses by covering their solutions (CHCl3 or
CH2Cl2) with a layer of n-hexane or diethyl ether. Selected
data of the structure determinations are compared in Table 1,
and the molecular structures themselves are presented in
Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, and
Figure 7. Selected bond lengths and angles are given in the
captions. In all cases, the complexes are symmetrical to
inversion, and either metal is linked to the lactam nitrogen of
the planar DPP skeleton.
In 4c and 5a, the copper and silver atoms, respectively, are


surrounded in a trigonal planar arrangement by one N and
two P atoms (sum of angles� 360� (4c) and 357� (5a)). The


Figure 2. Molecular structure of 5a. Principal bond lengths [pm] and
angles [�]: Ag1�N1 224.2(5), Ag1�P1 240.96(19), Ag1�P2 243.3(2), N1�C4
135.4(8), N1�C2 137.5(8), C2�O2 123.7(8), C4�C14 146.3(9); N1�Ag1�P1
115.64(15), N1�Ag1�P2 112.49(16), P1�Ag1�P2 128.87(7), C4�N1�C2
110.1(5), C4�N1�Ag1 145.3(5), C2�N1�Ag1 101.3(4), O2�C2�N1
122.7(6), N1�C4�C14 123.0(6); sum of angles at N: 356.77; sum of angles
at Ag: 356.99.


Figure 3. Molecular structure of 6b. Principal bond lengths [pm] and
angles [�]: Au1�N1 204.4(5), Au1�P1 222.7(4), O1�C1 124.3(6), N1�C2
139.1(9), N1�C1 139.5(9), C2�C4 146.71; N1�Au1�P1 176.9(9),
C2�N1�C1 109.5(5), C2�N1�Au1 135.3(0), C1�N1�Au1 115.21,
O1�C1�N1 120.8(6), N1�C2�C4 122.6(6); sum of angles at N: 359.96.


Figure 4. Molecular structure of 6c. Principal bond lengths [pm] and
angles [�]: Au1�N1 204.7(5), Au1�P1 223.0(2), O1�C1 124.7(8), N1�C2
138.3(9), N1�C1 139.5(9), C2�C4 146.7(10); N1�Au1�P1 175.3(2),
C2�N1�C1 110.0(5), C2�N1�Au1 134.1(5), C1�N1�Au1 115.8(4),
O1�C1�N1 122.2(6), N1�C2�C4 123.2(6); sum of angles at N: 359.92.


Figure 5. Molecular structure of 6e. Principal bond lengths [pm] and
angles [�]: Au1�N1 204.5(4), Au1�P1 224.04(13), O1�C1 122.1(6), N1�C2
138.4(6), N1�C1 141.7(6), C2�C4 146.6(7); N1�Au1�P1 172.34(12),
C2�N1�C1 109.5(4), C2�N1�Au1 128.1(2), C1�N1�Au1 118.5(3),
O1�C1�N1 122.8(8), N1�C2�C4 123.0(4); sum of angles at N: 356.10.


Table 1. Selected structural data of DPP complexes for comparison.[a]


M�N
[pm]


M ¥ ¥ ¥O
[pm]


M ¥ ¥ ¥H
[pm]


DPP�Ph
[�]


M�N�DPP
[�]


4c 198 305 270 25 18
5a 224 277 281 4.5 15
6b 204 301 252 8 1
6c 205 305 239 1.5 3
6e 205 320 272 21 18
7c 206 318 277 27 16
8c 204/204 313/304 261/251 28/8 4/12.5


[a] Calculated van der Waals radii for M ¥ ¥ ¥O and M ¥ ¥ ¥H, respectively:
M�Cu: 290 and 280; M�Ag: 320 and 310; M�Au: 320 and 310 pm.


Figure 1. Molecular structure of 4c. Principal bond lengths [pm] and
angles [�]: Cu1�N1 198.4(5), Cu1�P1 222.9(2), Cu1�P2 225.3(2), O1�C35
123.8(8), N1�C15 134.1(8), N1�C35 139.6(8), C15�C45 147.8(9);
N1�Cu1�P1 118.68(15), N1�Cu1�P2 113.74(16), P1�Cu1�P2 127.48(7),
C15�N1�C35 110.7(5), C15�N1�Cu1 130.6(4), C35�N1�Cu1 114.2(4),
N1�C15�C45 122.1(5), O1�C35�N1 124.6(6); sum of angles at N: 355.52;
sum of angles at Cu: 360.
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Figure 6. Molecular structure of 7c. Principal bond lengths [pm] and
angles [�]: Au1�N1 205.7(3), Au1�P1 224.09(10), N1�C8 138.2(4), N1�C7
140.3(5), O1�C7 123.0(4), C8�C10 146.1(5); N1�Au1�P1 178.37(9),
C8�N1�C7 109.6(3), C8�N1�Au1 129.7(3), C7�N1�Au1 118.1(2),
O1�C7�N1 123.3(3), N1�C8�C10 122.6(3); sum of angles at N: 357.48.


Figure 7. Molecular structure of 8c (two different molecules). Principal
bond lengths [pm] and angles [�]: Au1A�C1A 194.4(7), Au1A�N11
203.5(5), Au2B�C1B 195.4(7), Au2B�N12 204.2(5), C1A�N1A 113.9(8),
N1A�C2A 146.3(8), N11�C41 137.8(7), N11�C21 138.7(8), C21�O21
124.0(7), C1B�N1B 112.5(7), N1B�C2B 147.6(7), N12�C42 137.8(7),
N12�C22 139.1(8), C22�O22 123.9(7); C1A�Au1A�N11 177.6(3),
C1A�Au1A�Au2B 96.6(2), N11�Au1A�Au2B 85.06(16),
C1B�Au2B�N12 171.9(3), C1B�Au2B�Au1A 92.0(2), N12�Au2B�Au1A
95.50(17), N1A�C1A�Au1A 177.1(7), C1A�N1A�C2A 175.2(7),
C41�N11�Au1A 131.5(4), C21�N11�Au1A 117.5(4), O21�C21�N11
124.5(5), N1B�C1B�Au2B 174.3(7), C1B�N1B�C2B 171.0(7),
C42�N12�Au2B 132.2(4), C22�N12�Au2B 114.5(4), O22�C22�N12
122.7(5), N12�C42�C42A 124.7(5); sum of angles at N11: 359.99; sum of
angles at N12: 358.34.


small deviation from planarity in 5a is caused by a weak
bonding interaction of Ag to the neighboring lactam oxygen
(Ag ¥ ¥ ¥O� 277 pm, van der Waals radius� 320 pm). The
M�N bond lengths differ due to the differing ionic radii of
M from 198 pm (4c) to 224 pm (5a). The metal atoms are
forced out-of-plane by 18� (4c) and 15� (5a). The P2M planes
and the planes of the rings R1 are twisted by 70� and 25� (4c)
and 85� and 5� (5a), respectively, with respect to the central
plane of the DPP moiety. This indicates the enormous steric
demand of the 12 surrounding phenyl groups.
The gold atoms in the DPP complexes are linearly


coordinated (N�Au�L� 172 ± 180�, L�PPh3, PEt3, CNtBu)


to one N and one P (6b, c, e, and 7c) or one C atom (8c),
respectively. Linear gold complexes of a similar type with
biologically active ligands were reported by Beck et al.[8] The
sterically less demanding gold ±DPP complexes leave enough
space for the planarization of R1 into the plane of the central
chromophore. The gold atoms are forced out-of-plane by a
minimum of about 1� (6b,c) to a maximum value of 18� (6e).
The planes of the arene groups R1 are twisted from only 1�
(6b,c) up to 28� (8c) with respect to the chromophore plane.
The distances Au�N are found to be in the range of about
205 pm, and the Au�P distances are about 223 pm.
It is noteworthy that in the solid state the gold complexes


6b,c have very short Au ¥ ¥ ¥H distances of about 260 pm, which
remain significantly below the calculated van der Waals radii
of 310 pm. There is, however, no evidence for agostic bonds
between Au and H. At ambient temperature, 1H NMR
spectra of 6b,c only show two groups of signals. This indicates
an AA�BB� spin system but not the expected ABCD spin
system, in which four groups of signals should be found.
Obviously, magnetic properties of both ortho- and both meta-
phenyl protons are equivalent by a fast rotation (compared
with the NMR timescale) of the phenyl groups in solution.
The isonitrile complex 8c offers a special feature: the small


steric demand of the tBuNC ligands enables intermolecular
d10 ± d10 interactions between AuI centers of different mole-
cules. In the resulting coordination polymer, each AuI center
of one molecule is connected to another one of two different
neighboring molecules, leading to infinite chains throughout
the crystal (see Figure 8). The Au1A�Au2B distance is
311.68(6) pm, and two adjacent molecules are arranged
almost coplanar to each other and are twisted by a torsion
angle N11�Au1A�Au2B�N12 of about 150�. The unit cell of
8c contains two different molecular structures of 8c. Whereas
one is perfectly linear, the other is somewhat bent in an
S-shaped manner; both molecules alternate in the chain
arrangement.


Absorption and fluorescence : All measurements were carried
out in solution (CHCl3; CH2Cl2 if necessary) at ambient
temperature. Dye 1 (R1� 3,5-di-tBuC6H3, R�H) was used as
a reference for the UV/Vis spectra of 4 ± 10, because of its
sufficiently high solubility caused by the four tert-butyl
groups.[9] It exhibits a structured UV/Vis absorption spectrum
(�max� 507 nm) and a mirror-type fluorescence spectrum
(�max� 513 nm, see Figure 9). In the analogous N-methylated
dye 3 (R1� 3,5-di-tBuC6H3, R�Me), blocking of the hydro-
gen bonds leads to a higher fluorescence quantum yield and a
hypsochromic shift of the absorption maximum (�max�
486 nm, Figure 9, fluorescence: �max� 525 nm). However,
blocking the N atoms with a metal complex, for example,
AuPPh3 in 6c, results in a higher fluorescence quantum yield
and, in contrast to the N�Me derivative 3, in a bathochromic
shift (absorption: �max� 537 nm; fluorescence: �max� 561 nm).
Measured �max values of selected metalated dyes are given in
Table 2. It demonstrates a significant influence of the metals
M, their ligands Ln, and the substituents R1. The bathochromic
shift is the main change in the UV/Vis spectra and is caused by
a high negative partial charge in 4 ± 10, which still remains
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Figure 9. UV/Vis absorption and fluorescence spectrum of 6c (thick black
line, gray line), absorption spectra of 1 (R�� 3,5-di-tBuC6H3, medium black
line), and the N-methyl analogue 3 (thin black line) in CHCl3.


after complexation of the dianion 2. This is confirmed by IR
spectroscopy: �(CO) of the lactam unit is lowered from
typically 1640 cm�1 (1) to 1620 cm�1 (6 ± 8) or even 1590 cm�1


(4a,c, 5a,c). Thus the increased donor strength of the lactam
nitrogen, that is, the now energetically higher lying HOMO,
diminishes the HOMO±LUMO gap. Following the increas-
ing polarity of the M�N bond (M�Au�Cu), �max increases


in the order 6a ± f� 5a,c� 4a,c by steps of about 20 nm.
Electron-donating ligands Ln at the gold center show a similar
influence on the shift of �max (Ln�PPh3 (6c), PEt3 (7c): �max�
537, 550 nm) as do electron-withdrawing groups in the para -
position of the phenyl substituents R1�C6H3�X in com-
pounds 6 (6a : 530; 6b : 526; 6c : 537; 6d : 576 nm).
The measurements of the emission lifetime of the dye


complexes (excitation at 520 nm) show a monoexponential
dying-out of the fluorescence; that means there are no
concurrent processes such as ISC (intersystem crossing) or
phosphorescence. The lifetimes of the S1 levels of 5a, 6c, 8c,
and 10c are given in Table 3 with values similar to those of the
unmetalated dyes.


The previously mentioned dissociation process especially
for M�Cu, Ag (4a,c, 5a,c ; Scheme 3) does not affect their
UV/Vis spectra, hence those of 5a,c resemble those of 6a ± f.
However, the characteristic shape of the main absorption of
4c leads us to the conclusion, that two independent absorption
maxima at 548 and 572 nm are superimposed. Excitation at
520 nm, which is expected to excite the species with the
absorption maximum at 548 nm alone, results in an emission
band with �max about 560 nm (Figure 10). Irradiation at
572 nm, however, which could prove this assumption, was
not possible for technical reasons. Besides these main
absorptions, another band between 400 ± 450 nm can be
excited to fluoresce at about 510 nm. A similar band also
exists in the spectra of the palladium (9a,c) and platinum
(10a,c) complexes. The coupling patterns in the 31P NMR
spectra of 10a,c confirm nonfluxional behavior (two sharply
resolved doublets), so it is more reasonable to assign the


Figure 8. Coordination polymers of 8c. Principal bond lengths [pm] and angles [�]: intermolecular d10 ± d10 interaction: Au1A�Au2B 311.68(6); chain
arrangement by N�Au�Au�N torsion: N11�Au1A�Au2B�N12 �150.6(2). Distorted S-shaped and perfectly linear molecules alternate in the chain.


Table 2. Influence of metals M, ligands L, and aryl substituents R1 on �max
in the absorption spectra of selected DPP complexes.


M Cu (4c) Ag (5c) Au (6c)
�max [nm] 572 562 537
L PEt3 (7c) PPh3 (6c) CNtBu (8c)
�max [nm] 550 537 536
R1 C6H4�CN (6d) C6H4�Cl (6c) C6H5 (6a) C6H4�CH3 (6b)
�max [nm] 576 537 530 526


Table 3. Emission lifetimes of some DPP complexes (in CHCl3, 5a in
CH2Cl2; error limit in parenthesis).


5a 6c 8c 10c


� [ns] 8.02 (�0.01) 6.70 (�0.05) 6.56 (�0.05) 5.21 (�0.01)
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Figure 10. UV/Vis absorption spectrum (thin black line) and fluorescence
spectra of 4a in CH2Cl2 at two excitation energies (455 nm: thick black line;
520 nm: gray line).


absorption at 400 ± 450 nm as an additional band of a single
molecule.
As mentioned above, the fluorescence quantum yield of 1a


was found to be 50%, and N-alkylation (3a) increases it only
by a few percent. Since the DPP dianions do not fluoresce or if
so then poorly, we expected to observe very much the same
when they are attached to any other (d-)metal center. As
expected, complexation with copper (4a,c) decreases the
quantum yield to about 20%. Surprisingly high fluorescence
quantum yields, over 80%, are measured for the silver (5a,c)
and gold (6a ± f, 7c, 8c) complexes. Values up to 100% are
found for 6a,c. The influence of relativistic effects might seem
a reasonable explanation. However, this argument is mitigat-
ed by the fact, that fluorescence quantum yields measured for
the platinum complexes 10a,c are far below expectations:
only 15%. Fluorescence in the corresponding palladium
complexes 9a,c was quenched to an indeterminable level.
Furthermore, the fluorescence behavior does not depend
solely on the absorption range: although 5c (562 nm) and 10c
(554 nm) show similar �max values, their fluorescence quantum
yields differ significantly (5c : �� 85%; 10c : �� 13%).
The fluorescence quantum yields correlate with the Stokes


shifts: they increase when the latter decrease, with 6 f and 7c
as the only exceptions (Figure 11). Interestingly there is a
second correlation between the fluorescence quantum yield
(measured in solution) and the torsion angle (solid state)
DPP�R1 (Figure 12). Thus, in 6c with one of the highest
fluorescence quantum yields (�� 100%), both the torsion
angle DPP�R1 (1.5�) and the Stokes shift (24 nm) are among
the smallest of the gold-containing derivatives. The substitu-
ents R1 in the other complexes are all rotated to a larger
extent from planarity.
It should be taken into account, that DPP dyes are assumed


to undergo planarization after excitation.[6] According to this
and with respect to the available data, it seems sensible to
relate high fluorescence quantum yields in DPP complexes to
the ease of minimizing the torsion angle DPP�R1 during


Figure 11. Correlation of fluorescence quantum yields with Stokes shifts in
DPP complexes (�). Two complexes with less fluorescence deviate from the
line of best fit (�).


Figure 12. Correlation of fluorescence quantum yields with torsion angles
DPP�R1 in DPP complexes (only one molecule of 8c).


excitation. If this process is impeded, as can be estimated by
the angles DPP�R1 found by X-ray structure determination,
more energy is needed for this, and the fluorescence quantum
yields are diminished.


Experimental Section


All reactions were performed by using Schlenk techniques under an
atmosphere of Ar in dry and argon-saturated solvents.[10] The starting
materials [(Ph3P)AuCl],[11] [(Et3P)AuCl],[11] [(tBuNC)AuCl],[7] and
[(Ph3P)2PtCl2][12] were prepared as described in the literature. The DPP
dyes 1a ± f were made available by the groups of Prof. Dr. H. Langhals and
Prof. Dr. R. Gompper (≤). The other reagents were purchased from Sigma-
Aldrich, Strem, or Fluka. Elemental analyses were performed by the
Analytical Laboratory of the Department of Chemistry of the University of
Munich. Infrared spectra were recorded on Nicolet 520FT-IR, NMR
spectra on Jeol6SX270 (internal SiMe4 as standard, 20�C), UV/Vis
absorption spectra on Bonin Instruments Omega2000, and fluorescence
spectra on Perkin Elmer3000 instruments. The perylene dyeS-13[3] was
used as a reference for the fluorescence quantum yield determination.
VarianMAT711A and JeolMS700 were used for the recording of mass
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spectra. Crystallographic data were collected with SpellmanDF4 Series,
NoniusCAD4, and Nonius Mach3 instruments.


General procedure : Addition of [NaN(SiMe3)2] (0.30 mL, 1 molar solution
in THF) to a well-stirred solution of the DPP derivatives 1a ± f (40 (a), 44
(b), 50 (c), 47 (d), 41 (e), and 42 mg (f)� 0.14 mmol) in DMF (10 mL)
yielded blue solutions of 2a ± f, which were used in all following reactions.
They were added dropwise to a stirred solution of [LnMX] (0.30 mmol) in
DMF (5 mL) at ambient temperature and left stirring for two further hours.
The purification is given below.


Complexes 4a,c : [LnMX]� [(Ph3P)2CuNO3] (195 mg). The solvent was
removed under reduced pressure at 60 �C, and the resulting residue was
dissolved in CHCl3 (10 ± 15 mL) and filtered (P3). The solution was
carefully diluted with n-hexane (20 mL) and stored at �20 �C for some
days. To improve the yield, the solution can be layered with some more mL
of n-hexane. Compound 4a was only formed as microcrystalline solid,
whereas 4c precipitated as violet crystals.


Compound 4a : Yield 102 mg (46%), violet solid, m.p. 143 �C; IR (KBr):
�� � 3061, 1698, 1644, 1610, 1569, 1498, 1481, 1456, 1435, 1351, 1328, 1266,
1202, 1147, 1097, 1073, 1027, 1000, 815, 771, 743, 698, 661, 526, 517, 506, 493,
440, 335 cm�1; 1H NMR (270 MHz, CDCl3): �� 7.17 ± 7.32 (m; PPh3,
DPP�Ph); 31P{1H} NMR (109.4 MHz, CDCl3): ���3.5 (s; PPh3); FAB-
MS: m/z : 676 [M�� 3PPh3], 587 [Cu(PPh3)2]; UV/Vis (CH2Cl2): �max
(�rel)� 533 (1.0), 565 nm (0.9); fluorescence (CH2Cl2): �max (Irel)� 557
(1.0), 597 nm (0.95);�� 22%; elemental analysis calcd (%) for C90H70Cu2-
N2O2P4 ¥CHCl3 (1581.9): C 69.09, H 4.49, N 1.77; found: C 69.46, H 4.86, N
2.14.


Compound 4c : Yield 111 mg (42%), violet crystals, m.p. 165 �C; IR (KBr):
�� � 3075, 3035, 1607, 1598, 1579, 1556, 1521, 1481, 1435, 1408, 1342, 1300,
1277, 1262, 1214, 1182, 1157, 1121, 1093, 1070, 1027, 1011, 998, 837, 828, 820,
773, 741, 694, 642, 628, 618, 527, 516, 507, 490, 442, 431 cm�1; 1H NMR
(270 MHz, CDCl3): �� 7.15 ± 7.37 (m; PPh3, DPP�C6H4Cl); 31P{1H} NMR
(109.4 MHz, CDCl3): ���2.4 (s; PPh3); FAB-MS: m/z : 1007 [M��
2PPh3], 587 [Cu(PPh3)2]; UV/Vis (CH2Cl2): �max (�rel)� 548 (1.0), 572 nm
(0.9); fluorescence (CH2Cl2): �max (Irel)� 562 (1.0), 609 nm (0.75); ��
20%; solid-state fluorescence: �max� 642 nm; elemental analysis calcd
(%) for C90H68Cl2Cu2N2O2P4 ¥ 4CHCl3 (1889.5): C 54.93, H 3.52, N 1.33;
found: C 55.49, H 3.66, N 1.46.


Complexes 5a,c : [LnMX]�AgBF4 (58 mg) and 3 equiv PPh3 (236 mg,
0.90 mmol). Compounds 5a,c precipitated as violet solids. The solvent was
removed, and the residue washed with acetone (25 mL, three times) and
diethyl ether (25 mL) and dried in vacuo.


Compound 5a : This was dissolved in CH2Cl2 (15 mL), filtered (P3),
layered with n-hexane (25 mL), and stored at 0 �C. Compound 5a
precipitated as thin, red crystals; yield 137 mg (63%), red platelets, m.p.
210 �C; IR (KBr): �� � 3069, 3053, 1580, 1558, 1519, 1481, 1446, 1435, 1350,
1333, 1308, 1288, 1223, 1215, 1180, 1155, 1124, 1095, 1073, 1025, 997, 923,
821, 767, 743, 694, 665, 648, 617, 513, 504, 493, 438, 336 cm�1; 1H NMR
(270 MHz, CDCl3): �� 7.15 ± 7.45 (m; PPh3, DPP�Ph); 31P{1H} NMR
(109.4 MHz, CDCl3): �� 8.3 (s; PPh3); FAB-MS:m/z : 1027 [M�� 2PPh3],
631 [Ag(PPh3)2]; UV/Vis (CH2Cl2): �max (�rel)� 550 (1), 515 nm (0.8);
fluorescence (CH2Cl2): �max (Irel)� 565 (1.0), 600 nm (0.8); �� 83%; solid-
state fluorescence: �max� 642 nm; elemental analysis calcd (%) for
C90H70Ag2N2O2P4 (1550.6): C 69.71, H 4.51, N 1.81; found: C 69.08, H
4.82, N 1.74.


Compound 5c : Soxhlet extraction of the crude product of 5c with CH2Cl2
(200 mL) in the dark and covering the solution with a layer of n-hexane
gave 5c as a violet powder with small cubic crystals; yield 134 mg (59%),
violet solid, m.p. 223 �C; IR (KBr): �� � 3082, 3053, 1597, 1577, 1553, 1522,
1480, 1435, 1408, 1337, 1300, 1278, 1213, 1180, 1158, 1122, 1092, 1027, 1011,
998, 839, 818, 772, 743, 715, 694, 644, 630, 618, 513, 504, 490, 437 cm�1;
1H NMR (270 MHz, CDCl3): �� 7.15 ± 7.45 (m; PPh3, DPP�C6H4Cl);
31P{1H} NMR (109.4 MHz, CDCl3): �� 8.5 (s; PPh3); FAB-MS: m/z : 1096
[M�� 2PPh3], 631 [Ag(PPh3)2]; UV/Vis (CH2Cl2): �max (�rel)� 560 (1.0),
526 nm (0.8); fluorescence (CH2Cl2): �max (Irel)� 572 (1.0), 615 nm (0.8);
�� 85%; solid-state fluorescence: �max� 665 nm; elemental analysis calcd
(%) for C90H68Ag2Cl2N2O2P4 ¥ 1CH2Cl2 (1704.8): C 64.10, H 4.11, N 1.64;
found: C 65.09, H 4.27, N 1.93.


Complexes 6a ± f : [LnMX]� [(Ph3P)AuCl] (148 mg).
Compound 6a precipitated after addition of water (20 mL). The crude
product was filtered (P3) and dried in vacuo. Dissolving in CH2Cl2 (10 mL)


and layering with n-hexane yielded a red solid; yield 163 mg (95%), red
solid, m.p. 251 �C; IR (KBr): �� � 3436, 3053, 1814, 1612, 1557, 1487, 1436,
1344, 1330, 1310, 1202, 1183, 1160, 1117, 1102, 1074, 1026, 998, 917, 829, 794,
748, 734, 711, 692, 544, 509 cm�1; 1H NMR (400 MHz, CDCl3): �� 7.47 ±
7.60 (m, 40H; Ph); 31P{1H} NMR (162 MHz, CDCl3): �� 28.4 (s; PPh3);
FAB-MS: m/z : 1205 [M�], 459 [Au(PPh3)]; UV/Vis (CHCl3): �max (�)�
530 nm (20400); fluorescence (CHCl3): �max� 536 nm; �� 100%; solid-
state fluorescence: �max� 608 nm; elemental analysis calcd (%) for
C54H40Au2N2O2P2 ¥H2O (1222.8): C 53.04, H 3.46, N 2.29; found: C 53.07,
H 3.41, N 2.31.


Compounds 6b,d ± f precipitated after addition of diethyl ether (60 mL).
The products were filtered (P3), dried, and washed with diethyl ether and
n-hexane. Purple to violet solids were obtained by layering solutions of
6b,d ± f in CHCl3 (10 mL) with diethyl ether.


Compound 6b : Yield 102 mg (59%), red solid, m.p. 271 �C; IR (KBr): �� �
3436, 3051, 3013, 2919, 2855, 1609, 1503, 1481, 1436, 1335, 1310, 1190, 1102,
1027, 997, 825, 748, 710, 694, 544, 510 cm�1; 1H NMR (400 MHz, CDCl3):
�� 8.67 (d, 3J� 8.1 Hz, 4H; DPP�CCH), 7.60 (ddd, 3J(H,H)� 13.0,
3J(H,H)� 6.8, 4J(H,H)� 1.6 Hz, 12H; o-Ph), 7.52 ± 7.50 (m, 6H; p-Ph),
7.48 ± 7.45 (m, 12H; m-Ph), 7.12 (d, 3J(H,H)� 8.1 Hz, 4H; DPP�CCHCH),
2.35 (s, 6H; CH3); 31P{1H} NMR (162 MHz, CDCl3): �� 28.6 (s; PPh3);
FAB-MS: m/z : 1233 [M�� 1], 1232 [M�], 774 [M��Au(PPh3)] 459
[Au(PPh3)]; UV/Vis (CHCl3): �max (�)� 525 nm (22900); fluorescence
(CHCl3): �max� 557 nm; �� 92%; solid-state fluorescence: �max� 661 nm;
elemental analysis calcd (%) for C54H44Au2N2O2P2 (1232.8): C 54.56, H
3.60, N 2.27; found: C 54.19, H 3.55, N 2.29.


Compound 6d : Yield 84 mg (48%), violet solid, m.p. 300 �C; IR (KBr): �� �
3436, 3054, 2924, 2222, 1623, 1600, 1495, 1481, 1436, 1411, 1334, 1307, 1286,
1190, 1102, 1028, 998, 918, 847, 745, 711, 694, 544, 504 cm�1; 1H NMR
(400 MHz, CDCl3): �� 8.86 (d, 3J(H,H)� 8.6 Hz, 4H; NCCCH), 7.47 ± 7.57
(m, 34H; Ph, NCCCHCH); 31P{1H} NMR (162 MHz, CDCl3): �� 28.1 (s;
PPh3); FAB-MS: m/z : 1255 [M�], 459 [Au(PPh3)]; UV/Vis (CHCl3): �max
(�)� 576 nm (23900); fluorescence (CHCl3): �max� 625 nm; �� 71%;
solid-state fluorescence: �max� 750 nm; elemental analysis calcd (%) for
C56H38Au2N4O2P2 (1254.8): C 53.60, H 3.05, N 4.46; found: C 53.25, H 3.09,
N 4.56.


Compound 6e : Yield 91 mg (50%), red solid, m.p. 266 �C; IR (KBr): �� �
3436, 3054, 2928, 1630, 1586, 1566, 1531, 1480, 1435, 1414, 1346, 1313, 1220,
1196, 1102, 1068, 997, 827, 745, 710, 693, 544, 510 cm�1; 1H NMR (400 MHz,
CDCl3): �� 8.63 (dd, 3J(H,H)� 6.2, 5J(H,H)� 1.6 Hz, 4H; NCH), 8.57 (dd,
3J(H,H)� 6.2, 5J(H,H)� 1.6 Hz, 4H; NCHCH), 7.47 ± 7.60 (m, 30H; Ph);
31P{1H} NMR (162 MHz, CDCl3): �� 28.4 (s; PPh3); FAB-MS: m/z : 1206
[M�], 459 [Au(PPh3)]; UV/Vis (CHCl3): �max (�)� 557 nm (17100);
fluorescence (CHCl3): �max� 596 nm; �� 79%; elemental analysis calcd
(%) for C52H38Au2N4O2P2 ¥ 0.75CHCl3 (1296.4): C 48.87, H 2.80, N 4.32;
found: C 48.76, H 2.96, N 4.36.


Compound 6 f : Yield 112 mg (66%), violet solid, m.p. 266 �C; IR (KBr):
�� � 3436, 3072, 3054, 2924, 1614, 1555, 1504, 1481, 1436, 1377, 1298, 1234,
1182, 1123, 1102, 1055, 1027, 998, 849, 740, 710, 693, 619, 543, 510 cm�1;
1H NMR (400 MHz, CDCl3): �� 9.03 (dd, 3J(H,H)� 3.6, 4J(H,H)� 1.5 Hz,
2H; DPP�CCH), 7.66 (ddd, 3J(H,H)� 13, 3J(H,H)� 7.2, 4J(H,H)� 1.6 Hz,
12H; o-Ph), 7.52 ± 7.49 (m, 18H; m-Ph), 7.13 (dd, 3J(H,H)� 4.9, 4J(H,H)�
1.3 Hz, 2H; DPP�CCHCHCH), 7.11 (dd, 3J(H,H)� 5.0, 4J(H,H)� 3.6 Hz,
2H; DPP�CCHCH); 31P{1H} NMR (162 MHz, CDCl3): �� 28.4 (s; PPh3);
FAB-MS: m/z : 1216 [M�], 758 [M��Au(PPh3)], 459 [Au(PPh3)]; UV/Vis
(CHCl3): �max (�)� 572 nm (31900); fluorescence (CHCl3): �max� 591 nm;
�� 71%; elemental analysis calcd (%) for C50H36Au2N2O2P2S2 (1216.9): C
49.35, H 2.98, N 2.30, S 5.27; found: C 48.81, H 2.85, N 2.35, S 5.13.


Compound 6c precipitated as a red solid. The product was purified
analogously to 5a : it was dissolved in warm CHCl3 (50 mL), filtered (P3),
and layered with n-hexane to yield orange crystals; yield 136 mg (64%),
red to orange platelets, m.p.� 300 �C; IR (KBr): �� � 3082, 3053, 1699, 1673,
1615, 1574, 1484, 1436, 1405, 1330, 1302, 1277, 1200, 1183, 1119, 1102, 1092,
1027, 1011, 996, 836, 743, 711, 694, 545, 509, 484, 451, 440 cm�1; 1H NMR
(270 MHz, CDCl3): �� 8.71 (d, 3J(H,H)� 8.62 Hz, 4H; DPP�CCHCH),
7.45 ± 7.60 (m, 30H; Ph3P), 7.26 (d, 3J(H,H)� 8.88 Hz, 4H; DPP�CCH);
31P{1H} NMR (109.4 MHz, CDCl3): �� 33.01 (s; PPh3); 13C{1H} NMR
(67.9 MHz, CDCl3): �� 170.7 (s; C7), 152.4 (s; C5), 135.0 (s; C4), 134.3 (d,
2J(C,P)� 14 Hz; o-Ph), 131.9 (d, 4J(C,P)� 3 Hz; p-Ph), 131.45 (s; C1), 129.8
(s; C3), 129.3 (d, 3J(C,P)� 12 Hz; m-Ph), 128.7 (d, 1J(C,P)� 62 Hz; iPh),
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128.3 (s; C2); FAB-MS: m/z : 1274 [M�], 814 [M��Au(PPh3)], 721
[Au(PPh2)2], 459 [Au(PPh3)]; UV/Vis (CHCl3): �max (�)� 535 (26000),
513 nm (23400); fluorescence (CHCl3): �max (Irel)� 561 (1.0), 597 nm (0.7);
�� 99%; solid-state fluorescence: �max� 633 nm; elemental analysis calcd
(%) for C54H38Au2Cl2N2O2P2 ¥ 2CHCl3 (1512.4): C 44.72, H 2.66, N 1.86;
found: C 43.91, H 2.67, N 1.93.


Compound 7c : [LnMX]� [(Et3P)AuCl] (105 mg). The solvent was re-
moved carefully at ambient temperature in vacuo. The residue was
dissolved in CH2Cl2 (10 mL), and the solution filtered (P3), layered with n-
hexane (50 mL), and stored at 0 �C to yield red crystals; yield 117 mg
(78%), red crystals, m.p. 177 �C (decomp); IR (KBr): �� � 2967, 2931, 2901,
2873, 2170, 1675, 1645, 1616, 1486, 1456, 1410, 1384, 1331, 1262, 1164, 1103,
1092, 1063, 1044, 1013, 833, 798, 773, 761, 742, 707, 636, 484, 443, 312 cm�1;
1H NMR (270 MHz, CDCl3): �� 8.69 (d, 3J(H,H)� 8.02 Hz, 4H;
DPP�CCHCH), 7.35 (d, 3J(H,H)� 8.02 Hz, 4H; DPP�CCH), 1.84 (m,
12H; CH2CH3), 1.17 (m, 18H; CH2CH3); 31P{1H} NMR (109.4 MHz,
CDCl3): �� 30.29 (s; PEt3); FAB-MS: m/z : 670 [M��Au(PEt3)], 315
[Au(PEt3)]; UV/Vis (CH2Cl2): �max (�rel)� 550 (1.0), 518 nm (0.8); fluo-
rescence (CH2Cl2): �max (Irel)� 576 (1.0), 615 nm (0.7);�� 74%; elemental
analysis calcd (%) for C30H38Au2Cl2N2O2P2 ¥CH2Cl2 (1070.3): C 34.77, H
3.55, N 2.62; found: C 35.67, H 3.70, N 2.74.


Compound 8c : [LnMX]� [(tBuNC)AuCl] (95 mg). The solvent was re-
moved carefully at ambient temperature in vacuo. The residue was
dissolved in CHCl3 (50 mL), and the solution filtered (P3), layered with n-
hexane (50 mL), and stored at 0 �C to yield orange crystals; yield 17 mg
(12%), red cubes, m.p.� 300 �C; IR (KBr): �� � 2988, 2959, 2923, 2851, 2233,
1722, 1622, 1594, 1575, 1548, 1487, 1406, 1373, 1335, 1304, 1278, 1263, 1235,
1202, 1190, 1120, 1108, 1093, 1012, 834, 815, 785, 741, 720, 540, 522, 485,
457 cm�1; 1H NMR (270 MHz, CDCl3): �� 8.59 (d, 3J(H,H)� 8.91 Hz, 4H;
DPP�CCHCH), 7.38 (d, 3J(H,H)� 8.88 Hz, 4H; DPP�CCH), 1.58 (s, 18H;
C(CH3)3); 13C{1H} NMR (67.5 MHz, CDCl3): �� 208.2 (AuCN), 170.4,
152.2, 135.4, 130.8, 129.6, 128.4, 114.6, 59.1 (C(CH3)3), 29.8 (C(CH3)3);
FAB-MS: m/z : 915 [M�], 858 [M�� tBu], 802 [M�� 2 tBu], 635 [M��
Au(CNtBu)]; UV/Vis (CHCl3): �max (�)� 536 (24800), 508 nm (21400);


fluorescence (CHCl3): �max (Irel)� 564 (1.0), 671 nm (0.7); �� 94%; solid-
state fluorescence: �max (Irel)� 628 (1.0), 683 nm (0.3); elemental analysis
calcd (%) for C28H26Au2Cl2N4O2 ¥CHCl3 (1034.7): C 33.63, H 2.61, N 5.41;
found: C 33.04, H 2.69, N 5.28.


Complexes 9a,c : [LnMX]�PdCl2 (53 mg) and 2 equiv PPh3 (157 mg,
0.60 mmol). The solvent was removed under reduced pressure at 60 �C,
and the residue dissolved in CH2Cl2 (15 mL) and filtered (P3). The
solutions were layered with n-hexane (15 mL) and stored at 0 �C for 24 h.
Compounds 9a,c precipitated as fine, red powders.


Compound 9a : Yield 55%, brownish red powder, m.p. 180 �C (decomp);
IR (KBr): �� � 3075, 3053, 1655, 1622, 1589, 1566, 1521, 1483, 1446, 1436,
1360, 1330, 1311, 1289, 1262, 1187, 1159, 1120, 1096, 1074, 1060, 1028, 999,
821, 745, 729, 707, 692, 617, 534, 520, 512, 496, 456, 334 cm�1; 1H NMR
(270 MHz, CDCl3): �� 7.79 ± 7.27 (m, 60H; PPh3); 31P{1H} NMR
(109.4 MHz, CDCl3): �� 21.6 (s; PPh3); FAB-MS: m/z : 952 [M��PdCl],
690 [M�� (PPh3)PdCl], 667 [(Ph3P)2PdCl], 655 [M�� (PPh3)PdCl2]; UV/
Vis (CHCl3): �max (�rel)� 550 (1.0), 524 nm (0.9); elemental analysis calcd
(%) for C54H40Cl2N2O2P2Pd2 (1094.6): C 59.25, H 3.68, N 2.56; found: C
57.11, H 4.18, N 2.73.


Compound 9c : Yield 104 mg (64%), red to purple powder, m.p.� 300 �C;
IR (KBr): �� � 3075, 3053, 1659, 1623, 1589, 1519, 1492, 1483, 1435, 1411,
1358, 1328, 1304, 1276, 1186, 1159, 1130, 1118, 1094, 1056, 1029, 1012, 999,
906, 837, 825 (m), 738, 708, 692, 619, 521, 512, 496, 456, 436, 340, 318 cm�1;
1H NMR (270 MHz, CDCl3): �� 8.99 (d, 3J(H,H)� 8.32 Hz, 4H; p-
C6H4Cl), 7.84 (d, 3J(H,H)� 8.32 Hz, 4H; p-C6H4Cl), 7.79 ± 7.27 (m, 60H;
PPh3); 31P{1H} NMR (109.4 MHz, CDCl3): �� 21.6 (s; PPh3); FAB-MS:
m/z : 1022 [M��PdCl], 760 [M�� (PPh3)PdCl], 725 [M�� (PPh3)PdCl2],
667 [(Ph3P)2PdCl]; UV/Vis (CHCl3): �max (�rel)� 560 (1.0), 532 nm (0.85);
elemental analysis calcd (%) for C54H38Cl4N2O2P2Pd2 (1163.5): C 55.75, H
3.29, N 2.41; found: C 55.56, H 3.74, N 2.48.


Complexes 10a,c : [LnMX]� [(Ph3P)2PtCl2] (236 mg). The solvent was
removed under reduced pressure at 60 �C, and the residue dissolved in
CH2Cl2 (15 mL) and filtered (P3). The solutions were layered with n-


Table 4. Crystal structure data of compounds 4c, 5a, 6b, 6c, 6e, 7c, and 8c.


4c 5a 6b 6c 6e 7c 8c


formula C96H76Cl14Cu2N2O6P2 C93H76Ag2Cl6N2O2P4 C56H46Au2Cl6N2O2P2 C54H40Au2Cl8N2O2P2 C54H40Au2Cl6N4O2P2 C32H42Au2Cl6N2O2P2 C60H56Au4Cl16N8O4


Mw [gmol�1] 2100.97 1805.96 1471.54 1512.37 1445.47 1155.284 2308.25
crystal size [mm] 0.30� 0.10� 0.10 0.22� 0.12� 0.02 0.53� 0.53� 0.10 0.47� 0.40� 0.10 0.53� 0.40� 0.13 0.24� 0.17� 0.11 0.15� 0.10� 0.07
crystal system triclinic triclinic triclinic triclinic triclinic triclinic triclinic
space group P1≈ P1≈ P1≈ P1≈ P1≈ P1≈ P1≈


a [ä] 12.683(2) 12.3720(16) 9.668(2) 10.285(2) 8.3752(9) 7.7686(8) 10.7244(10)
b [ä] 13.247(3) 13.0780(15) 11.450(4) 11.8523(13) 12.038(3) 9.8311(11) 12.0469(11)
c [ä] 16.676(3) 14.543(2) 12.7018(15) 12.835(2) 13.432(2) 12.6018(15) 16.7829(15)
	 [�] 112.67(2) 95.999(15) 85.026(15) 90.569(10) 103.307(14) 91.475(14) 76.801(11)

 [�] 106.301(19) 93.261(16) 85.428(13) 106.128(14) 91.696(10) 94.755(14) 75.115(10)
� [�] 86.86(2) 118.109(13) 87.28(2) 113.774(13) 96.945(13) 93.304(13) 65.637(1)
V [ä] 2477.0(8) 2049.0(5) 1395.2(6) 1362.2(4) 1305.9(4) 957.09(18) 1890.4(3)
Z 1 1 1 1 1 1 1
�calcd [g cm�3] 1.4085(5) 1.4636(4) 1.751 1.844 1.838 2.0044(4) 2.0276(3)
diffractometer STOE IPDS STOE IPDS Nonius CAD4 Nonius Mach3 Nonius Mach3 STOE IPDS STOE IPDS
radiation MoK� (0.71073 ä) MoK� (0.71073 ä) MoK� (0.71073 ä) MoK� (0.71073 ä) MoK� (0.71073 ä) MoK� (0.71073 ä) MoK� (0.71073 ä)
T [K] 200 200 293 293 293 200 200
� [mm�1] 0.924 0.803 5.640 5.874 6.025 8.190 8.351
F(000) 1070 920 714 730 698 554 1092
2 range [�] 1.67 ± 23.79 1.79 ± 24.05 2.51 ± 23.98 2.69 ± 23.97 2.45 ± 23.97 2.60 ± 27.96 1.87 ± 23.96
index ranges � 14	 h	 14,


�14	 k	 15;
�18	 l	 18


� 14	 h	 13,
�14	 k	 14;
�16	 l	 16


0	 h	 11,
�13	 k	 13;
�14	 l	 14


0	 h	 11,
�13	 k	 12;
�14	 l	 14


0	 h	 9,
�13	 k	 13;
�15	 l	 15


� 10	 h	 8,
�12	 k	 12;
�16	 l	 14


� 12	 h	 12,
�13	 k	 13;
�19	 l	 19


total reflections 13688 11965 4654 4529 4409 8248 10844
independent reflections 7050 6032 4358 4259 4093 4230 5543
observed reflections
[I� 2�(I)]


2572 3337 3858 3764 3862 3813 4034


parameters refined 551 486 364 325 316 208 434
R1 0.0523 0.0529 0.0382 0.0359 0.0295 0.0242 0.0252
wR2 0.1110 0.1163 0.1004 0.0887 0.0780 0.0571 0.0515
GOOF 0.749 0.817 1.089 1.021 1.097 1.024 0.847
residuals [eä�3] � 0.339/0.509 � 1.031/0.935 � 1.581/1.747 � 1.015/2.035 � 1.575/1.037 � 1.852/1.083 � 0.804/1.115
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hexane (15 mL) and stored at �20 �C for some days. Compounds 10a,c
crystallized as small red needles.


Compound 10a : Yield 182 mg (68%), red needles, m.p. 271 �C (decomp);
IR (KBr): �� � 3053, 1665, 1626, 1593, 1589, 1485, 1437, 1362, 1347, 1332,
1316, 1291, 1189, 1160, 1125, 1097, 1074, 1061, 1028, 1000, 822, 793, 744, 731,
701, 692, 618, 548, 528, 520, 498, 462, 445, 423 cm�1; 1H NMR (270 MHz,
CDCl3): �� 8.77 (m, 4H; DPP�C6H5), 7.53 (m, 4H; DPP�C6H5), 7.31 ± 7.00
(m, 60H; PPh3); 31P{1H} NMR (109.4 MHz, CDCl3): �� 14.3 (d, 2J(P,P)�
18 Hz; Cl�Pt�P), 7.4 (d, 2J(P,P)� 18 Hz; N�Pt�P); FAB-MS: m/z : 1796
[M�], 1761 [M��Cl], 1042 [M�� (Ph3P)2PtCl], 755 [(Ph3P)2PtCl], 719
[(Ph3P)2Pt]; UV/Vis (CHCl3): �max (�rel)� 536 (1.0), 509 nm (0.9); fluo-
rescence (CHCl3): �max� 577 nm; �� 16%; elemental analysis calcd (%)
for C90H70Cl2N2O2P4Pt2 ¥ 1CHCl3 (1915.3): C 57.01, H 3.71, N 1.46; found: C
55.88, H 3.71, N 1.99.


Compound 10c : Yield 229 mg (74%), red needles, m.p.� 300 �C; IR
(KBr): �� � 3053, 1698, 1623, 1590, 1485, 1437, 1405, 1339, 1305, 1277, 1188,
1159, 1117, 1094, 1014, 999, 833, 743, 703, 693, 619, 548, 527, 498, 460, 444,
424 cm�1; 1H NMR (270 MHz, CDCl3): �� 8.47 (d, 3J(H,H)� 8.61 Hz, 4H;
DPP�CCHCH), 7.53 (d, 3J(H,H)� 8.61 Hz, 4H; DPP�CCH), 7.31 ± 7.00
(m, 60H, PPh3); 31P{1H} NMR (109.4 MHz, CDCl3): �� 13.8 (d, 2J(P,P)�
18 Hz; Cl�Pt�P), 7.8 (d, 2J(P,P)� 18 Hz; N�Pt�P); FAB-MS: m/z : 1866
[M�], 754 [(Ph3P)2PtCl], 719 [(Ph3P)2Pt]; UV/Vis (CHCl3): �max (�rel)� 554
(1.0), 572 nm (0.9); fluorescence (CHCl3): �max (Irel)� 685 (1.0), 625 nm
(0.7);�� 13%; solid-state fluorescence: �max� 635 nm; elemental analysis
calcd (%) for C90H68Cl4N2O2P4Pt2 ¥ 3CHCl3 (2213.9): C 50.20, H 3.19, N
1.26; found: C 49.06, H 3.57, N 1.66.


X-ray structure determination of compounds 4c, 5a, 6b, c, e, 7c, and 8c :
Single crystals of these dye complexes were grown from saturated solutions
in CHCl3 or CH2Cl2 at 0 �C (�20 �C for 4c) by covering them with a layer of
n-hexane or diethyl ether, respectively. Crystal data collection parameters
are summarized in Table 4. Intensity data were corrected for Lorentz and
polarization effects, and absorption corrections were carried out. The
structures were solved by direct methods (SHELXS-97 (4c),[13] SIR-97 (5a,
7c, 8c),[14] and SHELXS-86 (6b,c,e)[15] and refined by the full-matrix least-
squares method SHELX-97 (4c, 5a, 7c, 8c)[16] and SHELX-93 (6b,c,e).[17]


After applying anisotropic thermal parameters for non-hydrogen atoms, we
calculated H-atom positions according to ideal geometry, and these were
used only in structure factor calculations.[18]


It should be mentioned that crystals of 4c and 5a contained small
additional molecules, which could not be fully characterized. They were
assigned as disordered formic acid and CH2Cl2, respectively.
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A New Series of Homoleptic, Paramagnetic Organochromium Derivatives:
Synthesis, Characterization, and Study of Their Magnetic Properties


Pablo J. Alonso, Juan Fornie¬s,* MarÌa Angeles GarcÌa-Monforte, Antonio MartÌn,
Babil Menjo¬n, and Conrado Rillo[a]


Abstract: The synthesis and character-
ization of the triad of organochromium
derivatives [Cr(C6Cl5)4]n� (n� 0, 1, 2)
are described. By treating [CrCl3(thf)3]
with LiC6Cl5 in 1:5 molar ratio, the salt
[Li(thf)4][CrIII(C6Cl5)4] (1) was obtained
as a violet solid in 57% yield. Oxidation
of 1 with [N(4-BrC6H4)3][SbCl6] yielded
the neutral complex [CrIV(C6Cl5)4] (2) as
a brown solid in 71% yield. The aryla-
tion of [CrCl2(thf)] with LiC6Cl5 under
similar conditions as above gave
[{Li(thf)3}2(�-Cl)]2[CrII(C6Cl5)4] (3) as
an extremely air- and water-sensitive


red solid in 47% yield. The crystal and
molecular structures of 1 and 3 have
been established by X-ray diffraction
methods. Complex 3 contains the un-
usual cation [{Li(thf)3}2(�-Cl)]� with an
almost linear Li-Cl-Li unit (174.2(6)�).
All four C6Cl5 groups are �-bonded to


the CrII center, which is located in a
square-planar environment. The local
geometry around the CrIII center in 1 is,
in turn, pseudo-octahedral, since two of
the C6Cl5 groups act as standard �-
bonded monodentate ligands, while the
other two act as small-bite didentate
ligands coordinated through both the
ipso-C and one of the ortho-Cl atoms.
Compounds 1 ± 3 are paramagnetic
with maximum spin multiplicity each
(EPR and magnetization measure-
ments).


Keywords: chromium ¥ cyclic
voltammetry ¥ EPR spectroscopy ¥
homoleptic compounds ¥ magnetic
properties ¥ organochromium
compounds


Introduction


The preparation of organochromium derivatives and the
study of their properties have attracted the chemist×s interest
during virtually the whole 20th century.[1±12] For many years,
chromium was believed to be the only transition metal for
which sufficiently stable �-aryl derivatives could be isolat-
ed.[2, 3] Those enigmatic species, however, turned out to be (�-
arene)chromium compounds and thus the question on
the stability of (�-organyl) ± transition-metal bonds re-
emerged.[4±6] Since then, the organometallic chemistry of
chromium has been dominated chiefly by systems containing
unsaturated organic moieties �-coordinated to low-valent
chromium centers as is, for instance, the case of the plethora
of half-sandwich derivatives with formula [Cr(�-arene)-
(CO)3].[7] In contrast, only a handful of homoleptic (i.e., not
bearing additional stabilizing ligands)[8] (�-organyl)chromium


derivatives have been prepared to date.[9] Meanwhile, a
number of chromium compounds have been found to be
useful reagents in advanced organic synthesis, particularly in
processes giving rise to C�C bond formation.[10] Moreover,
both homogeneous and heterogeneous chromium-based cat-
alysts have been developed for the polymerization of terminal
alkenes.[11] It is currently accepted that all these processes
necessarily involve (�-organyl)chromium species in inter-
mediate oxidation states (�� / ��� / ��) at key steps in the
reaction pathways. These species, however, are not very
amenable to study because, in the absence of any metal-metal
bond, they should be paramagnetic, which implies the use of
EPR as the tool of choice in order to gain more detailed
insight into their nature.


Further to a previous communication,[12] we report now on
the synthesis and characterization of a highly unusual series of
homoleptic, paramagnetic (�-organyl)chromium derivatives
with the formulae [Cr(C6Cl5)4]n� (n� 0, 1, 2), containing
chromium in oxidation states ��, ���, and ��, respectively.


Results and Discussion


Synthesis and structural characterization of 1: The reaction of
[CrCl3(thf)3] with LiC6Cl5 in 1:5 molar ratio and subsequent
treatment gives [Li(thf)4][CrIII(C6Cl5)4] (1) in 57% yield as a
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the polynomial expression of �(T) given in Equation (2) and graphical
representation of T�(T) vs T for compounds 1 ± 3 (PDF).
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violet solid (Scheme 1). This compound is air- and moisture-
sensitive and has a limited thermal stability. This tendency
to decompose is in keeping with previous reports on
(�-aryl)chromium(���) compounds, which are known to rear-
range in the absence of stabilizing ligands, eventually yielding


[CrCl3(thf)3]    +    5 LiC6Cl5


[CrCl2(thf)]    +    5 LiC6Cl5


[Li(thf)4][CrIII(C6Cl5)4]


[{Li(thf)3}2(µ-Cl)]2[CrII(C6Cl5)4]


1, violet (57%)


3, red (47%)


[CrIV(C6Cl5)4]


2, brown (71%)


+  [N(4-BrC6H4)3]+


Scheme 1.


�-arene compounds of low-valent chromium.[13] As far as we
know, there are only a few homoleptic organochromium(���)
compounds with general formula [CrRn](n�3)�, in which R is an
organyl group and n� 6 ± 3. In the hexaorganyl compounds
[Li(Et2O)]3[CrPh6][14] and [Li(1,4-dioxane)]3[CrMe6][15] the
chromium atom has been found to be in almost octahedral
environments–the preferred geometry in chromium(���)
chemistry.[16] On the other hand, the five phenyl groups in
Na2[CrPh5] ¥ 3Et2O ¥ THF are arranged in a distorted trigonal
bipyramidal geometry.[17] Remarkably, non-planar, three-


coordinate chromium has been found in the single example
of triorganylchromium: [Cr{CH(SiMe3)2}3].[18] However, no
structural information is available for the only known
tetraorganylchromate species: Li[Cr(2-OMeC6H4)4] ¥ Et2O[19]


and Li[Cr(2,4,6-Me3C6H2)4] ¥ 4THF.[20] In the former, the
phenyl group bears the 2-methoxyphenyl substituent, which
enables the whole ligand to act as a chelate; thus, the
chromium atom easily achieves a six-coordinate environment.
The structure of the latter [CrR4]� species is more intriguing,
since it contains only four mesityl groups, which cannot act as
standard chelate ligands. Unfortunately, the role of the
potentially coordinating solvent molecules remains unclear
in both cases. In this context, it is interesting to note the
critical effect of the solvent on the stability of the unsub-
stituted tetraphenylchromate(���) salts M[CrPh4] (M�Li or
Na): while they could not even be isolated from solutions in
Et2O or THF, the use of 1,2-dimethoxyethane (DME) allowed
to obtain the compounds M[CrPh4] ¥ 4DME. On the basis of
thermolytic studies, Hein and Schmiedeknecht concluded,
however, that these compounds were not homoleptic species
but instead solvent-stabilized derivatives with formula
M[CrPh4 ¥ 2dme] ¥ 2DME.[21]


We succeeded in obtaining suitable crystals of the solvate
1 ¥ 0.5Et2O ¥ 0.5C6H14 for X-ray diffraction analysis. As far as
we know, this is the first structural characterization of a
homoleptic tetraorganylchromate(���) salt. Selected inter-
atomic distances and angles are gathered in Table 1. The
structure confirms that the anion [CrIII(C6Cl5)4]� contains four
Cr�C � bonds (Figure 1). However, the tendency of the
chromium(���) ion to achieve an octahedral environment is so
pronounced that two additional intramolecular Cr�Cl inter-
actions are formed. Thus, two of the C6Cl5 groups act as
monodentate �-bonded ligands, while the other two act as
chelating ligands through their ipso-C and one of the o-Cl
atoms. The formation of such o-Cl ±Cr interactions does not
involve any significant lengthening in the related Co ±Clo
bonds, which are similar to the rest of the C ±Cl distances.
Nevertheless, the interaction of one of the o-Cl atoms with the
metal entails a swing of the corresponding aryl ring as
evidenced by a) the different Cr-Cipso-Co angles observed
(ring 1: Cr-C(1)-C(2) 112.4(9)�, Cr-C(1)-C(6) 133.3(8)� ;
ring 2: Cr-C(7)-C(12) 109.4(7)�, Cr-C(7)-C(8) 136.7(8)�) and
b) the lengthening of the Cr ¥¥¥ Cl distance with the non-
interacting o-Cl atom on the same ring (ring 1: Cr�Cl(2)
300.1(4) vs Cr ¥¥¥ Cl(6) 376.2(4) pm; ring 2: Cr�Cl(12) 281.8(3)
vs Cr ¥¥¥ Cl(8) 382.2(3) pm). Ring 3 can be considered as an
internal structural reference for a typical monodentate C6Cl5
ligand, since its two o-Cl atoms are almost equidistant from
the Cr center (Cr ¥¥¥ Cl(14) 338.7(3) and Cr ¥¥ ¥ Cl(18)
340.6(4) pm) and the two Cr-Cipso-Co angles are virtually
identical (Cr-C(13)-C(14) 123.8(8)� and Cr-C(13)-C(18)
122.5(8)�). Although we consider ring 4 as a monodentate
ligand because of the very long Cr ¥¥ ¥ Cl distances (Cr ¥¥ ¥ Cl(20)
321.9(4) and Cr ¥¥ ¥ Cl(24) 361.3(4) pm) it is also moderately
swung (Cr-C(19)-C(20) 116.1(8)� and Cr-C(19)-C(24)
128.8(9)�).


The pentachlorophenyl group should arguably be a very
poor chelating ligand considering the following: 1) the low
general tendency of halocarbons to be coordinated,[22] 2) the


Abstract in Spanish: En este trabajo se describe la sÌntesis y
caracterizacio¬n de la trÌada de organoderivados de Cr de
fo¬rmula [Cr(C6Cl5)4]n� (n� 0, 1, 2). El tratamiento de
[CrCl3(thf)3] con LiC6Cl5 en proporcio¬n molar 1:5 permite
obtener [Li(thf)4][CrIII(C6Cl5)4] (1) en forma de un so¬lido
violeta (57% de rendimiento). La oxidacio¬n de 1 con [N(4-
BrC6H4)3][SbCl6] da lugar a la especie neutra [CrIV(C6Cl5)4]
(2), que se aÌsla con un 71% en forma de un so¬lido marro¬n.
Por arilacio¬n de [CrCl2(thf)] con LiC6Cl5 en condiciones
similares a las anteriormente descritas, se obtiene
[{Li(thf)3}2(�-Cl)]2[CrII(C6Cl5)4] (3) en forma de un so¬lido
rojo extremadamente sensible al aire y a la humedad (47% de
rendimiento). Las estructuras de los compuestos 1 y 3 se han
determinado mediante difraccio¬n de rayos X. El catio¬n del
compuesto 3, [{Li(thf)3}2(�-Cl)]� , es raro y tiene una dispo-
sicio¬n Li-Cl-Li casi lineal (174.2(6)�). El CrII en el anio¬n de 3
esta¬ situado en un entorno cuadrado plano definido por los
cuatro grupos �-C6Cl5. Por su parte, la geometrÌa local del CrIII


en 1 puede describirse como pseudo-octae¬drica ya que,
mientras dos de los grupos C6Cl5 actu¬an como ligandos
monodentados de tipo �, los otros dos actu¬an como ligandos
didentados a trave¬s de los a¬tomos ipso-C y uno de los ortho-Cl.
Los compuestos 1 ± 3 son paramagne¬ticos con multiplicidad de
spin ma¬xima en cada caso (medidas de magnetizacio¬n y de
EPR).
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Figure 1. Thermal ellipsoid diagram (50% probability) of the anion of 1.


small bite angle of the Clo-Co-Cipso unit, and 3) the fact that its
two C atoms belong to a rigid phenyl ring, which should yield
a very strained four-membered metallacycle. Despite all of
these unfavorable factors, the chelating pentachlorophenyl-
�C,�Cl2 group in 1 is rather robust, since its formation is
preferred over coordination of THF. In contrast, four THF
molecules appear attached to the Li� ion, giving the com-
monly encountered tetrahedral complex cation [Li(thf)4]� .[23]


The small angles associated with the two four-membered
metallacycles in the anion (C(1)-Cr-Cl(2) 59.5(3)� and C(7)-
Cr-Cl(12) 63.2(3)�) introduce severe distortions in the overall
geometry around the CrIII center, which can be described as
pseudo-octahedral. As a result, experimental values ranging
from 74.2(3)� (C(13)-Cr-Cl(2)) to 117.4(1)� (Cl(2)-Cr-Cl(12))
are observed for the remaining angles involving cis-positioned
atoms, instead of the ideal 90� angles. The angles associated
with trans-positioned atoms also depart heavily from the
expected 180� value (C(7)-Cr-Cl(2) 170.1(3)�, C(13)-Cr-
Cl(12) 163.4(3)� and C(1)-Cr-C(19) 141.5(4)�).


Recently, a few pseudo-octahedral derivatives of plat-
inum(��)[24] and rhodium(���)[25, 26] (i.e. , d6 species) have been
described, in which up to three pentachlorophenyl groups act
as chelating ligands (Table 2). In each of these precedents as


well as in 1, the M�Cl interactions (M�Cr, Rh, Pt) involving
pentachlorophenyl-�C,�Cl2 groups are invariably located
trans to a � M�C bond. The related M�Cl distances are
significantly longer than the mean values reported for the
corresponding standard terminal M�Clterm bonds. This elon-
gation can be associated with the formation of a highly
strained four-membered metallacycle. The complex anion
[RhIII{C(O)C6Cl5}2(C6Cl5)Cl]� provides unique experimental
support for this assumption, since it contains three kinds of
Rh�Cl interactions, each of them located trans to a C(sp2)
atom (acyl or aryl).[25] The terminal Rh�Cl bond has a normal
length (239.3(1) pm) compared to the values reported for six-
coordinate RhIII compounds (mean value: 237.4 pm).[27] Re-
markably, the Rh�Cl distance corresponding to the highly
strained four-membered ring of the C6Cl5-�C,�Cl2 ligand
(288.6(1) pm) is much longer than that found for the five-
membered ring of the C(O)C6Cl5-�C,�Cl2 system (258.6(1) pm).
The M�Cl distances in the anion [CrIII(C6Cl5)4]� are the
longest described to date for this kind of interaction (281.8(3)
and 300.1(4) pm) (Table 2), even though chromium is a first-
row transition element.


We have also studied the redox behavior of complex 1 by
electrochemical methods. Figure 2 shows the cyclic voltam-
mogram (CV) of [CrIII(C6Cl5)4]� scanned at 100 mVs�1 from 0
to 1.6 to �1.6 and then back to 0 V. In the first part of the
cycle, there is an oxidation wave ((Ep)ox� 0.82 V), which is


Table 1. Selected interatomic distances [pm] and angles [�] for 1 ¥ 0.5Et2O ¥
0.5C6H14.[a]


Ring 1 Ring 2
Cr�C(1) 213.7(11) Cr�C(7) 207.3(10)
Cr�Cl(2) 300.1 (4) Cr ¥¥ ¥ Cl(8) 382.2 (3)
Cr ¥¥ ¥ l(6) 376.2 (4) Cr�Cl(12) 281.8 (3)
C(1)�C(2) 139.0(15) C(7)�C(8) 141.0(14)
C(1)�C(6) 142(2) C(7)�C(12) 138.5(13)
C(2)�Cl(2) 174.1(12) C(8)�Cl(8) 173.8(10)
C(6)�Cl(6) 172.3(12) C(12)�Cl(12) 174.9(10)
Cr-C(1)-C(2) 112.4(9) Cr-C(7)-C(8) 136.7(8)
Cr-C(1)-C(6) 133.3(8) Cr-C(7)-C(12) 109.4(7)
C(2)-C(1)-C(6) 113.5(10) C(8)-C(7)-C(12) 113.8(9)


Ring 3 Ring 4
Cr�C(13) 208.1(10) Cr�C(19) 217.3(11)
Cr ¥¥ ¥ Cl(14) 338.7 (3) Cr ¥¥ ¥ Cl(20) 321.9 (4)
Cr ¥¥ ¥ Cl(18) 340.6 (4) Cr ¥¥ ¥ Cl(24) 361.3 (4)
C(13)�C(14) 138.3(14) C(19)�C(20) 140(2)
C(13)�C(18) 140(2) C(19)�C(24) 138.6(15)
C(14)�Cl(14) 173.4(12) C(20)�Cl(20) 175.0(11)
C(18)�Cl(18) 174.0(12) C(24)�Cl(24) 172.0(12)
Cr-C(13)-C(14) 123.8(8) Cr-C(19)-C(20) 116.1(8)
Cr-C(13)-C(18) 122.5(8) Cr-C(19)-C(24) 128.8(9)
C(14)-C(13)-C(18) 113.7(10) C(20)-C(19)-C(24) 114.9(11)


Coordination polyhedron Cation
C(1)-Cr-C(7) 111.7(4) Li�O(1) 190(3)
C(1)-Cr-C(13) 94.2(4) Li�O(2) 188(3)
C(1)-Cr-C(19) 141.5(4) Li�O(3) 194(3)
C(1)-Cr-Cl(2) 59.5(3) Li�O(4) 189(2)
C(1)-Cr-Cl(12) 83.1(3) O(1)-Li-O(2) 112.0(13)
C(7)-Cr-C(13) 103.2(4) O(1)-Li-O(3) 110.4(14)
C(7)-Cr-C(19) 90.8(4) O(1)-Li-O(4) 104.1(13)
C(7)-Cr-Cl(2) 170.1(3) O(2)-Li-O(3) 108.1(14)
C(7)-Cr-Cl(12) 63.2(3) O(2)-Li-O(4) 117.2(15)
C(13)-Cr-C(19) 111.1(4) O(3)-Li-O(4) 104.8(12)
C(13)-Cr-Cl(2) 74.2(3)
C(13)-Cr-Cl(12) 163.4(3)
C(19)-Cr-Cl(2) 99.0(3)
C(19)-Cr-Cl(12) 79.8(4)
Cl(2)-Cr-Cl(12) 117.4(1)


[a] Shortest CrIII ¥ ¥ ¥ CrIII distance� 1.04 nm.


Table 2. Structural data of the compounds containing the chelating pentachloro-
phenyl-�C,�Cl2 ligand [bond lengths in pm].


Compound M�Clshort M�Cllong mean value Ref.
of M�Clterm[a]


[CrIII(C6Cl5)4]� 281.8(3) 300.1(4) 233.5 this work
[PtIV(C6Cl5)4] 255.9(2) 268.1(2) 232.6 [24]
[RhIII(C6Cl5)4]� 262.8(1) 275.2(1) 237.4 [25]
[RhIII(C6Cl5)3] 258.9(2) 261.7(2) 237.4 [26a]
[RhIII(C6Cl5)3Cl]� 265.6(4) 267.8(4) 237.4 [25]
[RhIII(C6Cl5)3py][b] 260.2(9) 261.1(7) 237.4 [26b]


255.7(7) 261.3(9)
[RhIII(C6Cl4-C6Cl4)(C6Cl5)(tht)2] 286.8(1) 237.4 [26a]
[RhIII{C(O)C6Cl5}2(C6Cl5)Cl]� 258.6(1)[c] 288.6(1) 237.4 [25]


[a] Values taken from ref. [27]. [b] The two sets of distances correspond to two
crystallographically independent molecules within the crystal. [c] Distance
corresponding to the C(O)C6Cl5 ligand.
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Figure 2. The CV of 1 in CH2Cl2 solution.


recovered in the returning scan ((Ep)red� 0.71 V) correspond-
ing to an electrochemically reversible semisystem (E1/2�
0.76 V, �Ep� 0.11 V, ipa/ipc� 1.03). At low potential another
reduction wave is observed ((Ep)red��1.18 V), which is also
recovered in the returning scan ((Ep)ox��0.30 V). The
electrochemical correlation between these last waves has
been checked to exist by means of a two-scan, partial CV
measurement carried out in the low potential range (Fig-
ure 3). On scanning from �1.1 to 0 to �1.6 and then back to


Figure 3. The CV of 1 at low potential (two scans; CH2Cl2 solution).


�1.1 V only the reduction wave at �1.18 V is observed. The
fact that the oxidation wave at �0.30 V appears only in the
second scan demonstrates that the two low-potential waves
are electrochemically related. The very large peak-to-peak
separation observed in this semisystem (�Ep� 0.88 V) could
be associated with a strong change in the geometry of the
metal center. Redox-induced structural changes in any
chemical species not implying the irreversible rupture of
bonds are known to lead to moderate activation barriers
during electron-transfer kinetics at electrode surface.[28]


Specific cases of this general behavior are redox-induced
isomeric interconversions such as cis/trans or fac/mer isomer-
ization processes in mononuclear square-planar or octahedral


metal complexes. However, there can also be more subtle
structural changes, which involve the rearrangement of the
ligands around the metal center leading to a different
coordination polyhedron through the modification of bond
lengths and angles.[24]


Considering that the two adjacent oxidation states �� and ��
are feasible for chromium, it is reasonable to assign the redox
couples of the CV of 1 to each of the semisystems associated
with the CrIV/CrIII/CrII sequence. To confirm this assumption
we aimed to prepare and isolate all the chemical species
involved in this redox system.


Synthesis of 2 : All our attempts to oxidize 1 with Cl2 dissolved
in CCl4 failed. Alternatively, we selected the salt NOBF4 as a
suitable oxidizing agent, considering its fairly high reduction
potential (1.47 V vs SCE in CH2Cl2)[29] and the ease with
which the reduced species, NO, can be removed from the
reaction mixture. However, the 1:1.2 reaction of 1 with
NOBF4 gives only impure 2 in low yield (ca. 10%). The
reaction was followed by IR and no evidence of the presence
of coordinated nitrosyl was detected in solution. Better results
were obtained using the radical aminium salt [N(4-
BrC6H4)3][SbCl6] (1.16 V vs SCE in CH2Cl2).[29] The 1:1.1
reaction of 1with [N(4-BrC6H4)3][SbCl6] gave analytically and
spectroscopically pure [CrIV(C6Cl5)4] (2) in high yield
(Scheme 1). Complex 2 is a brown solid of limited thermal
stability, which has to be prepared, handled, and stored at low
temperature (below 0 �C). It is scarcely soluble in most of the
usual organic solvents and it gets reduced to [CrIII(C6Cl5)4]�


when dissolved in THF. Saturated solutions of 2 in CH2Cl2
give a CV consistent with that described for complex 1, but
not so well resolved due to the low solubility of the sample.


The difficulty with which 1 is oxidized to 2 as well as the
high potential required for the process are in sharp contrast
with the reported behavior of homoleptic organoderivatives
of the CrIV/CrIII system. Thus, a number of neutral tetraorga-
nylchromium(��) derivatives have been prepared by reaction
of [CrCl3(thf)3] with the appropriate organylating agent (LiR
or MgRX, in which R�CH2SiMe3,[30] CH2CMe3,[31]


CH2CMe2Ph,[31] CH2CPh3,[31] 1-norbornyl,[32] 2,3,3-trimethyl-
bicyclo[2.2.1]hetp-1-yl,[32] tBu,[33] c-C6H11


[34] or CPh�CMe2[35]).
The reactions have been suggested to proceed through
formation of transient organochromium(���) species that have,
in some instances, been detected but could not be isolated
because they readily suffered oxidation giving the more stable
neutral tetraorganylchromium(��) derivatives. Even the com-
pound Li[Cr(2,4,6-Me3C6H2)4] ¥ 4THF, obtained by treatment
of [Cr(2,4,6-Me3C6H2)3] ¥ THF with Li(2,4,6-Me3C6H2),[20] has
been reported to be easily oxidized by air (oxygen) or Ph3CCl
to give the more stable and less reactive [Cr(2,4,6-
Me3C6H2)4].[36]


We have been unable to obtain suitable crystals of 2 for
X-ray diffraction purposes. However, it is reasonable to
assume a tetrahedral geometry as observed in the structurally
characterized [CrR4] species (R�CH2CMe2Ph,[37] c-C6H11,[34]


CPh�CMe2[35] or 2-methylen-3,3-dimethylbicyclo[2.2.1]hept-
1-yl[38]). The magnetic properties of 2 are in agreement with
this assumption (see below).
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Synthesis and structural characterization of 3 : The reaction of
[CrCl2(thf)] with LiC6Cl5 in 1:5 molar ratio followed by the
appropriate treatment gives [{Li(thf)3}2(�-Cl)]2[CrII(C6Cl5)4]
(3) as an extremely air- and water-sensitive red solid in 47%
yield (Scheme 1). Since it is also thermally labile, it must be
prepared, stored, and handled under an inert atmosphere and
at low temperature (below 0 �C).


The crystal structure of 3 has been established by X-ray
diffraction methods. A selection of interatomic distances and
angles is given in Table 3. The lattice is formed by the separate


ions [{Li(thf)3}2(�-Cl)]� and [CrII(C6Cl5)4]2� as shown in
Figure 4. The cation contains two {Li(thf)3}� units linked by
a bridging chloride, which is located on a two-fold axis with an
almost linear Li-Cl-Li core (174.2(6)�). The geometry around


Figure 4. Thermal ellipsoid diagram (50% probability) of a) the cation
and b) the anion of 3.


each of the Li� ions is roughly tetrahedral and the two Cl-
bridged [Li(thf)3]� units adopt a staggered conformation. All
the distances and angles are virtually the same as those found
in the only precedent known for this unusual cation,
namely, [{Li(thf)3}2(�-Cl)][{ZrCp(�-PPh)}2].[39] The anion
[CrII(C6Cl5)4]2� can be described as a square-planar species,
in which the CrII center is located at a four-fold axis and,
hence, there is only one crystallographically independent
C6Cl5 group per anion (Cr�C(1) 220.8(3) pm). In this case, all
the C6Cl5 groups act as standard terminal �-bonded ligands


without any additional Cr�Clo interactions (cf. crystal struc-
ture of 1). Accordingly, the two crystallographically inde-
pendent o-Cl atoms are equidistant from the chromium(��)
center (Cr ¥¥¥ Cl(2)�Cr ¥¥¥ Cl(6)� 345.2(1) pm) and the two
Cr-Cipso-Co angles are virtually identical (Cr-C(1)-C(2)
123.6(3)� and Cr-C(1)-C(6) 123.2(3)�).


A typical feature of CrII chemistry is the possibility of
forming dinuclear species connected by a chromium-chromi-
um quadruple bond. The existence of that high-order bond is
certainly favored by the presence of efficient bridging ligands,
since, in their absence, bond cleavage can be affected by
secondary factors such as the nature of the cation/anion
interaction. Thus, it has been reported recently that the
quadruple bond in the dinuclear species [Li(thf)]4[Cr2Me8] is
reversibly broken by mere replacement of THF by N,N,N�,N�-
tetramethyl-1,2-ethanediamine (tmen) giving the paramag-
netic, mononuclear derivative [Li(tmen)]2[CrMe4].[40] In both
of these compounds, the cation and the anion are associated
through electron-deficient �2- or �3-methyl bridges. The
relative acidity of the [Li(solvent)]� moiety (solvent� thf or
tmen) seems to be an important factor affecting the cation/
anion interaction and concomitantly the formation or break-
ing of the unsupported chromium± chromium quadruple
bond. The presence of electron-deficient Cr-C-Li bridging
systems is, in fact, a feature common to all the mononuclear
tetraorganylchromate(��) derivatives, [CrR4]2�, for which the
solid-state structure has been determined to date [R�Me,[40]


Ph,[41] 2,4,6-Me3C6H2
[41] and 1/2(CH2SiMe2CH2)[42]] . It is


therefore remarkable that cation and anion appear clearly
separate in the crystals of 3. The absence of any additional
cation/anion interaction can be due to: 1) the low tendency of
the C6Cl5 group to act as an electron-deficient bridging
ligand[43] and 2) the reduced acidity of the cation [{Li(thf)3}2
(�-Cl)]� , which bears a single positive charge per Li2 pair.


The electrochemical behavior of 3 is qualitatively similar to
that observed for 1 and 2. Moreover, 3 reacts with an
equimolar amount of 2 giving 1 according to the following
comproportionation scheme: CrII�CrIV � CrIII.


EPR measurements : The EPR spectra of compounds 1±3 are
given in Figure 5. CrII and CrIV are non-Kramer systems


Figure 5. X-band EPR spectra of powder solid samples of compounds 1 ± 3
at room temperature. Every spectrum was measured up to 1.5 T, but no
additional signals were detected above the magnetic field indicated in each
trace.


Table 3. Selected interatomic distances [pm] and angles [�] for 3.[a]


Anion Cation


Cr�C(1) 220.8(3) Li�O(1) 191.0(11)
Cr ¥¥ ¥ Cl(2) 345.2(1) Li�O(2) 195.0(11)
Cr ¥¥ ¥ Cl(6) 345.2(1) Li�O(3) 193.7(9)
C(1)�C(2) 139.3(5) Li�Cl(7) 225.0(8)
C(1)�C(6) 140.0(5) O(1)-Li-O(2) 106.0(4)
C(2)�Cl(2) 174.2(4) O(1)-Li-O(3) 115.7(5)
C(6)�Cl(6) 174.3(4) O(1)-Li-Cl(7) 109.4(5)
Cr-C(1)-C(2) 123.6(3) O(3)-Li-O(2) 106.4(5)
Cr-C(1)-C(6) 123.2(3) O(3)-Li-Cl(7) 108.2(4)
C(2)-C(1)-C(6) 113.3(3) O(2)-Li-Cl(7) 111.1(4)
C(1)-Cr-C(1�) 89.999(3) Li-Cl(7)-Li� 174.2(6)
C(1)-Cr-C(1��) 179.3(2)
C(1)-Cr-C(1���) 90.000(1)
C(1�)-Cr-C(1��) 90.0
C(1�)-Cr-C(1���) 179.3(2)
C(1��)-Cr-C(1���) 89.997(1)


[a] Shortest CrII ¥ ¥ ¥ CrII distance� 1.47 nm.
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according to their even number of electrons, while CrIII is a
Kramer system with S� 3/2. It is therefore advisable to
analyze them separately.


The EPR spectrum of a powder sample of 1 (Figure 5b) is
similar to that observed in a solution of frozen CH2Cl2,[12] but
with a more pronounced orthorhombic behavior. Thus, the
effective spin becomes Sƒ � 1/2 with the following spin
Hamiltonian [Eq. (1)]:


H� �BB(g�xlxSƒx� g�ylySƒy� g�zlzSƒz) (1)


in which g�x � 4.377, g�y � 3.456, and g�z � 1.943. As in the
solution case,[12] the spectrum of the powder sample can be
interpreted as being due to the M�� 1/2 transitions in the
high zero-field splitting (ZFS) limit. In fact, no further
transitions are detected up to 1.5 T and thus we can not
estimate the ZFS parameters. Assuming, as in the solution
case, an axial true gƒ tensor for the isolated CrIII ion and
following the same procedure used there we obtain g�� 1.979
and g�� 1.967 with �� 0.079� 0.010, � being the asymmetric
parameter of the ZFS contribution. The g factor obtained
following these assumptions is nearly isotropic, as is usually
found in CrIII complexes. Moreover, the deviation of these
values from the free-electron g factor is also consistent with
those previously reported for ionic[45] and coordination[46] CrIII


compounds.
Let us consider the case of the non-Kramers CrII and CrIV


systems. The ground state of CrIV has a spin S� 1. The EPR
spectrum of 2 (Figure 5c) consists of a dominant isotropic line
centered at about g� 1.980 on a broader one together with a
small signal at a field of about half strength. The EPR
spectrum of 2 is closely related to those of Ni2� species with
S� 1, which have been studied and analyzed in great detail.[47]


The central broad feature, referred to as the normal line (NL),
is associated with the �M�� 1 transitions. The modulation of
the splitting due to the crystal-field distribution accounts for
the broadening of this line. The dominant, isotropic line at g�
1.980 can be ascribed to the 	 � 1
�	� 1
 double quantum
transition (DQL), which, in a first-order approximation, does
not depend on the crystal field strength. The prominent DQL
appears superimposed to the much broader NL. Moreover,
the crystal field contribution makes the single quantum 	 �
1
�	� 1
 transition partially allowed and thus a further signal
appears in the ™half field∫ region (HFL).


The EPR spectrum of 3 (Figure 5a) consists of a dominant
narrow, almost isotropic line at about 348 mT (g� 1.99)
together with smaller and broader lines at approximately 190
and 480 mT. There are very few reports on EPR spectra of CrII


(S� 2) ions in the literature and they mainly correspond to
isolated ions in ionic crystals,[48] semiconductors,[49] and, more
recently, in aqueous solution.[50] In all these cases a spin S� 2
has been found with an almost isotropic g factor, whose value
is close to but lower than that of the free electron. The general
spin Hamiltonian for an S� 2 ion should contain the standard
electronic Zeeman contribution as well as second- and fourth-
range ZFS terms, and, hence, the observed transition should
subtly depend on the orientation and strength of the high-
order contributions. This difficulty precludes a detailed


analysis of the spectrum given in Figure 5a and, therefore,
an estimate of the ZFS parameters is not possible.


Magnetism measurements : A plot of magnetization per
magnetic ion, expressed in Bohr magnetons (M/NA�B) against
�0H/T up to 5 T, at 1.8 K, for compounds 1 ± 3 (Figure 6)
clearly indicates the tendency to saturation. Taking a g factor
close to that of the free electron value, a high-spin config-
uration is obtained for the metal ion in all three cases, that is,
S� 2, 3/2, and 1 for CrII, CrIII, and CrIV, respectively.


Figure 6. Magnetic-field dependence of the magnetization measured at
low temperature (1.8 K) showing the saturation behavior. CrII (circles),
CrIII (squares), and CrIV (triangles).


In the low-field region (�0H/T �0.07 TK�1), linear depen-
dencies are found for M/NAg�B values against �0H/T for the
three samples 1 ± 3 as shown in Figure 7. However, the slopes
of the fitted straight lines depend to a slight extent on the


Figure 7. Dependence of the magnetization versus the applied magnetic
field in the low-field region at 1.8 K (open symbols), 5 K (solid symbols),
and 78 K (crossed symbols) for CrII (circles), CrIII (squares), and CrIV


(triangles). The lines correspond to a fitted linear dependence of the
magnetization versus the quotient �0H/T (see text).


temperature for each sample: they increase with the temper-
ature for CrIII and CrIV, while the opposite is observed for CrII


(Figure 7). This behavior implies that the global magnet-
ization data do not follow a Brillouin function and, accord-
ingly, a simple Curie-law does not describe the thermal
evolution of the magnetic susceptibility either. Linear rela-
tionships between �(T) and 1/T–as required by the Curie
law–are observed only in the high-temperature region (T
�30 K; Figure 8b). However, the fact that �(T) versus 1/T
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Figure 8. a) Magnetic susceptibility as a function of the inverse of the
temperature for CrII (circles), CrIII (squares), and CrIV (triangles) samples.
The dotted lines represent the fitting of the data to the polynomial
expansion given in Equation (2) up to the order indicated in Table 4.
b) Detail of the high-temperature region (T� 50 K).


cannot be adjusted to simple linear functions in the whole
temperature range[51] (Figure 8a) means that a different
approach must be adopted.


In species containing a unique, non-interacting center with
S � 1/2, as is the case of compounds 1 ± 3, the departure of the
low-temperature magnetic data from a simple Curie law has
been successfully ascribed to the zero-field splitting (ZFS)
contribution.[51] Carlin and his co-workers have derived specific
formulas to account for the thermal dependence of the
anisotropic magnetic susceptibility in S� 1 ions as well as in
S� 3/2 ions with axial symmetry.[51] These results, however, are
of little use for our systems, since 1 is a CrIII species (S� 3/2)
with a clearly orthorhombic symmetry as revealed by its EPR
spectrum (see above) and 3 is a CrII derivative with S� 2.
Hence, we adopted a different approach by restricting to the
situation in which the ZFS is comparatively lower than the
thermal energy, kT, but high enough to induce a departure of
the thermal dependence of the magnetic susceptibility from
the Curie law. Starting with this premise, we derived a
justification for the observed asymptotic temperature depen-
dence of the magnetic susceptibility (see Supporting Infor-
mation).


The temperature dependence of the magnetic susceptibility,
�(T), for the three organochromium compounds 1 ± 3 has been
analyzed over the whole temperature range measured (1.8�
T� 78 K) using solely the expression given in Equation (2),
where C is the Curie constant, �0 includes the temperature


independent (TIP) as well as the diamagnetic contribution,
and the kj (j� 1, 2, .. .) constants contain information on the
ZFS contribution.


�(T)� �0�
C


T


�
1� k1


T
� k2


T2 � . . .
�


(2)


By fitting this expression to the experimental data (Fig-
ure 8), estimates of the Curie constant, C, as well as of the
effective number of Bohr magnetons, p, and the experimental
g values have been obtained for the three compounds
(Table 4). It can be noted that the g value obtained from
bulk magnetic measurements for the CrIII compound 1 is in
excellent agreement with that obtained from EPR results (see
above).


The expression given in Equation (2) has been derived by
using the basic microscopic magnetic properties of any system
containing a unique magnetic center with ZFS contribution
(see Supporting Information). In deriving this expression, it
has been assumed that the ZFS contribution is small enough
as to allow an asymptotic expansion of the temperature
dependence of the magnetic susceptibility. Since no assump-
tion about the kind of spin system has been made, this
expression should be applicable to a wide variety of real
systems.


Conclusion


The versatility of the pentachlorophenyl group has been
confirmed in chromium chemistry as it has been possible to
isolate and characterize a series of homoleptic organochro-
mium derivatives in three adjacent oxidation states, CrIV, CrIII,
and CrII, with formula [Cr(C6Cl5)4]n� (n� 0, 1, 2). This
versatility is both electronic and steric, since the pentachloro-
phenyl group is not only able to stabilize different oxidation
states on the same metal without the need for any further
ancillary ligand, but also to accommodate to different geo-
metric requirements imposed by the preferred coordination
polyhedron adopted by the metal center in each case
(Scheme 2). Thus, while the C6Cl5 group acts as a standard
monodentate �-organyl ligand in the square-planar CrII


compound 3 as well as in the presumably tetrahedral CrIV


species 2, it is able to establish secondary interactions through
one of the ortho-Cl atoms with the CrIII center in complex 1 in
order for this latter to achieve a (distorted) octahedral
environment–by far the preferred geometry for CrIII. In this
case, the C6Cl5 group behaves as a small-bite chelating ligand.


Table 4. Parameters derived from magnetization measurements for com-
pounds 1 ± 3.


Polynomial C p g��g2
 M/NAg�B (S)
order[a] [emumol�1 K] [�B][b] (5 T, 1.8 K)


CrII 3 2.85(3) 4.77(3) 1.95(1) 1.97 (2)
CrIII 3 1.76(2) 3.75(3) 1.94(1) 1.33 (3/2)
CrIV 2 0.90(3) 2.68(3) 1.90(1) 0.88 (1)


[a] Order of the polynomial used to fit � as a funtion of T�1 [see Eq. (2)].
[b] Magnetic moment per atom in Bohr magneton units.
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The only precedent for the isolation of a [CrR4]n� series
(n� 0, 1, 2) is found for R� 2,4,6-Me3C6H2 (mesityl). This
concomitance between the pentachlorophenyl and the mesityl
groups is quite surprising, considering the disparity of the
substituents on the phenyl ring, that is, Cl and CH3, which
bear very different inductive and resonance effects. It should
be noted, however, that Cl and CH3 substituents have been
ascribed very similar steric demands as denoted by their
assigned molecular van der Waals volume (0.0195 and
0.0222 nm3, respectively).[52]


According to their magnetic behavior, the three compounds
1 ± 3 are high-spin species with observable EPR spectra at
room temperature. The temperature dependence of the
magnetic susceptibility for the three species does not follow
a simple Curie law, but a higher-order polynomial relationship
[Eq. (2)], which can be derived from microscopic magnetic
properties taking into account the zero-field splitting contri-
bution (Supporting Information).


Experimental Section


General procedures and materials : All reactions and manipulations were
carried out under purified argon using Schlenk techniques. Solvents were
dried by standard methods and distilled prior to use. The chromium
complexes [CrCl2(thf)][53] and [CrCl3(thf)3],[54] as well as the organolithium
reagent LiC6Cl5[55] were prepared as described elsewhere. The aminium salt
[N(4-BrC6H4)3][SbCl6] was purchased (Aldrich) and used as received.
Elemental analyses were carried out with a Perkin ±Elmer 2400-Series II
microanalyzer. IR spectra of KBr discs were recorded on a Perkin ±Elmer
883 spectrophotometer in the range 4000 ± 200 cm�1. Mass spectra were
recorded on a VG-Autospec spectrometer using the standard Cs-ion FAB
(acceleration voltage: 35 kV). Electrochemical studies were carried out
using an EG&G model 273 potentiostat in conjunction with a three-
electrode cell, in which the working electrode was a platinum disc, the
auxiliary electrode a platinum wire, and the reference was an aqueous
saturated calomel electrode (SCE) separated from the test solution by a
fine-porosity frit and an agar bridge saturated with KCl. Where possible,
solutions were 5� 10�4 moldm�3 in the test compound and 0.1 moldm�3 in
[NnBu4][PF6] as the supporting electrolyte. At the end of each voltam-
metric experiment, [Fe(�5-C5H5)2] was added to the solution as an internal
standard for potential measurements. Under the conditions used, the Eo


value for the couple [Fe(�5-C5H5)2]�/[Fe(�5-C5H5)2] was 0.47 V.


Synthesis of [Li(thf)4][CrIII(C6Cl5)4] (1): [CrCl3(thf)3] (2.57 g, 6.85 mmol)
was added to a solution of LiC6Cl5 (ca. 34 mmol) in Et2O (130 mL) at
�78 �C. The suspension was allowed to warm up to �10 �C and after about
4 h of stirring, the by then violet solid was filtered at 0 �C and extracted in
CH2Cl2 (60 mL) at the same temperature. The solvent in the extract was
replaced by THF (20 mL), and the slow diffusion of an n-hexane layer
(60 mL) into it at �30 �C yielded 1 as violet crystals in 57% yield.
Elemental analysis calcd (%) for C40H32Cl20CrLiO4: C 35.73, H 2.40; found:
C 36.21, H 2.02; IR (KBr): �� � 1321 (s), 1311 (s), 1281 (vs), 1219 (m), 1125
(m), 1059 (s), 1043 (vs; C-O-Casym),[56] 915 (m), 887 (s; C-O-Csym),[56] 822 (vs;


C6Cl5: X-sensitive vibr.),[57] 667 (vs), 600
(w), 415 (m), 349 cm�1 (m); MS (FAB� ):
m/z: 1040 [Cr(C6Cl5)4]� , 828
[Cr(C6Cl5)3Cl]� , 793 [Cr(C6Cl5)3]� , 581
[Cr(C6Cl5)2Cl]� , 546 [Cr(C6Cl5)2]� .


Synthesis of [CrIV(C6Cl5)4] (2): The ad-
dition of a violet solution of 1 (0.49 g,
0.36 mmol) in CH2Cl2 (3 mL) at 0 �C to a
deep blue solution of [N(4-
BrC6H4)3][SbCl6] (0.33 g, 0.40 mmol) in
CH2Cl2 (5 mL) in an ice bath caused the
immediate precipitation of a brown
solid. After 15 min of stirring, the pre-


cipitate was filtered, washed with CH2Cl2 (80 ± 100 mL) and dried in vacuo.
The brown solid was identified as 2 (71% yield). Elemental analysis calcd
(%) for C24Cl20Cr: C 27.47; found: C 27.41; IR (KBr): �� � 1397 (s), 1336 (s),
1323 (vs), 1314 (vs), 1289 (vs), 1156 (s), 835 (s; C6Cl5: X-sensitive vibr.),[57]


681 (s), 615 (w), 563 (m), 348 (m), 264 cm�1 (s); MS (FAB� ): m/z : 1040
[Cr(C6Cl5)4]� , 828 [Cr(C6Cl5)3Cl]� , 793 [Cr(C6Cl5)3]� .


Synthesis of [{Li(thf)3}2(�-Cl)]2[CrII(C6Cl5)4] (3): [CrCl2(thf)] (1.39 g,
7.12 mmol) was added to a solution of LiC6Cl5 (ca. 36 mmol) in Et2O
(150 mL) at�78 �C. The suspension was allowed to warm up to�10 �C and
after about 4 h of stirring, the by then salmon pink solid was filtered at 0 �C
and extracted in CH2Cl2 (60 mL) at the same temperature. The solvent in
the extract was replaced by THF (25 mL) and the slow diffusion of an Et2O
layer (60 mL) into it at �30 �C yielded 3 as red crystals in 47% yield.
Elemental analysis calcd (%) for C72H96Cl22CrLi4O12: C 42.95, H 4.80;
found: C 41.78, H 4.57; IR (KBr): �� � 1307 (vs), 1277 (s), 1226 (s), 1044 (vs;
C-O-Casym),[56] 915 (sh), 888 (s; C-O-Csym),[56] 808 (s; C6Cl5: X-sensitive
vibr.),[57] 658 cm�1 (s); MS (FAB� ): m/z : 1040 [Cr(C6Cl5)4]� , 828
[Cr(C6Cl5)3Cl]� , 793 [Cr(C6Cl5)3]� , 581 [Cr(C6Cl5)2Cl]� , 546 [Cr(C6Cl5)2]� .


Comproportionation of 2 and 3 : Compound 2 (0.18 g, 0.17 mmol) was
added to a solution of 3 (0.28 g, 0.14 mmol) in CH2Cl2 (10 mL) at 0 �C, and
the mixture was stirred for 90 min in an ice bath. During this time, the color
of the reaction mixture changed from red to violet. Then the suspension
was filtered to free it from unreacted 2. The filtrate was concentrated to
dryness and the resulting residue was redissolved in THF (2 mL).
Subsequent addition of a layer of Et2O (10 mL) and allowing the mixture
to stand at �30 �C caused the crystallization of 0.173 g of a violet solid
which was identified as 1 (46% yield).


X-ray structure determinations : Crystals of 1 ¥ 0.5Et2O ¥ 0.5C6H14 and 3
suitable for X-ray diffraction studies were carefully selected from the
reaction bulk. Diffracted intensity data were taken from: a) crystals of 1 ¥
0.5Et2O ¥ 0.5C6H14 mounted in lithium grease at the end of a glass fiber, and
b) crystals of 3mounted at the end of a quartz fiber and held in place with a
fluorinated oil. Crystal data and related parameters are given in Table 5.
For 1 ¥ 0.5Et2O ¥ 0.5C6H14, of the 10103 intensity data (other than checks)
collected, 9956 unique observations remained after averaging of duplicate
and equivalent measurements and deletion of systematic absences (Rint


0.089); of these, 4366 reflections had I� 2�(I); an absorption correction
was applied based on 444 azimuthal scan data. For 3, 16845 intensity data
were collected from which 4237 unique observations remained after
averaging of duplicate and equivalent measurements and deletion of
systematic absences (Rint 0.0300), of which, 3860 relections had I� 2�(I);
an absorption correction was applied based on 426 azimuthal scan data.
Both structures were solved by Patterson and Fourier methods. All non-
hydrogen atoms were refined anisotropically. H atoms were added at
calculated positions (C�H� 96 pm) with isotropic displacement parame-
ters assigned as 1.2 times the equivalent isotropic U×s of the corresponding
C atoms. For the structure of 1 ¥ 0.5Et2O ¥ 0.5C6H14, the atoms of the
crystallographically independent half n-hexane solvent molecule were
refined with a common set of anisotropic thermal parameters and their
C�C distances fixed to 154 pm. A final difference electron density map
showed one peak above 1000 enm�3 (max 1063; largest diff. hole
�1053 enm�3) located very near the chromium atom. For the structure
of 3, a final difference electron density map showed no peaks above
1000 e nm�3 (max 886; largest diff. hole �274 enm�3). For both structures,
full-matrix least-squares refinement of the models against F 2 converged to
final residual indices given in Table 5. All calculations were carried out
using the program SHELXL-93.[58] CCDC-174782 and CCDC-174783
contain the supplementary crystallographic data for this paper. These data
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can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or
deposit@ccdc.cam.ac.uk).


Magnetic studies : Magnetic measurements were performed in a commer-
cial SQUID magnetometer. Isothermal dc magnetization curves, M(�0H),
at T� 1.8, 5 and 78 K were taken for the three compounds, in the magnetic
field range 0� �0H� 5 T. As expected,[51] linear dependencies in M(�0H)
were found at low fields (i.e., g�0H/kBT� 0.1 or �0H/T� 0.07 TK�1). Thus,
to determine the thermal evolution of the magnetic susceptibility, �(T), as
the quotient M(T)/�0H, a constant magnetic field value of �0H� 0.1 T, well
within the linear regime for this temperature range, was used. Under that
field M(T) was measured for each compound in the temperature range
1.8�T� 78 K.


EPR measurements : EPR data were taken in a Varian E-112 or in a
Bruker ESP380 spectrometer. The magnetic field was measured with a
Bruker ER035M gaussmeter. A Hewlett ± Packard HP5350B frequency
counter was used to determine the microwave frequency.
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Syntheses, Electronic Absorption, Emission, and Ion-Binding Studies of
Platinum(��) C^N^C and Terpyridyl Complexes Containing Crown Ether
Pendants


Vivian Wing-Wah Yam,* Rowena Pui-Ling Tang, Keith Man-Chung Wong, Xiao-Xia Lu,
Kung-Kai Cheung, and Nianyong Zhu[a]


Abstract: A series of platinum
(��) C^N^C complexes, [Pt(C^N^C)
(L)] (HC^N^CH�2,6-diphenylpyridine
(dppy); L�Ph2PB15C5 (1, B15C5�
benzo[15]crown-5), Ph2PDMP (2, DMP
� 3,4-dimethoxyphenyl), pyCOA15C5
(3, A15C5� aza[15]crown-5), pyCON-
(CH2CH2OCH3)2 (4), pyC�CB15C5 (5),
pyC�CDMP (6)) and terpyridyl
complexes, [Pt(trpy)(L)](X)2 (trpy�
2,2�:6�,2��-terpyridine; L�Ph2PB15C5,
X�OTf (7a), PF6 (7b); X�PF6, L�
Ph2PDMP (8), pyC�CB15C5 (9), and
pyC�CDMP (10)) have been success-
fully synthesized and characterized. The
structures of 1, 3, and 7a have been
determined by X-ray crystallography.
Excitation of complexes 1 ± 6 in EtOH/
MeOH (4:1 v/v) glass gave high-energy
structured emission bands, assigned as
derived from states of metal-perturbed
intraligand (IL) origin. At higher con-
centrations, complexes 3 ± 6 each dis-
played an additional, structureless emis-


sion band at 600 ± 615 nm, with com-
plexes 5 and 6 showing an obvious
increase in the intensity of this emission
band when the concentration was in-
creased further. In dichloromethane at
room temperature, complexes 3 ± 6
showed, in addition to the high-energy
emission at 490 ± 505 nm, an extra, broad
emission band at 620 ± 625 nm when the
concentration was increased. The emis-
sion origins of the low-energy band in
glass and in fluid solutions are suggested
to be derived from the ground-state
oligomerization or aggregation process
of the complexes. In the solid state at
room temperature, complexes 1 ± 6 each
showed a broad, unstructured emission
band at 560 ± 600 nm, which was shifted
to lower energy upon cooling to 77 K.


On the other hand, the terpyridyl ana-
logues 7 ± 10 displayed intense vibronic-
structured intraligand (IL) emissions at
460 ± 472 nm in butyronitrile glass at
77 K. Solid-state samples of 9 and 10
displayed strong phosphorescence upon
photoexcitation at 298 K and 77 K, ten-
tatively assigned as derived from states
of Pt(d�)��*(trpy) 3MLCT origin
(MLCT�metal-to-ligand charge trans-
fer). The ion-binding properties of com-
plexes 5 and 9 for Na�, Ba2�, and K� ions
have been studied by UV/Vis spectro-
photometric methods, and confirmed
by ESI mass spectrometric studies. The
ion-binding properties for Na� ions
have also been probed by 1H NMR
experiments. For the same crown ether-
containing ligand and the same metal
ions, the neutral cyclometalated com-
plexes gave larger binding constants
than the positively charged terpyridyl
analogues.


Keywords: crown compounds ¥
ion-binding ¥ N ligands ¥platinum
terpyridine


Introduction


Square-planar platinum(��) polypyridyl complexes represent
an important class of compounds that possess a rich range of
spectroscopic and photophysical properties.[1±3] Of particular
interest is the rather common occurrence of weak intermo-
lecular metal ±metal interactions and ligand � ±� interactions
in these complexes.[3, 4] In particular, platinum(��) derivatives
of terpyridine have received much attention because of their
rich spectroscopic behavior and useful biological properties,
such as interaction with biomolecules such as DNA and
proteins.[5] In recent years there has been a growing interest in
the design and study of their cyclometalated counterparts,
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which have also been shown to display rich photophysical and
photochemical properties,[6±8] and a number of these com-
plexes exhibit � ±� interactions between the cyclometalated
ligands.[6c,d, 7±9] Square-planar cyclometalated PtII and PdII


complexes with the general formula [M(C^N^C)(L)] (M�
Pt, Pd; L�Et2S, pyridine, pyrazine) were first reported by
von Zelewsky and co-workers.[6a,b] Recent work by Rourke
and co-workers has provided a versatile synthetic route to
Pt(C^N^C) complexes in high yields.[10] The photophysical
behavior of a number of Pt(C^N^C) complexes has also been
studied by Che and co-workers;[6d] a correlation of � ±�
interactions with luminescence properties has also been
presented.[6d] Recently, we have extended our interest in the
search for chemosensors[11] to the utilization of the platinu-
m(��) terpyridyl moiety for the design of metal ion probes, and
the ion-binding studies of platinum(��) terpyridyl complexes
containing mercaptobenzo[15]crown-5[12] and ethynylben-
zo[15]crown-5 ligands[2e] were reported. As part of our
continuing effort, we are interested in extending our work
to the Pt(C^N^C) moiety, which–unlike the Pt(trpy) moi-
ety–is uncharged and may give rise to stronger ion-binding
affinities for metal ions. A comparative study between the
Pt(C^N^C) and the Pt(trpy) complexes would enable system-
atic comparison of their electronic absorption, emission, and
ion-binding properties to be made, and provide insight into


their spectroscopic origins. Here we report the syntheses and
the electronic absorption, emission, and ion-binding proper-
ties of platinum(��) C^N^C and terpyridyl complexes with P-
and N-donor crown ether pendants [Pt(C^N^C)(L)]
(HC^N^CH� 2,6-diphenylpyridine (dppy); L�Ph2PB15C5
(1, B15C5� benzo[15]crown-5), Ph2PDMP (2, DMP� 3,4-
dimethoxyphenyl), pyCOA15C5 (3), pyCON(CH2-


CH2OCH3)2 (4), pyC�CB15C5 (5), pyC�CDMP (6)) and
[Pt(trpy)(L)](X)2 (trpy� 2,2�:6�,2��-terpyridine; L�
Ph2PB15C5, X�OTf (7a), PF6 (7b); X�PF6, L�
Ph2PDMP (8), pyC�CB15C5 (9) and pyC�CDMP (10)).
The X-ray crystal structures of [Pt(C^N^C)(Ph2PB15C5)] (1),
[Pt(C^N^C)(pyCOA15C5)] (3), and [Pt(trpy)(Ph2PB15-
C5)](OTf)2 (7a) have also been determined.


Results and Discussion


Syntheses and characterization : The synthetic routes to
complexes 1 ±10 are summarized in Scheme 1. Both
[Pt(C^N^C)(dmso)] and [Pt(trpy)(MeCN)](OTf)2 serve as
good precursors for ligand-substitution reactions with the
appropriate N- and P-donor ligands, owing to the presence of
the labile dmso and MeCN groups. Treatment of
[Pt(C^N^C)(dmso)] with Ph2PB15C5, pyCOA15C5, and
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Scheme 1. Synthetic routes to complexes 1 ± 10.
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pyC�CB15C5 in chloroform at room temperature afforded 1,
3, and 5 as air-stable, yellow to orange crystals in high yields.
The crown-free analogues 2, 4, and 6 were also synthesized in
a similar manner. Treatment of [Pt(trpy)(MeCN)](OTf)2 with
Ph2PB15C5 and pyC�CB15C5 in acetone, followed by meta-
thesis with nBu4NPF6 and subsequent recrystallization from
layering of n-hexane onto acetone solutions of the respective
complexes, afforded 7b and 9 as pale orange crystals in good
yields. Under similar conditions, their crown-free analogues 8
and 10 were also successfully synthesized. The 31P{1H} NMR
spectra of complexes 1, 2, 7b, and 8 each show one sharp
signal with 195Pt satellites. The P ±Pt coupling constants are
about 4080 Hz for 1 and 2 and about 3625 Hz for 7b and 8,
respectively, comparable to those found in the related
[Pt(C^N^C)(PPh3)][6d] and [Pt(C^N^N)(PPh3)]ClO4.[7a]


The identities of all the complexes were fully established by
1H HMR spectroscopy, IR spectroscopy, satisfactory elemen-
tal analyses, and FAB and ESI mass spectrometry. The crystal
structures of [Pt(C^N^C)(Ph2PB15C5)] (1), [Pt(C^N^C)(py-
COA15C5)] (3), and [Pt(trpy)(Ph2PB15C5)](OTf)2 (7a) have
also been determined.


Crystal structure determina-
tion : Perspective drawings of
1, 3, and the complex cation of
7a, with their atomic number-
ing schemes, are depicted in
Figure 1, Figure 2, and Figure 3,
respectively. The crystallo-
graphic data are given in Ta-
ble 1, while selected bond
lengths and bond angles are
listed in Table 2. The coordina-
tion geometries of 1, 3, and 7a
are essentially distorted square-
planar, with bond parameters
similar to those observed in
typical platinum(��) C^N^C tri-
dentate and platinum(��) terpyr-
idyl complexes.[2a,b,e, 3g,h, 6c,d, 13]


Not surprisingly, the angles be-
tween the trans aryl carbon
atoms (C(27)-Pt(1)-C(39)) de-
viate from the idealized value
of 180� because of the orienta-
tion of the donor atoms im-
posed by the C^N^C ligands,
which evidently restrict the bite
angle. This has also commonly
been observed in the related
platinum(��) terpyridyl com-
plexes.[2a,b,e, 3g,h] For complexes
1 and 7a, the Pt�P distances
are 2.23 and 2.29 ä, respective-
ly, comparable to those found
in [Pt(C^N^C)(PPh3)][6d] and
[Pt(C^N^N)(PPh3)]ClO4.[7a] In
complex 3, the angles subtend-
ed at the amido-carbon atom


Figure 1. Structure of complex 1 (thermal ellipsoids are shown at the 30%
probability level).


Figure 2. Structure of complex 3 (thermal ellipsoids are shown at the 30% probability level).


Figure 3. Structure of the complex cation of 7a (thermal ellipsoids are shown at the 40% probability level).
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C(23) (117� ± 124�) are typically those of sp2 hybridization.
The plane of the pyridine ring of the pyCOA15C5 ligand is
almost orthogonal to that of the Pt(C^N^C) moiety, with a
dihedral angle of 70.10�. The Pt�N bond length is 2.04 ä,
which is in good agreement with the values of 2.04 and 2.03 ä
for [Pt(C^N^C)(tBupy)][6d] and [Pt(C^N^N)(py)]ClO4,[7c]


respectively. Neither short Pt ¥ ¥ ¥ Pt contacts nor significant
� ±� interactions were observed in the crystal lattices of 1, 3,
and 7a, probably because of the steric bulk of the Ph2PB15C5
and pyCOA15C5 ligands.


Electronic absorption spectroscopy : The electronic absorp-
tion spectra of complexes 1 ± 6 show intense vibronic-struc-
tured absorption bands at 334 ± 364 nm (�� 104 dm3 mol�1


cm�1) with vibrational progressional spacings of about
1300 cm�1, corresponding to the skeletal vibrational frequen-
cy of the C^N^C ligand. In addition, a shoulder at 416 ±
482 nm (�� 420 ± 650 dm3mol�1 cm�1) and a weak band at
508 ± 512 nm (�� 40 ± 230 dm3mol�1 cm�1) are observed. The
electronic absorption data for complexes 1 ± 10 are summar-
ized in Table 3. Figure 4 shows the electronic absorption
spectrum of complex 3 in dichloromethane at room temper-
ature. With reference to previous reports on platinum(��)
C^N^C tridentate complexes,[6d] the high-energy bands are
tentatively assigned to the metal-perturbed intraligand (IL)
transitions of the C^N^C ligand, while the shoulders are
assigned as d�(Pt)��*(C^N^C) metal-to-ligand charge
transfer (MLCT) transitions. The low-energy weak absorption


bands at 508 ± 512 nm are unlikely to be d ± d transitions, since
the C^N^C ligand is a strong � donor and it is unlikely that
they would occur at such low energies. Instead, a spin-
forbidden 3� ±�*(C^N^C) intraligand transition is suggested,
in view of the large spin ± orbit coupling resulting from the
presence of the heavy Pt atom. A similar assignment of a 3� ±
�*(ppy) has also been suggested for an absorption at similar
energies for the related [Rh(ppy)2(bpy)]PF6 and [Ir(ppy)2-
(bpy)]PF6 (ppyH�2-phenylpyridine, bpy�2,2�-bipyridine).[14]


All the complexes were found to obey Beer×s Law in the
concentration range of 10�5 ± 10�2 moldm�3. On the other


Table 1. Crystal and structure determination data for 1, 3, and 7a.


1 3 7a


empirical formula [C43H40NO5PPt] ¥ CH2Cl2 [C33H35N3O5Pt] [C41H40N3O5PPt](CF3SO3)2 ¥ 2 (CH3)2CO
formula weight 961.75 748.73 1295.14
temperature [K] 301 301 301
crystal system triclinic monoclinic monoclinic
space group P1≈ (no. 2) P21 C2/c (no. 15)
a [ä] 9.114(1) 9.507(2) 31.541(4)
b [ä] 20.627(2) 33.605(7) 17.658(4)
c [ä] 22.024(2) 9.524(2) 24.072(4)
� [�] 83.56(1) 90 90
� [�] 82.70(1) 94.51(3) 121.495(6)
� [�] 88.67(1) 90 90
volume (ä3) 4080.7(7) 3033.3(10) 11431(3)
crystal color yellow orange orange
Z 4 4 8
F(000) 1920 1488 5200
� [g cm� 3] 1.565 1.640 1.505
crystal size [mm] 0.50� 0.40� 0.20 0.50� 0.20� 0.10 0.30� 0.15� 0.10
� [mm� 1] 3.654 4.671 2.626
collection range [�]
2�max 51.10 47.68 50


� 10� h� 9 � 10�h� 10 0� h� 37
� 24� k� 24 � 36�k� 36 0� k� 20
� 24� l� 26 � 9� l� 9 � 28� l� 24


no. of data collected 23004 9662 10628
no. of unique data 13904 5761 10420
no. of data used in refinement 13904 5761 6331
no. of parameters refined 973 583 566
goodness-of-fit on F 2 1.131 0.971 2.91
final R indices R,[a] wR[b] 0.0371, 0.0988 0.0485, 0.1112 0.072, 0.103
maximum shift, (�/�)max 0.007 0.001 0.06
largest diff. peak and hole [eä� 3] 0.761, �2.390 0.920, �1.177 1.53, �1.61


[a] R����Fo� � �Fc��/��Fo�. [b] wR� {�[w(F 2
o �F 2


c 	2]/�[w(F 2
o 	2]}1/2.


Figure 4. Electronic absorption spectrum of 3 in dichloromethane at room
temperature.
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hand, the electronic absorption spectra of complexes 7 ± 10
show vibronic-structured bands at 290 ± 340 nm (��
104 dm3mol�1 cm�1), characteristic of the intraligand (IL)
transition of the terpyridine ligand, and a shoulder at 368 ±
390 nm (�� 1900 ± 8440 dm3mol�1 cm�1). With reference to
previous spectroscopic studies on platinum(��) terpyridyl and
tri-tert-butyl-terpyridyl complexes,[2a,d,e, 3g,h] the low-energy
band at 368 ± 390 nm is assigned as the d�(Pt)��*(trpy)
MLCT transition.


Emission properties : All the complexes were found to exhibit
luminescence at 77 K in alcoholic or butyronitrile glasses,
while only 3 ± 6 showed emission properties in dichloro-
methane solutions at room temperature. The photophysical
data are collected in Table 3. The large Stokes× shifts and the
observed emission lifetimes in the microsecond range are
suggestive of a triplet parentage. In EtOH/MeOH (4:1 v/v)
glass at 77 K and at low concentrations (5� 10�7 moldm�3),
complexes 1 ± 6 all show highly structured emission bands at
506 ± 513 nm with vibrational progressional spacings of about
1300 cm�1, typical of the aromatic vibrational mode of the
C^N^C ligand. These emissions, which are also observed in
the related Pt(C^N^C) and Au(C^N^C) complexes,[6c,d] are
tentatively assigned as derived from states of metal-perturbed
3� ±�*( C^N^C) origin. With increasing concentration, com-


plexes 3 ± 6 each show, in addition to the vibronic-structured
emission, a broad emission band centered at 600 ± 615 nm,
with complexes 5 and 6 showing an obvious preferential
enhancement in the emission intensity of this band at 615 nm
with increasing concentration from 5� 10�7 to 5�
10�5 moldm�3 (Figure 5a). In contrast, complexes 1 and 2


Figure 5. a) Emission spectra of 5 at concentrations of 5� 10�7 (––), 5�
10�6 ( ¥ ¥ ¥ ), and 5� 10�5 moldm�3 (- - - -) in EtOH/MeOH (4:1 v/v) glass at
77 K. b) Excitation spectra monitored at 508 nm (––) and 615 nm ( ¥¥¥ ) in
EtOH/MeOH (4:1 v/v) glass at 77 K.


did not show such behavior with increasing concentration up
to 5� 10�3 moldm�3. The excitation spectra monitored at
508 nm and 615 nm appeared different, indicating that the two
emission bands were of different origins and that the broad
emission bands at about 600 ± 615 nm were unlikely to be due
to excimeric emissions (Figure 5b). It is likely that the
unstructured bands at 600 ± 615 nm originate from emissive
states resulting from ground-state aggregation or oligomeri-
zation of the complexes either through � ±� interaction of the
cyclometalated ligands or metal ¥¥ ¥metal interactions. This
may further be supported by the less obvious or the absence of
low-energy emissions in complexes 3 ± 4 and 1 ± 2, respective-
ly, in which the pyridine-amide and the phosphine ligands are
sterically more bulky than the pyridine-acetylide ligand,
rendering aggregation less favorable relative to complexes 5
and 6. Although all the complexes appeared to obey Beer×s
Law in their electronic absorption at room temperature, one
could not totally exclude the possibility of a ground-state
aggregation process since the association constants may be
too small to be observable in the UV-Vis absorption spectra.
Interestingly, in dichloromethane at room temperature, com-
plexes 3 ± 6 also showed a high-energy emission band at 490 ±
505 nm in the concentration range 5� 10�7 ± 5�
10�6 moldm�3, while upon increasing the concentration to
5� 10�5 moldm�3, a lower-energy broad band at 620 ± 625 nm
appeared. This low-energy emission band at 620 ± 625 nm,
which only appeared at higher concentration, is also thought
to arise from states derived from ground-state aggregated
species. The appearance of this band above concentrations of
10�5 moldm�3 in dichloromethane at 298 K, as compared to
above 10�7 moldm�3 in 77 K glass, is suggestive of a larger


Table 2. Selected bond lengths [ä] and bond angles [�] for 1, 3, and 7a.


1
Pt(1)�N(1) 2.033(4) C(27)-Pt(1)-N(1) 79.41(19)
Pt(1)�C(27) 2.083(5) N(1)-Pt(1)-C(39) 80.07(19)
Pt(1)�C(39) 2.082(5) C(27)-Pt(1)-C(39) 157.24(19)
Pt(1)�P(1) 2.2268(11) C(27)-Pt(1)-P(1) 101.04(14)
P(1)�C(15) 1.815(5) N(1)-Pt(1)-P(1) 171.98(11)
P(1)�C(21) 1.826(5) C(39)-Pt(1)-P(1) 100.66(14)
P(1)�C(1) 1.830(4) Pt(1)-P(1)-C(1) 115.9(15)


Pt(1)-P(1)-C(21) 111.15(15)
Pt(1)-P(1)-C(15) 115.31(15)
C(15)-P(1)-C(21) 106.0(2)
C(21)-P(1)-C(1) 106.6(2)
C(15)-P(1)-C(1) 100.9(2)
3


Pt(1)�N(1) 1.918(16) C(1)-Pt(1)-N(1) 83.0(10)
Pt(1)�N(2) 2.09(2) N(1)-Pt(1)-C(17) 82.6(8)
Pt(1)�C(1) 2.08(2) C(1)-Pt(1)-C(17) 165.6(9)
Pt(1)�C(17) 2.024(18) C(1)-Pt(1)-N(2) 97.8(9)


N(1)-Pt(1)-N(2) 176.7(8)
C(17)-Pt(1)-N(2) 96.6(7)
C(20)-C(23)-N(3) 119(2)
C(23)-N(3)-C(24) 118.6(19)
C(23)-N(3)-C(33) 121.7(18)


7a
Pt(1)�N(1) 2.07(1) N(1)-Pt(1)-N(2) 79.8(5)
Pt(1)�N(2) 2.00(1) N(2)-Pt(1)-N(3) 79.5(5)
Pt(1)�N(3) 2.097(10) N(1)-Pt(1)-N(3) 158.7(5)
Pt(1)�P(1) 2.287(3) N(1)-Pt(1)-P(1) 97.9(3)
P(1)�C(16) 1.81(1) N(2)-Pt(1)-P(1) 176.6(3)
P(1)�C(30) 1.82(1) N(3)-Pt(1)-P(1) 103.0(3)
P(1)�C(36) 1.81(1) Pt(1)-P(1)-C(16) 111.1(5)


Pt(1)-P(1)-C(30) 117.1(4)
Pt(1)-P(1)-C(36) 110.0(5)
C(16)-P(1)-C(30) 102.5(6)
C(30)-P(1)-C(36) 104.1(6)
C(16)-P(1)-C(36) 111.8(6)
P(1)-C(16)-C(29) 118.4(10)
P(1)-C(16)-C(17) 122(1)







Platinum(��) C^N^C and Terpyridyl Complexes 4066±4076


Chem. Eur. J. 2002, 8, No. 17 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0817-4071 $ 20.00+.50/0 4071


association constant for the aggregation process at low
temperature than at room temperature, in line with what
one would have expected. Complexes 1 ± 6 show bright
luminescence at 560 ± 600 nm in the solid state at room
temperature, at similar energies to the low-energy emission in
77 K glass. Upon cooling to 77 K, the emission maxima are
red-shifted to 575 ± 620 nm with reduced bandwidths. This
may be attributed to a lattice contraction of the solid sample
at low temperature. Figure 6 shows the solid-state emission
spectra of 3 at 298 and 77 K. The emission energies in solution
and in the solid state compare well to the 77 K alcoholic glass
emissions at 615 nm for 5 and 6, and are therefore similarly
assigned as originating from ground-state aggregation or
oligomerization of the complexes.
Complexes 7 ± 10 all show emission properties in butyroni-


trile glass at 77 K, while complexes 9 and 10 display a high-
energy emission at 440 nm in acetonitrile at 298 K, attributed Figure 6. Solid-state emission spectra of 3 at 298 K (––) and 77 K (- - - -).


Table 3. Photophysical spectral data for 1–10.


Complex Absorption[a] Emission
�abs [nm] (� [dm3mol�1 cm�1]) medium (T/K) �em [nm] (	
 [�s[b]])


1 252 (50550), 282 (43030), 338sh (14630), CH2Cl2 (298) ±[c]


352 (16970), 416 (490), 436sh (420), 508 (40) solid (298) 570 (0.9)
solid (77) 600 (8.2)
glass[d] (77) 513 (13.3)


2 254 (49180), 282 (42090), 336sh (13870), CH2Cl2 (298) ±[c]


352 (16800), 416 (490), 438sh (420), 508 (50) solid (298) 560 (1.1)
solid (77) 575 (7.6)
glass[d] (77) 512 (12.1)


3 256 (45450), 280 (46090), 334sh (14500), CH2Cl2[e] (298) 505 (2.7), 625 (1.1)
350 (16070), 446 sh (650), 512 (110) solid (298) 580 (0.1)


solid (77) 600 (4.2)
glass[d] (77) 506 (20.9) 600 (6.0)


4 254 (43690), 282 (42150), 334sh (16870), CH2Cl2[e] (298) 505 (2.8), 620 (1.4)
350 (16085), 448 sh (540), 512 (100) solid (298) 585 (0.1)


solid (77) 600 (4.8)
glass[d] (77) 506 (21.6), 610 (4.8)


5 256 (49730), 280 (43590), 334sh (14530), CH2Cl2[e] (298) 490 (2.4), 625 (1.7)
360 (35730), 480 sh (613), 512 (220) solid (298) 600 (0.1)


solid (77) 620 (2.2)
glass[d] (77) 508 (250.6), 615 (3.6)


6 256 (45055), 282 (38240), 334sh (15760), CH2Cl2[e] (298) 495 (2.6), 620 (1.8)
364 (30360), 482 sh (470), 512 (230) solid (298) 600 (0.2)


solid (77) 615 (2.6)
glass[d] (77) 508 (234.9), 615 (3.8)


7 274 (26530), 296 (16950), 326sh (10440), CH3CN (298) ±[c]


340 (12160), 370 sh (3200), 390 (1990) solid (298) ±[c]


solid (77) 465 (11.7)
glass[f] (77) 460 (38.6)


8 276 (28710), 290 (18020), 326sh (11130), CH3CN (298) ±[c]


340 (12100), 370 sh (3670), 390 (2260) solid (298) ±[c]


solid (77) 465 (9.9)
glass[f] (77) 465 (37.7)


9 244 (46650), 282 (33715), 310sh (31015), CH3CN (298) 440 (2.2)
326 (31965), 340 (22190), 370sh (8440), 390sh (4210) solid (298) 580 (0.1)


solid (77) 555 (13.9)
glass[f] (77) 470 (11.6)


10 244 (47655), 282 (34630), 312sh (28655), CH3CN (298) 440 (2.1)
326 (33520), 340 (19950), 368sh (7430), 390sh (3650) solid (298) 585 (0.1)


solid (77) 555 (15.6)
glass[f] (77) 472 (19.7)


[a] In dichloromethane for 1 ± 6; in acetonitrile for 7b ± 10 at 298 K. [b] 	0 is the lifetime at infinite dilution. [c] Non-emissive. [d] In EtOH/MeOH (4:1 v/v)
glass (concentration� 5� 10�7 ± 5� 10�5 moldm�3). [e] Concentration� 5� 10�7 ± 5� 10�5 moldm�3. [f] In butyronitrile glass (concentration� 5� 10�6 ;
moldm�3).
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to the metal-perturbed ligand center phosphorescence. The
emission spectra of 7 ± 10 in butyronitrile glass at 77 K show a
vibronic-structured band at 460 ± 472 nm with progressional
spacings of about 1300 cm�1, typical of the skeletal vibrational
frequency of the terpyridine ligand (Figure 7). Complexes 9


Figure 7. Emission spectrum of 9 in butyronitrile glass at 77 K.


and 10, unlike their C^N^C analogues 5 and 6, show no
emission bands at about 615 nm with increasing concentration
of the complex either in solution state or in butyronitrile glass
at 77 K. It is likely that complexes 9 and 10, which bear overall
positive charges of �2, do not favor the oligomerization
process. Complexes 9 and 10 display luminescence at 580 ±
585 nm in the solid state at room temperature. With reference
to previous spectroscopic studies on related platinum(��)
terpyridyl complexes,[2a, 3e,g,h] the emission is tentatively as-
signed as originating from a d�(Pt)��*(trpy) 3MLCT state.


Cation-binding properties : Of all the complexes studied, only
5 and 9 show a UV/Vis spectral change upon addition of alkali
and alkaline earth metal cations, while the other complexes,
including 1, 3, and 7, which contain the Ph2PB15C5 or
pyCOA15C5 ligand, give either no or little observable UV/
Vis spectral change. Figure 8 and Figure 9 show the UV/Vis


Figure 8. Electronic absorption spectral traces of 5 (3� 10�5 moldm�3) in
CH2Cl2/MeOH (1:1 v/v) (0.1 moldm�3 nBu4NPF6) upon addition of
NaClO4 (path length� 1 cm). The insert shows a plot of absorbance
against [Na�], monitored at �� 320 nm (�) and its theoretical fit (––).


Figure 9. Electronic absorption spectral traces of 9 (2.5� 10�5 moldm�3) in
CH3CN (0.1 moldm�3 nBu4NPF6) upon addition of NaClO4 (path length�
1 cm). The insert shows a plot of absorbance against [Na�] monitored at
�� 320 nm (�) and its theoretical fit (––).


absorption spectral traces of 5 and 9, respectively, upon
addition of sodium perchlorate, with well-defined isosbestic
points. Spectrochemical recognition of guest metal ions is
confirmed by the absence of spectral changes in the electronic
absorption spectra of the respective control complexes 6 and
10. In the binding studies of 5, two solvent systems, CH2Cl2/
MeOH (1:1 v/v) and CH3CN/DMF (8:2 v/v), were used. In the
cases of Na� and Ba2� ion-binding in CH2Cl2/MeOH (1:1 v/v),
isosbestic points, indicative of a clean reaction, were observed
at 340 and 338 nm, respectively. The close resemblance of the
experimental data to the theoretical fits according to Equa-
tion (1) (see Experimental Section) is supportive of a 1:1
complexation model (Figure 8 insert), and was further
confirmed by the method of continuous variation, in which
a break point was observed at a mole fraction 5/(5�Na�) of
0.5. Log Ks values of 3.29(
0.01) and 2.74(
0.01) for Na� and
Ba2� ion-binding were obtained in CH2Cl2/MeOH (1:1 v/v),
while these values decreased to 2.59(
0.01) and 1.90(
0.02),
respectively, in CH3CN/DMF (8:2 v/v). The difference may be
attributable to the difference in the polarity of the solvent, in
which the metal cations are already well solvated or stabilized
by the more polar solvent molecules (DMF), making cation
binding into the crown cavity less favored. Similar findings
have also recently been reported for the related [Pt(trpy)(S-
benzo[15]crown-5)]PF6 and [Pt(trpy)(C�C-benzo[15]crown-
5)]PF6.[2e, 12] For KPF6, due to its low solubility in CH2Cl2/
MeOH (1:1 v/v), only CH3CN/DMF (8:2 v/v) was employed
for the binding studies. The lack of well-defined isosbestic
points, as well as the good agreement of the experimental data
to the theoretical fits of Equation (2) (see Experimental
Section) in Figure 10, suggest the formation of two complexes
of stoichiometries 2:1 (5 :K�) and 1:1, with log K11 and log K21


values of 2.73 (
0.05) and 3.34 (
0.05), respectively, prob-
ably as a result of the tendency for K� ions to bind in a 2:1
sandwich mode to benzo[15]crown-5, which has a cavity size
smaller than the size of the K� ion. A similar model has also
been observed for the binding of K� ions to [Pt(trpy)(S-
benzo[15]crown-5)]PF6 and [Pt(trpy)(C�C-benzo[15]crown-
5)]PF6.[2e, 12]
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Figure 10. Plot of absorbance of 5 (3� 10�5 moldm�3) in CH3CN/DMF
(8:2 v/v) (0.1 moldm�3 nBu4NPF6) against [K�] monitored at �� 380 nm
(�) and its theoretical fit (––).


Similarly, complex 9 shows a 1:1 binding mode for Na� and
a mixture of 1:1 and 2:1 binding for K� ions. The log Ks value
obtained for Na� is 3.85(
0.01), while log K11 and log K21 are
found to be 3.40(
0.02) and 3.44(
0.03), respectively, for K�


ion-binding in acetonitrile. In CH3CN/DMF (8:2 v/v), the
log Ks values for Na� ion-binding decreased to 2.28(
0.01),
while log K11 and log K21 decreased to 2.25(
0.03) and
2.34(
0.03), respectively. The binding constants for Na� and
K� ion-binding for complex 9 are found to be smaller than
those for complex 5 in CH3CN/DMF (8:2 v/v). This is
reasonable, since complex 5, being a neutral species, should
have stronger ion-binding affinities for metal ions and hence a
larger binding constant.


1H NMR spectroscopy has also been employed to probe the
ion-binding properties of complexes 5 and 9 for Na� ions. The
log Ks values obtained by the 1H NMRmethod are 4.0(
0.01)
in CH2Cl2/MeOH (1:1 v/v) for 5 and 3.9(
0.01) in acetonitrile
for 9, in good agreement with those determined by the UV-
visible spectrophotometric method.
Positive ESI mass spectrometry provides another piece of


evidence for the ion-binding properties of the complexes.
Table 4 summarizes the ion cluster peaks for the ion-bound
adducts of the platinum(��) crown ether containing complexes
and alkali metal cations, with 1:1 adducts being observed upon
addition of NaClO4 or Ba(ClO4)2 to 1, 3, 5, 7b, and 9, while
with K� ions both 1:1 and 2:1 adducts were observed. This
further confirms the complexation stoichiometry models
obtained from the electronic absorption studies. Similarly to
what was seen in the absorption studies, crown-free analogues
do not show the presence of such ion-bound adducts upon
addition of metal salts, which is supportive of the importance
of the crown ether in the specific association of the complexes
with the metal ions. The lack of UV/Vis absorption changes
observed for the ion-binding studies in 1, 3, and 7, despite the
occurrence of ion-binding as reflected in the ESI-MS studies,
is likely to be attributable to the poor conjugation and
electronic communication of the Ph2PB15C5 and py-
COA15C5 ligands to the platinum(��) C^N^C and terpyridyl
chromophores, indicating the importance of electronic com-
munication in the design of effective spectrochemical chemo-
sensors.


Conclusion


A series of platinum(��) C^N^C and terpyridyl complexes with
P- and N-donor crown ether ligands has been prepared and
fully characterized. The electronic absorption spectra of the
complexes are dominated by intraligand � ±�* and metal-to-
ligand charge transfer transitions. The weak absorption at
508 ± 512 nm in the Pt(C^N^C) complexes, which is absent in
the terpyridyl analogues, is tentatively assigned as a spin-
forbidden � ±�*(C^N^C) intraligand singlet ± triplet transi-
tion. All C^N^C crown complexes show highly structured
bands at 506 ± 513 nm in EtOH/MeOH glasses (4:1 v/v), which
are tentatively assigned to the metal-perturbed 3� ±�* states,
while complexes 3 ± 6 show an additional, broad, unstructured
band at 600 ± 615 nm when the concentration is increased.
With the less bulky pyridine ± acetylide ligands, the intensity
of this low-energy band becomes enhanced as the concen-
tration is increased. It is suggested that this emission at 600 ±
615 nm originates from the ground-state aggregation or
oligomerization of the complexes. A low-energy emission
band at 620 ± 625 nm is also observed in dichloromethane at
room temperature for complexes 3 ± 6, but only at higher
concentrations than used in alcoholic glass at 77 K. This can
be rationalized by a larger association constant for the
aggregation process at low temperature than at room temper-
ature. Complexes 1 ± 6 show bright luminescence at 560 ±
600 nm in the solid state at room temperature, the emission
maxima becoming red-shifted to 575 ± 620 nm with reduced
bandwidths upon cooling to 77 K. With the comparable
energy in glass at about 615 nm, the low-energy emissions in
the solid and solution states are similarly assigned. The
absence of such a low-energy, structureless band in the
solution state and in butyronitrile glass at 77 K in the
platinum(��) terpyridyl analogues is attributed to the overall
charge of �2 on the complexes, which hinders the oligome-
rization process as a result of strong electrostatic repulsion. It


Table 4. Ion clusters observed in the positive ESI-mass spectra of 1, 3, 5,
7b, and 9 with NaClO4, KPF6, and Ba(ClO4)2.


Complex m/z Ion cluster


1 900 [Pt(C^N^C)(Ph2PB15C5) ¥Na]�


916 [Pt(C^N^C)(Ph2PB15C5) ¥K]�


1792 {[Pt(C^N^C)(Ph2PB15C5)]2 ¥K}�


1114 [Pt(C^N^C)(Ph2PB15C5) ¥Ba]ClO4}�


3 772 [Pt(C^N^C)(pyCOA15C5) ¥Na]�


788 [Pt(C^N^C)(pyCOA15C5) ¥K]�


1537 {[Pt(C^N^C)(pyCOA15C5)]2 ¥K}�


986 {[Pt(C^N^C)(pyCOA15C5) ¥Ba]ClO4}�


5 817 [Pt(C^N^C)(pyC�CB15C5) ¥Na]�
833 [Pt(C^N^C)(pyC�CB15C5) ¥K]�
1627 {[Pt(C^N^C)(pyC�CB15C5)]2 ¥K}�
1031 {[Pt(C^N^C)(pyC�CB15C5) ¥Ba]ClO4}�


7b 1102 {[Pt(trpy)(Ph2PB15C5) ¥Na](ClO4)2}�


1209 {[Pt(trpy)(Ph2PB15C5) ¥K](PF6)2}�


1117 {{[Pt(trpy)(Ph2PB15C5)]2 ¥K}(PF6)3}2�


1316 {[Pt(trpy)(Ph2PB15C5) ¥Ba](ClO4)3}�


9 1019 {[Pt(trpy)(pyC�CB15C5) ¥Na](ClO4)2}�


1126 {[Pt(trpy)(pyC�CB15C5) ¥K](PF6)2}�


1034 {{[Pt(trpy)(pyC�CB15C5)]2 ¥K}(PF6)3}2�


1233 {[Pt(trpy)(pyC�CB15C5) ¥Ba](ClO4)3}�
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can be concluded that the aggregation or oligomerization
process is influenced by both steric and Coulombic effects.
The cation-binding properties of the crown ether-contain-


ing complexes have been studied. The spectral changes upon
addition of guest metal ions for complexes 5 and 9 were
monitored by electronic absorption and 1H NMR studies, and
the stability constants were determined. Complex 5 was found
to have larger binding constants than its terpyridyl analogue
complex 9. This has been attributed to the absence of charge
in complex 5, which could give rise to stronger binding
affinities for metal ions. The ion-binding properties have
further been confirmed by positive ESI mass spectrometry. In
general, 1:1 adducts were observed for the binding of Na� and
Ba2�, while both 1:1 and 2:1 adducts were observed for K�.
The lack of UV/Visible spectral changes in 1, 3, and 7 upon
metal ion-binding establishes the importance of electronic
communication between the receptor site and the chromo-
phoric moieties.


Experimental Section


Materials and reagents : Dichloro(1,5-cyclooctadiene)platinum(��), potassi-
um tetrachloroplatinate(��), and 2,2�:6�,2��-terpyridine were obtained from
Strem Chemicals Inc. 2,6-Diphenylpyridine was obtained from Lancaster
Synthesis Ltd. Ph2PB15C5,[15] Ph2PDMP,[15] pyCOA15C5,[16] pyCON(CH2-


CH2OCH3)2,[16] pyC�CB15C5,[17] and pyC�CDMP[17] were synthesized
according to modifications of the methods described in the literature.
[Pt(trpy)(MeCN)](OTf)2[2b] and [Pt(C^N^C)(dmso)][10b] were synthesized
according to the published procedures. All solvents were purified and
distilled by standard procedures before use. All other reagents were of
analytical grade and were used as received.


Physical measurements and instrumentation : UV/Vis spectra were ob-
tained on a Hewlett ± Packard 8452A diode array spectrophotometer, IR
spectra as KBr disks on a Bio-Rad FTS-7 Fourier transform infrared
spectrophotometer (4000 ± 400 cm�1), and steady-state excitation and
emission spectra on a Spex Fluorolog 111 spectrofluorimeter. Solid-state
photophysical studies were carried out with solid samples contained in a
quartz tube inside a quartz-walled Dewar flask. Measurements on the
alcoholic and butyronitrile glasses or solid-state samples at 77 K were
conducted similarly, with a liquid nitrogen-filled optical Dewar flask.
Excited state lifetimes were measured with a conventional laser system.
The excitation source was the 355 nm output (third harmonic, 8 ns) of a
Spectra-Physics Quanta-Ray Q-switched GCR-150 pulsed Nd-YAG laser
(10 Hz).


All solutions for photophysical studies were degassed on a high-vacuum
line in a two-compartment cell consisting of a 10 ml Pyrex bulb and a 1 cm
path-length quartz cuvette, and sealed from the atmosphere by a Bibby
Rotaflo HP6 Teflon stopper. The solutions were subject to at least four
freeze ± pump ± thaw cycles.
1HNMR (400 MHz) spectra were recorded on a Bruker DPX 400 FT-NMR
spectrometer at 298 K, and chemical shifts are reported relative to Me4Si.
31P{1H} NMR (162 MHz) spectra were recorded on a Bruker DPX 400 FT-
NMR spectrometer, and chemical shifts are reported relative to 85%
H3PO4. Positive-ion FAB mass spectra were recorded on a Finnigan
MAT 95 mass spectrometer, and positive ESI mass spectra on a Finni-
gan LCQ mass spectrometer. Elemental analyses of the new complexes
were performed on a Carlo Erba 1106 elemental analyzer at the Institute of
Chemistry, Chinese Academy of Sciences.


The electronic absorption spectral titration for determination of binding
constants was performed with a Hewlett ± Packard 8452A diode array
spectrophotometer at 25 �C, controlled by a Lauda RM6 compact low-
temperature thermostat. Supporting electrolyte (0.1 moldm�3 nBu4NPF6)
was added to maintain a constant ionic strength of the sample solution in
order to avoid any changes arising from a change in the ionic strength of the
medium. Binding constants for 1:1 complexation and both 1:1 and 2:1


stoichiometries were determined by nonlinear least-squares fits to Equa-
tions (1) and (2), respectively, the derivations of which were described
previously.[2e, 12]


X�X0�
X lim �X0


2�Pt�T
{[Pt]T� [Mn�]� 1/Ks� [([Pt]T� [Mn�]


� 1/Ks)2� 4[Pt]T [Mn�]]1/2} (1)


In Equation (1) X0 and X are the absorbance of the complex at a selected
wavelength in the absence and in the presence of the metal cation,
respectively, [Pt]T is the total concentration of the complex, [Mn�] is the
concentration of the metal cation Mn�, Xlim is the limiting value of
absorbance in the presence of excess metal ion, and Ks is the stability
constant.


X� X0


�Pt�T
[Pt]1�


X lim


�Pt�T
[Pt ¥ Mn�]� 2X lim


�Pt�T
[Pt2 ¥Mn�] (2)


where


[Pt ¥Mn�]� a


2K21


[Pt]1�
a


2K21K11�Mn��


[Pt2 ¥Mn�]� a2


4K21K11�Mn��


a��1�K11[Mn�]�
�����������������������������������������������������������������������������
1�K11�Mn��	2 � 4K21K11�Mn���Pt�T


�


where [Pt]1 is the concentration of complex in the unbound state, [PtMn�]
and [Pt2Mn�] are the concentrations of the 1:1 and 2:1 ion-bound adducts,
respectively, and K11 and K21 are the respective stability constants for 1:1
and 2:1 complexation.
1H NMR (400 MHz) titration experiments with 5 and 9 were performed on
a Bruker DPX 400 FT-NMR spectrometer. The initial 1H NMR spectrum
was recorded, and aliquots of sodium perchlorate were added by micro-
syringe. After each addition and thorough mixing, the spectrum was
recorded and changes in the chemical shifts of certain protons were noted.
The computer program EQNMR[18] was used for data treatment and the
stability constants were obtained from knowledge of the concentration of
each component and the observed chemical shift for each data point.


CCDC-178442 (1), CCDC-178443 (3), and CCDC-178444 (7a) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.can.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.
uk).


Syntheses of platinum(��) complexes


[Pt(C^N^C)(Ph2PB15C5)] (1): Ph2PB15C5 (50 mg, 0.11 mmol) was added
to a solution of [Pt(C^N^C)(dmso)] (50 mg, 0.10 mmol) in chloroform
(10 mL). The resulting solution was stirred at room temperature under
nitrogen for 2 h. Upon addition of n-hexane, yellow solids were obtained,
and these were then filtered and dried. Recrystallization by layering of n-
hexane onto a concentrated solution of 1 in dichloromethane gave the
product as yellow crystals. Yield: 80 mg, 92%. 1H NMR (CDCl3): �� 7.81
(d, J� 11.1 Hz, 2H; �PPh2), 7.79 (d, J� 11.5 Hz, 2H; �PPh2), 7.64 (t, J�
7.9 Hz, 1H; dppy), 7.52 (dd, J� 1.4 Hz, J�� 12.1 Hz, 1H;�C6H3�), 7.35 (m,
11H; �C6H3�, �PPh2, dppy), 6.91 (t, J� 7.5 Hz, 2H; dppy), 6.84 (dd, J�
2.0 Hz, J�� 8.4 Hz, 1H;�C6H3�), 6.69 (t, J� 7.4 Hz, 2H; dppy), 6.28 (d, J�
7.5 Hz, 2H; dppy), 4.14 (m, 2H; C6H3OCH2�), 3.87 (m, 2H; C6H3OCH2�),
3.70 ppm (m, 12H; �OCH2�); 31P{1H} NMR (CDCl3): �� 29.0 ppm
(J(P,Pt)� 4082 Hz); positive-ion FAB-MS: m/z : 876 [M]� ; elemental
analysis calcd (%) for C43H40NO5PPt (876): C 58.90, H 4.57, N 1.60; found:
C 58.91, H 4.56, N 1.62.


[Pt(C^N^C)(PPh2DMP)] (2): The procedure was similar to that used for
complex 1, except that Ph2PDMP (35 mg, 0.11 mmol) was used in place of
Ph2PB15C5. Yield: 72 mg, 97%. 1H NMR (CDCl3): �� 7.82 (d, J� 11.6 Hz,
2H;�PPh2), 7.80 (d, J� 11.6 Hz, 2H;�PPh2), 7.64 (t, J� 7.9 Hz, 1H; dppy),
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7.59 (dd, J� 1.8 Hz, J�� 12.4 Hz, 1H; �C6H3�), 7.40 (m, 11H; �C6H3�,
�PPh2, dppy), 6.92 (t, J� 7.4 Hz, 2H; dppy), 6.88 (dd, J� 2.3 Hz, J��
8.0 Hz, 1H; �C6H3�), 6.69 (t, J� 7.4 Hz, 2H; dppy), 6.28 (d, J� 7.5 Hz,
2H; dppy), 3.90 (s, 3H;�OCH3), 3.50 ppm (s, 3H;�OCH3); 31P{1H} NMR
(CDCl3): �� 29.1 ppm (J(P,Pt)� 4082 Hz); positive-ion FAB-MS:m/z : 746
[M]� ; elemental analysis calcd (%) for C37H30NO2PPt (746): C 59.52, H
4.02, N 1.88; found: C 59.49, H 4.01, N 1.86.


[Pt(C^N^C)(pyCOA15C5)] (3): The procedure was similar to that used for
complex 1, except that pyCOA15C5 (35 mg, 0.11 mmol) was used in place
of Ph2PB15C5. Yield: 70 mg, 94%. 1H NMR (CDCl3): �� 9.12 (d, J�
6.6 Hz, 2H; py), 7.53 (m, 3H; py, dppy), 7.46 (d, J� 7.5 Hz, 2H; dppy),
7.24 (d, J� 8.7 Hz, 2H; dppy), 7.19 (d, J� 7.2 Hz, 2H; dppy), 7.06 (t, J�
7.5 Hz, 2H; dppy), 6.93 (d, J� 7.1 Hz, 2H; dppy), 3.53 ± 3.81 ppm (m, 20H;
A15C5); IR (KBr): � � 1651 (�(C�O)) cm�1; positive-ion FAB-MS: m/z :
749 [M]� ; elemental analysis calcd (%) for C33H35N3O5Pt (748): C 52.94, H
4.68, N 5.61; found: C 52.86, H 4.66, N 5.65.


[Pt(C^N^C)(pyCON(CH2CH2OCH3)2)] (4): The procedure was similar to
that used for complex 1, except that pyCON(CH2CH2OCH3)2 (26 mg,
0.11 mmol) was used in place of Ph2PB15C5. Yield: 59 mg, 89%. 1H NMR
(CDCl3): �� 9.12 (d, J� 6.6 Hz, 2H; py), 7.53 (m, 3H; py, dppy), 7.47 (d,
J� 7.7 Hz, 2H; dppy), 7.26 (d, J� 9.0 Hz, 2H; dppy), 7.20 (d, J� 7.2 Hz,
2H; dppy), 7.08 (t, J� 7.6 Hz, 2H; dppy), 7.00 (d, J� 7.1 Hz, 2H; dppy),
3.73 (m, 4H; �NCH2�), 3.60 (t, J� 1.1 Hz, 2H; �CH2OCH3), 3.53 (t, J�
1.0 Hz, 2H;�CH2OCH3), 3.41 (s, 3H;�OCH3), 3.36 ppm (s, 3H;�OCH3);
IR (KBr): � � 1650 (�(C�O)) cm�1; positive-ion FAB-MS: m/z : 662 [M]� ;
elemental analysis calcd (%) for C29H29N3O3Pt (662): C 52.57, H 4.38, N
6.34; found: C 52.54, H 4.34, N 6.32.


[Pt(C^N^C)(pyC�CB15C5)] (5): The procedure was similar to that used
for complex 1, except that pyC�CB15C5 (40 mg, 0.11 mmol) was used in
place of Ph2PB15C5. Yield: 71 mg, 90%. 1H NMR (CD2Cl2): �� 8.98 (dd,
J� 1.4 Hz, J�� 5.4 Hz, 2H; py), 7.58 (t, J� 7.9 Hz, 1H; dppy), 7.51 (dd, J�
1.5 Hz, J�� 5.4 Hz, 2H; py), 7.48 (d, J� 7.8 Hz, 2H; dppy), 7.29 (d, J�
8.0 Hz, 2H; dppy), 7.25 (dd, J� 1.8 Hz, J�� 8.3 Hz, 1H;�C6H3�), 7.21 (dt,
J� 1.2 Hz, J�� 7.2 Hz, 2H; dppy), 7.12 (d, J� 1.8 Hz, 1H;�C6H3�), 7.06 (dt,
J� 1.4 Hz, J�� 7.5 Hz, 2H; dppy), 6.96 (d, J� 7.1 Hz, 2H; dppy), 6.90 (d,
J� 8.3 Hz, 1H; �C6H3�), 4.19 (m, 4H; C6H3OCH2�), 3.93 (m, 4H;
�OCH2�), 3.76 ppm (m, 8H; �OCH2�); IR (KBr): � � 2206 (�(C�C))
cm�1; positive-ion FAB-MS: m/z : 794 [M]� ; elemental analysis calcd (%)
for C38H34N2O5Pt (793): C 57.50, H 4.28, N 3.53; found: C 57.56, H 4.33, N
3.51.


[Pt(C^N^C)(pyC�CDMP)] (6): The procedure was similar to that used for
complex 1, except that pyC�CDMP (26 mg, 0.11 mmol) was used in place
of Ph2PB15C5. Yield: 60 mg, 91%. 1H NMR (CD2Cl2): �� 8.98 (dd, J�
1.4 Hz, J�� 5.4 Hz, 2H; py), 7.58 (t, J� 7.9 Hz, 1H; dppy), 7.50 (dd, J�
1.5 Hz, J�� 5.4 Hz, 2H; py), 7.48 (d, J� 7.8 Hz, 2H; dppy), 7.30 (d, J�
8.0 Hz, 2H; dppy), 7.25 (dd, J� 1.8 Hz, J�� 8.3 Hz, 1H;�C6H3�), 7.20 (dt,
J� 1.2 Hz, J�� 7.2 Hz, 2H; dppy), 7.12 (d, J� 1.9 Hz, 1H,�C6H3�), 7.06 (dt,
J� 1.4 Hz, J�� 7.5 Hz, 2H; dppy), 6.98 (d,� 7.2 Hz, 2H; dppy), 6.91 (d, J�
8.3 Hz, 1H;�C6H3�), 3.91 (s, 3H;�OCH3), 3.90 ppm (s, 3H;�OCH3); IR
(KBr): � � 2204 (�(C�C)) cm�1; positive-ion FAB-MS: m/z : 663 [M]� ;
elemental analysis calcd (%) for C32H24N2O2Pt (663): C 57.92, H 3.62, N
4.22; found: C 57.90, H 3.64, N 4.21.


[Pt(trpy)(Ph2PB15C5)](X)2 (X�OTf 7a, PF6 7b): Ph2PB15C5 (65 mg,
0.14 mmol) was added to a suspension of [Pt(trpy)(MeCN)](OTf)2
(100 mg, 0.13 mmol) in acetone. The reaction mixture turned from yellow
to a clear orange solution and was stirred under nitrogen for 12 h at room
temperature. Diffraction-quality crystals of 7awere obtained by layering of
petroleum ether onto a concentrated acetone solution of the complex.
Alternatively, after metathesis reaction with Bu4PF6, orange solids of 7b
were collected in methanol by filtration, and were then air-dried.
Subsequent recrystallization by layering of petroleum ether onto a
concentrated acetone solution of the product gave 7b as pale orange
crystals. Yield: 125 mg, 82%. 1H NMR (CD3CN) for 7b : �� 8.62 (t, J�
8.1 Hz, 1H; trpy), 8.46 (d, J� 8.0, 2H; trpy), 8.34 (d, J� 8.0, 2H; trpy), 8.26
(t, J� 7.8 Hz, 2H; trpy), 8.05 (m, 4H; trpy), 7.73 (m, 3H;�PPh2), 7.59 (m,
4H; �PPh2), 7.45 (m, 3H; �PPh2), 7.23 (m, 2H; �C6H3�), 7.10 (dd, J�
2.8 Hz, J�� 8.4 Hz, 1H;�C6H3�), 4.17 (m, 2H; C6H3OCH2�), 3.96 (m, 2H;
C6H3OCH2�), 3.82 (m, 2H; �OCH2�), 3.71 (m, 2H; �OCH2�), 3.65 (m,
2H;�OCH2�), 3.59 ppm (m, 6H;�OCH2�); 31P{1H} NMR (CD3CN): ��
16.0 (J(P,Pt)� 3627 Hz); positive-ion ESI-MS: m/z : 1025 [M�PF6]� ;


elemental analysis calcd (%) for C41H40F12N3O5P3Pt (1170): C 42.05, H
3.42, N 3.59; found: C 42.10, H 3.44, N 3.62.


[Pt(trpy)(Ph2PDMP)](PF6)2 (8): The procedure was similar to that used
for complex 7b, except that Ph2PDMP (46 mg, 0.14 mmol) was used in
place of Ph2PB15C5. Recrystallization by layering of petroleum ether onto
a concentrated acetone solution of the product gave 8 as pale orange
needles. Yield: 105 mg, 77%. 1H NMR (CD3CN): �� 8.63 (t, J� 7.4 Hz,
1H; trpy), 8.48 (d, J� 7.7 Hz, 2H; trpy), 8.38 (d, J� 7.6 Hz, 2H; trpy), 8.26
(t, J� 7.9 Hz, 2H; trpy), 8.07 (m, 4H; trpy), 7.74 (m, 3H;�PPh2), 7.63 (m,
4H; �PPh2), 7.42 (m, 3H; �PPh2), 7.23(m, 2H; �C6H3�), 7.13 (dd, J�
2.9 Hz, J�� 8.4 Hz, 1H; �C6H3�), 3.90 (s, 3H; �OCH3), 3.68 ppm (s, 3H;
�OCH3); 31P{1H} NMR (CD3CN): �� 16.0 ppm (J(P,Pt)� 3625 Hz); pos-
itive-ion ESI-MS: m/z : 895 [M�PF6]� ; elemental analysis calcd for
C35H30F12N3O2P3Pt (1040): C 40.38, H 2.88, N 4.04; found: C 40.32, H
2.87, N 4.06.


[Pt(trpy)(pyC�CB15C5)](PF6)2 (9): The procedure was similar to that used
for complex 7b, except that pyC�CB15C5 (53 mg, 0.14 mmol) was used in
place of Ph2PB15C5. Recrystallization by layering of petroleum ether onto
a concentrated acetone solution of the product gave 9 as bright orange
crystals. Yield: 100 mg, 71%. 1H NMR ((CD3)2CO): �� 9.35 (d, J� 6.8 Hz,
2H; py), 8.78 (m, 5H; trpy), 8.64 (t, J� 7.9 Hz, 2H; trpy), 8.28 (d, J�
6.8 Hz, 2H; trpy), 8.07 (d, J� 6.8 Hz, 2H; py), 7.97 (m, 2H; trpy), 7.29 (dd,
J� 1.9 Hz, J�� 8.3 Hz, 1H;�C6H3�), 7.23(d, J� 1.9 Hz, 1H;�C6H3�), 7.08
(d, J� 8.4 Hz, 1H; �C6H3�), 4.17 (m, 4H; C6H3OCH2�), 3.87 (m, 4H;
�OCH2�), 3.69 ppm (m, 8H; �OCH2�); IR (KBr): � � 2205 (�(C�C))
cm�1; positive-ion ESI-MS: m/z : 942 [M�PF6]� ; elemental analysis calcd
(%) for C36H34F12N4O5P2Pt (1087): C 39.74, H 3.13, N 5.15; found: C 39.75,
H 3.16, N 5.10.


[Pt(trpy)(pyC�CDMP)](PF6)2 (10): The procedure was similar to that used
for complex 7b, except that pyC�CDMP (36 mg, 0.15 mmol) was used in
place of Ph2PB15C5. Recrystallization by layering of petroleum ether onto
a concentrated acetone solution of the product gave 10 as orange crystals.
Yield: 100 mg, 80%. 1H NMR ((CD3)2CO): �� 9.34 (d, J� 6.7 Hz, 2H;
py), 8.77 (m, 5H; trpy), 8.66 (t, J� 7.9 Hz, 2H; trpy), 8.29 (d, J� 6.8 Hz,
2H; trpy), 8.07 (d, J� 6.8 Hz, 2H; py), 7.99 (m, 2H; trpy), 7.30 (dd, J�
1.9 Hz, J�� 8.2 Hz, 1H;�C6H3�), 7.24 (d, J� 2.0 Hz, 1H;�C6H3�), 7.06 (d,
J� 8.3 Hz, 1H; �C6H3�), 3.91 (s, 3H; �OCH3), 3.85 (s, 3H; �OCH3); IR
(KBr): � � 2205 (�(C�C)) cm�1; positive ESI-MS: m/z : 812 [M�PF6]� ;
elemental analysis calcd (%) for C30H24F12N4O2P2Pt (957): C 37.62, H 2.51,
N 5.85; found: C 37.64, H 2.53, N 5.88.


Crystal structure determination : All the experimental details are given in
Table 1. Single crystals of 1 and 3 were obtained by layering of n-hexane
onto concentrated dichloromethane solutions of the respective complexes.
Crystals of 1 and 3mounted in glass capillaries were used for data collection
at 28 �C on a MAR diffractometer with a 300 mm image plate detector
using graphite monochromatized Mo-K� radiation (�� 0.71073 ä). The
images were interpreted and intensities integrated by use of the program
DENZO.[19] The structure was solved by direct methods with the aid of the
SHELXS-97 program[20] on a PC. Pt atoms were located by direct methods.
The positions of the other non-hydrogen atoms were found after successful
refinement by full-matrix, least-squares with the SHELXL-97[21] program
on a PC. The crystallographic asymmetric unit of 1 consists of two formula
units: two molecules and two dichloromethane solvent molecules. In the
final stage of least-squares refinement, all non-hydrogen atoms were
refined anisotropically. For 3, one crystallographic asymmetric unit also
consists of two formula units. In the final stage of least-squares refinement,
all atoms on the crown ether, C(17), and C(50) were refined isotropically,
while the other non-hydrogen atoms were refined anisotropically.


Single crystals of 7a were obtained by layering of petroleum ether onto a
concentrated acetone solution of the complex. An orange crystal mounted
in a glass capillary was used for data collection at 28 �C on a
Rigaku AFC7R diffractometer. The space group was determined on the
basis of systematic absences and on a statistical analysis of intensity
distribution and the successful refinement of the structure was solved by
Patterson methods and expanded by Fourier methods (PATTY)[22] and
refinement by full-matrix, least squares with the TeXsan[23] software
package on a Silicon Graphics Indy computer. One crystallographic
asymmetric unit consists of one formula unit. In the least-squares refine-
ment, all 51 non-hydrogen atoms of the complex cation and 2S atoms were
refined anisotropically, 22 non-hydrogen atoms of the anion and solvent
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molecules were refined isotropically, and 52H atoms at calculated positions
with thermal parameters equal to 1.3 times that of the attached C atoms
were not refined.
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