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Introduction


The remarkable properties of single-walled carbon nanotubes
(SWNTs), first observed in 1993,[1] have attracted interest and
excitement across a broad spectrum of sciences and technol-


ogies including engineering, materials, chemistry, biology and
medicine.[2] Such nanotubes have been found to be metallic or
semiconducting depending on their structure. They are both
immensely strong (a tensile strength similar to that of steel)
and mechanically flexible. They are chemically inert to
corrosion at standard temperatures and pressures and ther-
mally stable to �1000 �C under inert atmospheres. Tradition-
ally SWNTs have been synthesised using electric arc[3] or laser
ablation methods.[4] However, recently it has become appa-
rent that a promising approach for producing SWNTs is via
metal catalysed chemical vapour deposition (CVD) process-
es.[5] Much current research is focussed on finding reaction
conditions that can yield high quality, high purity SWNTs with
a low diameter distribution.
The broad potential of carbon nanotubes, and in particular


single-wall nanotubes, in new generation materials has
generated much interest. Their impressive mechanical and
electronic properties have opened the way for the develop-
ment of new nanotechnologies ranging from high-strength
composite materials to field emission devices.[6, 7] Perhaps
most striking in this respect are the electronic properties
typified by these structures. To date, SWNTs have shown
exceptional current-carrying capacity[8, 9] (electrical conduc-
tivity up to a 1000 times greater than copper)[7] and have
recently been assembled into transistors,[10] diodes,[11] logic
gates[12] and bits of memory.[13] However, in order for
applications of such properties to be realized, reliable
methods must be found for controlling chemical and physical
properties of these materials. Chemical strategies such as
selective functionalization of SWNTs (e.g. with thiol groups)
and attachment to pre-organized surfaces (e.g. gold) presents
one method by which it should be possible to assemble
nanotubes in devices, tune nanotube electronic properties,
and, importantly, provide low-resistance contacts of nano-
tubes to other electronic components. With such techniques in
hand, nanotubes should see application in both the construc-
tion and use of novel nanoscale devices such as biosensors,
fuel cells, and in molecular electronics. Though graphitic
sidewall functionalisation will unavoidably lead to some
modifications of the nanotube delocalised � system, this can
offer a convenient and controllable means of tethering
molecular species.[14]
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Molecular Modification of SWNTs


Though dissolution and manipulation remain problematic, a
number of physical and chemical modifications of SWNTs
have been performed to date. However, a key and as yet
outstanding challenge is the ™purification∫ of carbon nano-
tube electronic properties. External physical modifications of
nanotubes have included interaction with polymers,[15] ionic
functionalization,[16] and adsorption of gases.[17] The physi-
sorption of gases by carbon nanotubes has also been shown to
modify their electronic properties and thus may find use in
new chemical sensing technology. Covalent functionalizations
have employed two general strategies: amide bond formation
at nanotube ends using carboxylate groups,[18] or nonselective
attack of nanotube sidewalls by highly reactive species such as
carbenes,[19] azomethine ylides[20] and aryl diazonium salts.[21]


Characterization of functionalized samples have been per-
formed mostly indirectly and in bulk, making difficult any
interpretation of nanotube ± reagent interactions and leaving
in doubt the role of ever-present (metallic and carbonaceous)
impurities in current carbon nanotube samples.
Recently, in Oxford we have achieved both physical


modification and covalent attachment of quantum dots to
SWNTs.[14] Silver colloids were deposited from a solution
phase organometallic complex onto oxidized SWNT tem-
plates, and the reacted product assessed by transmission
electron microscopy (TEM), energy dispersive X-ray (EDX)
analysis, and atomic force microscopy (AFM), see Figure 1.


Figure 1. Amplitude (error) tapping AFM images of silver clusters grown
on SWNTs by decomposition of (cycloocta-1,5-diene-) (hexafluoroacety-
lacetonato)silver(�). Scale bars 1 �m (left) and 200 nm (right).


Though comparisons between oxidized and native samples
support the importance of oxygen-containing tube sites in
nucleating the deposition of metal particles this is somewhat
difficult to demonstrate unambiguously without the active,


specific, utilization of carboxylate chemistry. To this end we
devised a simple functionalization procedure, Scheme 1. We
can controllably oxidize SWNTs along their lengths and
utilize the carboxylates introduced to tether colloidal gold
particles (ca. 3 nm) via 2-aminoethanethiol linkages. Imaging
the same individual SWNTs before and after reaction proves
chemical attachment to acid groups along SWNT sidewalls
and provides a basis of comparison for a number of different
oxidizing treatments. Before and after imaging of the same
SWNTs also provides a reliable means for distinguishing
colloids from any impurities (usually formed during their
synthesis) present in the deposited SWNTs. Purified and
vacuum annealed (1273 K) SWNTs, show no significant
colloid attachment when subjected to the same reaction
procedure. In order to verify that carboxylic acid groups were
indeed responsible for the observed colloid labeling, control
experiments were performed in which gold colloids were
exposed to oxidised SWNTs without prior 2-aminoethane-
thiol functionalization. Colloid adsorption or attachment was
not observed in this case, presenting strong evidence for the
presence of carboxylic acid groups and their involvement in
successful functionalization. Carrying out such experiments
enables us to determine the location and degree of function-
alization with the gold colloids acting as ™visual∫ chemical
markers as depicted Figure 2.


Figure 2. AFM height image of the same SWNT as imaged before (left)
and after (right) exposure to DCC and 2-aminoethanethiol and 3 nm gold
colloids. Scale bars 200 nm, z scale 0 ± 4 nm.


Employing similar chemical and imaging strategies we have
also been able to introduce starburst polyamideamine (PA-
MAM) dendrimers to the SWNT surface, Scheme 2, Figures 3
and 4. Dendrimers are of particular interest as they have a
great many potential applications ranging from slow release
agents for drug delivery to chemical sensors.[22, 23] Others have
also studied the interaction of SWNTs with dendrimers and
have formed ™nanotube stars∫ with many tubes arranged
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Scheme 1. Coupling chemistry (with carbodiimide) used to tether gold covalently to oxidized sites along SWNTs.
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Figure 3. AFM height image of the same SWNT as imaged before (left)
and after (right) exposure to DCC and a methanolic solution of a
generation 4 PAMAM dendrimer. The light features clearly visible on the
image on the right are not individual dendrimer molecules but 2 ± 3 mole-
cule (presumably H-bonded) aggregates. The expected diameter of a
generation 4 PAMAM dendrimer is 4 ± 5 nm. The nanotube in the left hand
topograph is tip-broadened. Scale bar 350 nm, z scale 0 ± 5 nm.


Figure 4. Ball and stick model of a G4 PAMAM dendrimer with hydrogen
atoms omitted for clarity. Theoretical height ca. 4.5 nm.


together in a ™dandelion clock∫ formation joined at the core
by a dendrimer molecule.[24]


Biomodification of SWNTs


Using similar (carbodiimide) coupling chemistry, the surface
amine groups of biomacromolecules (DNA, proteins, en-
zymes) can be coupled to the carboxylate moieties of nano-
tubes in aqueous solution. In initial experiments, two robust
metalloproteins, cytochrome c and ferritin, were examined.
Cytochrome c is an electron transport protein found in the
(inner) eukaryotic membranes of mitochondria where it plays
an important role in respiration. The protein contains a redox-
active c-type heam and is approximately 3 nm (�13 kDa) in
size (Figure 5). Ferritin is a 24-subunit (�13 nm diameter)


Figure 5. a) Cytochrome c molecules along an un-oxidized SWNT on a
mica surface observed to be clean before protein exposure. b) Amplitude
AFM image of ferritin molecules along a refluxed SWNT on silica, from a
solution reaction of ferritin and SWNTs. Scale bar 400 nm, z scale 0 ± 7 nm.
c) Three-dimensional representation of ferritin molecules adsorbed along a
single SWNT on SiO2.


major, non-haem, iron storage protein found in animals,
plants and microorganisms.
Through aqueous-phase incubation of suspended (oxi-


dized) SWNTs with micromolar buffered protein solution,
in the presence or absence of a chemical coupling reagent,
robust adsorption of the biomolecule occurs. The biomolec-
ular coverage attainable is observed to be a sensitive function
of not only the protein concentration, but also the quality of
nanotube suspension and incubation time. Figure 5a) shows
an array of individual cytochrome c molecules, which can be
resolved along the length of a SWNT. The adsorption of these
proteins (and others including catalase, azurin and glucose
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Scheme 2. Chemistry used to covalently attach PAMAM dendrimers to oxidized sites along SWNTs.
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oxidase) is pH and ionic strength independent (to at least 1�
KCl) and cannot be significantly alleviated through the
addition of anionic or neutral surface-active agents (such as
SDS or Triton X) to either the ™reaction mixture∫ or to the
nanotubes subsequent to ™reaction∫.


Electroanalytical SWNTs


The electronic properties of carbon nanotubes have made
them suitable candidates for the promotion of heterogeneous
electron transfer studies. Promising voltammetric results have
been obtained with both single-walled and multiwalled nano-
tubes in recent years.[25±27] The surface oxygen functionalities
and high surface area of the structures give nanotube electro-
des a characteristically high capacitance (indeed, they have
been cited as possible components of ™supercapacitors∫[28]). In
our experiments we have (predictably) determined the mass
or surface area-specific capacitance to be greater with acid-
refluxed SWNTs (�100 Fg�1 or�1 Fcm�2) than with vacuum
annealed SWNTs (in which the oxygen functionalities have
been largely lost) and more than one order of magnitude
greater than a typical carbon macroelectrode. The redox
response of functional groups present on oxidized nanotubes
commonly give such electrodes a characteristic background
™fingerprint∫. By modifying macro (typically 2 ± 4 mm diam-
eter) carbon electrodes (edge plane graphite or glassy carbon)
with SWNTs (drop drying or spin coating), a high surface area
sensor is generated which displays a greatly enhanced faradaic
response to the presence of redox active (diffusive) solution
species. In Figure 6 the comparative voltammetric responses


Figure 6. Comparative faradaic responses (100 mVs�1) of a glassy carbon
macroelectrode to 2 m� 1,5-AQDS before and after modification with
acid-refluxed SWNTs.


to a sulfonated anthraquinone (Scheme 3) of a glassy carbon
electrode before (red) and after (blue) SWNT modification
are shown. Such results are typical and observable with


Scheme 3. The structure and redox activity of water-soluble anthraqui-
nones.


a variety of anionic, cationic and neutral redox species. With
positively charged redox species, such as ruthenium hexamine,
time and pH dependent electrostatic adsorption at the
oxidised SWNT surface leads to voltammetry with both an
adsorbed and diffusive component. It is worth noting that the
electron transfer kinetics obtained at such nanotube electro-
des are comparable (Table 1) to those at planar graphitic
surfaces with the redox systems we have analysed.


Bioelectrochemical studies, that is the analysis of the redox
processes associated with a biological macromolecule, have
led to a greatly improved understanding of fundamental
electron and energy transducing pathways ubiquitous in
nature and also to the development of biosensing devices.
Central to these studies has been the development of
procedures whereby delicate biomolecules ™communicate∫
electrically with the interface of man-made circuitry. Much
effort has been expended to refine both the generation of such
interfaces and the analysis of responses subsequently ob-
tained.[29, 30] Several years ago we suggested that MWNTs
could act as conduits of electrical current between such
electrochemical interfaces and metalloproteins/enzymes.[31]


One can imagine that a pure SWNT represents the ultimate
in terms of wiring a single protein/enzyme molecule (for
example, one immobilized at a nanotube terminus) to a
circuit. The nanometre size of the electrode and the combined
sensitivity and facile substrate diffusion inherent in such a
construction are significant in terms of the development of
improved high-sensitivity molecular sensors.
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Table 1. The kinetics of electron transfer of anthraquinones adsorbed on
acid refluxed SWNT-coated electrodes (evaluated at 200 mVs�1).[a]


Anthraquinone Electrode � ks [s�1]


AQMS EPG 0.40 0.52
0.40 0.23


SWNTs on GC 0.22 0.67
0.76 0.63


SWNTs on Au 0.11 0.36
0.89 0.38


1,5-AQDS SWNTs on EPG 0.14 0.76
0.77 0.63


[a] SWNT-coated GC (glassy carbon) and EPG (edge plane graphite) were
scanned in pH 7.5 100 m� phosphate buffer, and SWNT-coated gold and
bare EPG in 100 m� HClO4. � is the charge transfer coefficient and ks
denotes the heterogeneous electron transfer rate constant.
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Experiments have demonstrated that an oxidized SWNT
electrode surface behaves largely (in terms of its communi-
cations with metalloproteins and enzymes) in the same way as
polished (oxidized) glassy carbon or edge plane carbon
surfaces. In this vein, for example, robust electrochemical
responses, at comparable half-wave potentials, are obtainable
from diffusive cytochrome c. Interestingly, these responses
are typically weak unless the nanotube electrodes are electro-
chemically ™pre-activated∫. This process (involving a pro-
longed anodic poise) presumably leads to increased surface
functionalisation of the nanotube–in essence, making it
™more biocompatable∫.[32, 33]


Amperometric biosensors are based on the ability of
enzyme adlayer to transduce the turnover of substrate into a
detectable, reliably quantifiable, current. This transduction is
carried out either through monitoring the direct voltammetric
response of the enzyme or, more commonly, by monitoring
the catalytic enhancement in diffusive voltammetry of a
suitable mediator (redox iron complexes, such as ferrocene
have been popular in this context). Glucose oxidase (GOX) is
a flavin enzyme used commercially on a massive scale to
monitor the blood glucose levels in diabetics. Prolonged
incubation of SWNTs (oxidized or otherwise) with glucose
oxidase leads to an effective coating of the nanotube with
enzyme[34] (Figure 7a). If bio-
sensor applications, which
may take advantage of the
high biological loadings pos-
sible, are to be feasible, it is
important that this robust
immobilization can take
place without gross loss of
enzyme activity. The treat-
ment of such ™bio-SWNT∫
electrodes with both a diffu-
sive mediator and equilibriat-
ed glucose substrate leads to
the observation of a catalytic
anodic wave (Figures 7b and
8). The magnitude of this
catalytic response is more
than one order of magnitude
greater (for the same enzyme,
substrate and mediator con-
centrations) than that ob-
served at an activated macro
carbon electrode and is aided
not only by the high enzyme
loading possible but also by
the electrical transducing
ability of the nanotube sup-
port itself. Knowing that met-
alloproteins in solution are
able to communicate electro-
chemically with oxidized
SWNTs at an electrode sur-
face and that bioimmobilisa-
tion, at high loading, can
occur with retention of activ-


Figure 7. a) TMAFM amplitude micrograph of a GOXmodified SWNT in
which a high degree of enzyme loading is apparent. Scale bar 200 nm.
b) Voltammetric response of such nanotubes in the absence (lower curves)
and presence (upper curves) of substrate, �-�-glucose.
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Figure 8. Schematic representation of the ™SWNT Glucose Biosensor∫. Solution-phase �-glucopyranose is
turned over by oxidase enzymes immobilized on the nanotubes. This redox process at the enzyme flavin moieties
is ™communicated∫ to the nanotube � system through the diffusive mediator ferrocene monocarboxylic acid. The
redox action of the ferrocenes at the nanotube surface ultimately generates a quantifiable catalytic current
characteristic of substrate detection and turnover.
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ity, one naturally sets about investigating whether metal-
loproteins immobilized on a nanotube surface can communi-
cate directly with the nanotube � system. It is worth noting
here that direct electrochemical communication between the
flavin active site of GOX immobilized in this way and the
nanotube is not possible. As is characteristic with many
similar enzyme systems, the tunnelling distance between the
(redox) active site and any underlying support/electrode
remains too great for this to be feasible. In cases where
electrochemical responses have been observed, these, invar-
iably, have been due to free flavin moieties lost from
denatured enzyme. With cytochrome c it is known that the
partial solvent exposure of the c-type haem aids not only its
redox-communication with natural partners (such as cyto-
chrome c oxidase) but also enables electrochemistry at
graphitic or modified metal electrodes to be facile.[35] By
physisorbing the cytochrome on oxidized SWNTs a faradaic
response, indicative (in this case) of direct haem-nanotube
(� ±�) communication is, indeed, observable (Figure 9b).


Figure 9. a) Schematic representation of the (�13 kDa) redox-active
respiratory protein cytochrome c. The solvent-exposed haem moiety is
highlighted. b) Redox activity (FeII/FeIII) of a cytochrome c modified
SWNT in 100 m� potassium phosphate buffer, pH 7.4, 100 mVs�1.


Conclusion


By marrying the surface assembly and molecular recognition
properties ubiquitous in proteins and enzymes with the
molecular electronic properties of carbon nanotubes, it may
be possible to generate unique sensing devices. More gen-
erally, the interactions between biomaterials and nanoscale


structures lie central to the development/fabrication of
miniature bio-devices. Key to this will be the ability to both
understand and control interactions at the relevant surfaces
and, in particular, to ensure that the biological support
remains ™biocompatible∫. We have herein reviewed the
molecular and biomolecular SWNT functionalization experi-
ments carried out in our laboratories in recent years. Though
chemically quite inert, the graphitic walls on these molecules
can be functionalised with a reasonable level of control.
Though, for reasons of effective dispersion, the majority of
this functionalization has been carried out in organic solvent,
aqueous phase dispersion and modification can be used to
controllably generate bio-functionalised carbon nanotubes.
This work has progressed to the point where these interac-
tions can be refined and analysed at a molecular level. These
nanotubes exhibit electrical properties which can be utilised
in voltammetric studies. The facile faradaic (electron transfer)
kinetics (comparable to those observed at other carbonaceous
electrodes) and the high surface areas generated at carbon
nanotube electrodes makes them viable in electroanalytical
devices. The SWNT surfaces provide a biocompatible and
highly conductive support on which high levels of biological
loading are attainable with comparative ease. This biofunc-
tionalised surface can exchange electrons with solution-phase
redox-active species or the redox-active prosthetic groups of
immobilised metalloproteins. Either mechanism can be uti-
lised in the generation of SWNT-based biosensing devices. If
the chemical and physical manipulation of these structures
can be refined to a sufficient extent one may fantasise about
aligned arrays[36] of individually addressable enzyme-loaded
nanotubes in simultaneous high-sensitivity multi-analyte
detection.
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Pairs of Piedfort units (the Piedfort notation
comes from special coins struck at double
thickness for collectors) form a supramolec-
ular [6]chochin analogue (similar in shape to
Japanese lanterns) and ™Big Mac∫-like
structures. For more details see the follow-
ing pages.
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Supramolecular [6]Chochin and ™Big Mac∫[�] Made from
Chiral Piedfort Assemblies
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Petros P. Korkas,[b] and Petra Bombicz[a]


Dedicated to Professor Jack D. Dunitz on his 80th birthday


Abstract: Facile chemical synthesis of
the natural chiral-pool-derived host 1
and its subsequent crystallization (™su-
pramolecular synthesis∫) from different
solvents yielded crystalline assemblies.
Crystal structure determinations of five
of the so formed solvent-inclusion com-
pounds (1a ± 1e) reveal hexagonal sym-
metries in four cases. The structural
characteristics of these chiral host ±
guest ensembles with varying stoichio-
metries can be best described as assem-


blies formed through intra-pair hydro-
gen bridges of host molecules into
Piedfort pairs of differing complexity.
Hitherto undescribed, these Piedfort
pairs also form even larger regular
assemblies that we designate ™Big


Mac∫-like shapes. In the only nonhex-
agonal case, six independent host mole-
cules form a huge supramolecular ana-
logue of [6]benzocyclophane, also
known as [6]chochin, extending this
giant supermolecule through intermo-
lecular hydrogen bonds into macroscop-
ic (mm-size) dimensions. As all these
crystals are inherently chiral, and new
model systems for solid-state applica-
tions can be envisaged.


Keywords: chiral Piedfort unit ¥
crystal engineering ¥ host-guest
system ¥ self-assembly ¥ supra-
molecular chemistry


Introduction


Investigation of sym-threefold-substituted aromatic mole-
cules is the focus of research for many reasons, not in the
least for their aesthetic appeal.[1] A certain amount of research
has been devoted to the utilization of threefold symmetry for
nonlinear optics (NLO) applications,[2] but other areas such as
molecular paneling through coordination,[3] tailoring extra-
large pores,[4] extending dimensions into the nanosize do-
main,[5] use in chemical reactions such as asymmetric catal-
ysis,[6] providing self-assembling metallacycles,[7] and selective
binding of ionic and neutral guest species[8] are also well
represented.


The so-called Piedfort-type assemblies (named after the
special coins struck at least with double thickness for
collectors) constitute an interesting class of inclusion host
compounds that are also based on sym-trisubstituted mole-
cules.[9] Interest arose among others due to their promising
NLO activity.[2] Supramolecular self-assembly of molecules
yields the original triazine-ring-based Piedfort complexes.
Evidence shows that such difficult Piedfort arrangements may
be also constructed from a pure benzene core.[10] Benzene
rings with proper 1,3,5-trisubstitution yield an unequal
electron density distribution with threefold symmetry. Thus
it is possibile to self-complement themselves by using electro-
static interactions by Piedfort pairing.
In search of new types of Piedfort assemblies we recently


studied a series of crystal structures involving compound 1.
These not only gave aesthetic crystal structures, but also
revealed curious structural properties. The findings prompted
us to report on five crystal structures of inclusion compounds
formed with 1; these are the first examples of chiral Piedfort
associates.


Results and Discussion


Molecular design and synthesis : Actually, compound 1 was
contrived along with similar compounds with chiral molecular
recognition in mind by using the chiral pool and the rigid
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molecular frame concept.[11] Making use of borneol units as
chiral building blocks and ethynyl spacers appended to a sym-
trisubstituted benzene core provides alternating polarization
on the one hand and properly shaped spacers and electrostatic
shielding on the other. Following this molecular design, the
synthesis of 1 (Scheme 1) started with (�)-camphor (2), which


Scheme 1. Synthesis of compound 1.


was ethynylated with lithium acetylide/ethylenediamine and
ethyne to give the ethynyl-substituted borneol 3.[12] Com-
pound 3 was then coupled with tribromide 4 according to the
methods of Hagihara[13] and Austin[14] to yield 1. Slow
evaporation of saturated solutions of 1 from their respective
guest solvents gave the corresponding inclusion crystals 1a ±
1d ; compound 1e was obtained from toluene that apparently
contained traces of water.


Structural study : The five crystal structures of inclusions of 1
(1a ± 1e and Table 1) prove that hydrogen-bonding-aided
Piedfort formation occurs (Figure 1) with characteristic mean


Figure 1. Binding of guest molecules in ™Big Mac∫ fashion in 1a (1 ¥DMF
1:1) showing Piedfort units. Shaded polygons indicate spaces between rings,
™buns∫ atop and below represent the shielding regions of the two Piedfort
pairs.


plane distances of about 3.4 ä (Tables 2 and 3). Apparently
host 1 not only complements itself via the Piedfort pairing, but
also fixes this supramolecular structure through well-defined
hydrogen bonds (Table 4) between the OH functions of
neighboring side arms (Figure 1). This is a recurring and
evidently powerful motif. The host behavior also corresponds
to the expected ™coordinatoclathrate∫ feature:[15] the binding
of all guest solvents occurs through hydrogen bonding to the
host OH functions and encapsulation into the space between
next Piedfort units; we call this the supramolecular ™Big Mac∫
(Figure 1). This supramolecular arrangement of four hosts
and the guests resembles the cuisine analogue in that respect,
too, that guest molecules act like the filling between the two
Piedfort pairs. The Piedfort stacks are placed nearly twice as
far from each other as the rings within the stacks (Tables 2 and
3). This building method is employed in many Piedfort
structures, though its presence was not recognized ear-
lier.[2c, 3, 9, 10, 16]


Moreover, these crystalline architectures evolve to a
pattern of increasing complexity as one proceeds from the
highly symmetric smaller structures (1a, 1b, and 1c) to the
more complex ones (1d and 1e). One can thus divide the
crystal structures into three classes based on the different
Piedfort stacking of the host molecules, for example, on the
organization of Piedfort stacks into ™BigMac∫-like assemblies
and their placement in their respective crystal lattices.
An example of the first type of packing arrangements is


shown in Figure 2. In the isostructural[17] compounds 1a, 1b


Chem. Eur. J. 2003, 9, 3741 ± 3747 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3743


Abstract in Hungarian: A terme¬szet kira¬lis ke¬szlete¬boÕl egy-
szeruÕ ke¬miai szinte¬zissel eloÕa¬llÌtottuk 1 gazda-molekula¬t e¬s
k¸lˆnbˆzoÕ oldo¬szerekboÕl valo¬ krista¬lyosÌta¬sa¬val (™szupramo-
lekula¬ris szinte¬zis∫) a krista¬lyos asszocia¬tumait. Az Ìgy ke¬pzoÕ-
dˆtt ˆt oldo¬szer za¬rva¬ny (1a ± 1e) krista¬lyszerkezete¬nek meg-
hata¬roza¬sa ne¬gy esetben hexagona¬lis szimmetria¬t ta¬rt fˆl. E
va¬ltozo¬ sztˆchiometra¬ju¬, kira¬lis gazda-vende¬g egy¸ttesek szer-
kezeti rendszere¬t legjobban asszocia¬tumaikon bel¸l H-hidak-
kal ˆsszetartott, k¸lˆnfe¬le bonyolultsa¬gu¬ Piedfort-pa¬rokba
rendezett gazda molekula¬k ta¬rsula¬sake¬nt jellemezhetj¸k. A
Piedfort pa¬rok eddig le nem Ìrt mo¬don a¬llnak ˆssze me¬g
nagyobb szaba¬lyos asszocia¬tumokka¬, amelyeket ™Big Mac∫
alakzatoknak nevez¸nk. Az egyetlen nem-hexagona¬lis esetben
hat f¸ggetlen gazda molekula alkot egy o¬ria¬s, szupramoleku-
la¬ris [6]benzociklofa¬n (™[6]chochin∫) analo¬got, intermoleku-
la¬ris H-hidak re¬ve¬n kiterjesztve ezt az o¬ria¬s szupermolekula¬t a
makroszko¬pikus (mm-es) me¬retekre. Mivel mindegyik krista¬ly
eredendoÕen kira¬lis, szila¬rdfa¬zisu¬ alkalmaza¬sok u¬j model
rendszereit la¬tjuk benn¸k.







FULL PAPER M. Czugler, E. Weber et al.


and 1c, all host molecules have molecular threefold symmetry
that arises from the corresponding threefold rotation axes
they sit on (space group P63 for 1a, 1b, and 1c,
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Table 1. Crystal data and structure refinement details of compounds 1a ± 1e.


1a 1b 1c 1d 1e


formula C42H54O3 ¥C3H7NO C42H54O3 ¥C3H6O C42H54O3 ¥C2H4O2 C42H54O3 ¥ 2.5C2H6O C42H54O3 ¥ 1/6H2O
T [K] 293(2) 293(2) 293(2) 293(2) 293(2)
crystal system hexagonal hexagonal hexagonal hexagonal triclinic
space group P63 (No. 173) P63 (No. 173) P63 (No. 173) R3 (No. 146) P1 (No. 1)
a [ä] 19.268(1) 19.349(3) 19.326(1) 19.348(3) 16.909(1)
b [ä] 19.268(1) 19.349(3) 19.326(1) 19.348(3) 18.772(1)
c [ä] 19.415(1) 18.628(6) 18.678(5) 42.266(8) 21.346(1)
� [�] 90 90 90 90 111.46(1)
� [�] 90 90 90 90 103.38(1)
� [�] 120 120 120 120 107.74(1)
V [ä3] 6242.2(6) 6040(2) 6042(2) 13702(4) 5538.4(5)
Z 6 6 6 12 6
�calcd [Mgm�3] 1.085 1.097 1.100 1.050 1.097
crystal size [mm] 0.30� 0.25� 0.18 0.50� 0.45� 0.40 0.40� 0.20� 0.14 0.50� 0.50� 0.45 0.50� 0.30� 0.25
2� completness [%] 99.0 95.3 99.3 97.0 99.4
reflections collected 11421 12758 21069 8047 24436
independent reflctions/Rint 4337/0.040 4979/0.063 8007/0.038 6101/0.026 23417/0.020
data/restraints/paramerters 4337/267/452 4979/571/447 8007/286/442 6101/1200/650 23417/3477/2503
goodness-of-fit on F 2 0.90 0.92 0.97 1.11 0.99
final R1/wR2 [I� 2�(I)] 0.0446/0.1034 0.0950/0.2467 0.0377/0.0926 0.0969/0.2665 0.0663/0.1764
R1/wR2 (all data) 0.0860/0.1218 0.1597/0.2790 0.0779/0.1040 0.1229/0.2874 0.1002/0.1988
largest difference peak/hole [eä�3] 0.18/� 0.13 0.26/� 0.28 0.15/� 0.14 0.33/� 0.32 0.41/� 0.24


Table 2. Piedfort distances (dP), ™Big Mac∫ distances (i.e., distances
between two innermost ring centers of consequtive Piedfort pairs in a
™Big Mac∫ sandwich, dB), and angles of Piedfort aromatic ring centers in
1a ± 1d and with mean values with sample standard deviations of six values
for 1e.


dP [ä] dB [ä] Angle [�]


1a 3.346 6.362 180.0
1b 3.326 5.988 180.0
1c 3.346 5.993 180.0
1d 3.334 6.773 180.0
1e 3.57(12) 7.15(13) 172(6)


Table 3. Six independent residue center distances [ä] in Piedfort pairs and their
respective angles of adjoining Piedfort aromatic ring centers in 1e as compared for
those in [4]chochin[19c] (tetramethyl quadruple-layered cyclophane, refcode
MPCPHT10 in CSD[26]), the only structure of a close covalent analogue of
[6]cyclophane known to date.[a]


1e 1 2 3 4 5 6 1ii A1 ¥¥ ¥ A2 ¥¥ ¥ A3 Residues [�]


6i 3.537 175.7 5i ¥ ¥ ¥ 6i ¥ ¥ ¥ 1
1 3.730 176.0 6 ¥¥ ¥ 1 ¥¥ ¥ 2
2 3.577 176.3 1 ¥¥ ¥ 2 ¥¥ ¥ 3
3 3.426 172.2 2 ¥¥ ¥ 3 ¥¥ ¥ 4
4 3.743 161.5 3 ¥¥ ¥ 4 ¥¥ ¥ 5
5 3.447 164.8 4 ¥¥ ¥ 5 ¥¥ ¥ 6
6 3.537 175.7 5 ¥¥ ¥ 6 ¥¥ ¥ 1ii


[4]chochin 2 3[b] A1 ¥¥ ¥ A2 ¥¥ ¥ A3 Residues [�]


1 3.021 176.8 1 ¥¥ ¥ 2 ¥¥ ¥ 3
2 3.029


[a] Symmetry operators: i : x, y, z� 1; ii : x, y, z� 1; 1a� 1 ¥ DMF 1:1, 1b� 1 ¥ ace-
tone 1:1, 1c� 1 ¥ acetic acid 1:1, 1d� 1 ¥ EtOH 2:5, 1e� 1 ¥H2O 6:1. [b] Residue 3 is
the symmetry equivalent of residue 1 in [4]chochin.[19c]


Table 4. Hydrogen bridge geometries in 1a ± 1e.


D�H ¥¥¥A[a] d(D�H) [ä] d(H¥¥¥A) [ä] d(D¥¥¥A) [ä] D�H ¥¥¥A [o]


1a[b] O11C�H11 ¥¥¥O13i 0.85 2.09 2.894(4) 156.6
O13�H13 ¥¥¥O12 0.85 2.01 2.832(3) 162.3
O12�H12 ¥¥¥O1d4ii 0.69 2.13 2.760(4) 152.3


1b[b] O11�H11 ¥¥¥O13iii 0.82 2.06 2.831(7) 156.0
O12�H12 ¥¥¥O11iv 0.82 2.17 2.948(8) 157.7
O13�H13 ¥¥¥O14v 0.85 2.01 2.86(1) 179.8


1c[b] O11�H11 ¥¥¥O12vi 0.82 1.99 2.778(2) 161.5
O12�H12 ¥¥¥O414 0.82 2.09 2.870(2) 159.0
O13�H13 ¥¥¥O11vii 0.82 2.03 2.806(2) 158.5
O404�H404 ¥¥¥O13viii 1.07 1.72 2.750(2) 159.1


1d[b] O11�H11 ¥¥¥O26 0.85 1.88 2.732(7) 179.9
O12�H12 ¥¥¥O13 0.85 1.97 2.821(6) 179.7
O13�H13 ¥¥¥O25ix 0.82 2.12 2.877(8) 153.5
O14�H14 ¥¥¥O26x 0.82 2.19 2.87(1) 140.4
O25�H1f5 ¥¥¥ O26 0.83 2.15 2.94(1) 156.1
O27�H17 ¥¥¥O28 0.85 1.55 2.19(7) 128.6


1e[c] O1(1)�H1(1) ¥¥ ¥ O1��(2) 0.82 2.24 2.930(5) 142.3
O1(2)�H1(2) ¥¥ ¥ O1(4) 0.82 2.5 2.926(3) 113.5
O1�(2)�H1�(2) ¥¥ ¥ O1��(3) 0.82 2.16 2.905(5) 151.0
O1��(2)�H1��(2) ¥¥ ¥ O1(1) 0.82 2.37 2.930(5) 126.7
O1(3)�H1(3) ¥¥ ¥ O1x 0.82 2.14 2.84(1) 143.0
O1�(3)�H1�(3) ¥¥ ¥ O1(4) 0.82 2.1 2.832(3) 147.7
O1��(3)�H1��(3) ¥¥ ¥ O1�(4) 0.82 2.1 2.846(4) 150.9
O1(4)�H1(4) ¥¥ ¥ O1�(3) 0.82 2.15 2.832(3) 140.9
O1�(4)�H1�(4) ¥¥ ¥ O1��(3) 0.82 2.43 2.846(4) 112.8
O1��(4)�H��(4) ¥¥ ¥ O1(3) 0.82 2.06 2.841(3) 158.7
O1(5)�H(5) ¥¥ ¥ O1x 0.82 2.13 2.890(8) 154.3
O1(5)�H(5) ¥¥ ¥ O1y 0.82 2.35 2.99(2) 135.5
O1�(5)�H�(5) ¥¥ ¥ O1�(6) 0.84 2.05 2.894(5) 179.8
O1�(1)�H�(1) ¥¥ ¥ O1�(6xi) 0.82 2.12 2.881(4) 155.3
O1��(1)�H��(1) ¥¥ ¥ O1��(6xi) 0.82 2.46 3.156(4) 143.4


[a] Crystallographic symmetry codes to generate atoms: i� y, �x � y, �1/2�
z ; ii�� y, x� y, z ; iii� 2� x, 2� y, 1/2� z ; iv� x, y, 1� z ; v� 2� y, 1� x� y,
�1� z ; vi�� x, 2� y,�1/2� z ; vii� 1� x, y, 1� z ; viii� 1� x, 2� y,�1/2� z ;
ix�� 1/3� x,�2/3� y, 1/3� z ; x� 2/3� x � y, 7/3� x, 1/3� z ; xi� x, y, z � 1.
[b] Only asymmetric unit contacts are shown for 1a ± 1d. Thus the total number
hydrogen bonds is actually three times higher due to the threefold symmetry.
[c] Both the disordered water sites have hydrogen bridges to O1(5), hence, this
is counted as one hydrogen bond.
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Figure 2. Packing diagram of 1a with the ™Big Mac∫ constructs sitting at
cell corners, while other threefold axes are occupied by lone host molecules.
This framework applies for both 1b and 1c.


Table 1).[18] In these inclusion crystals only two of the three
independent molecules, both at {0,0,z}, form Piedfort assem-
blies that act as hosts. The third, passive molecule resides on a
threefold axis at {1/3,2/3,z}. This class of molecules of 1 can be
seen as ™self-enclathrated∫ in the ™BigMac∫ framework at the
cell corners (Figure 2).
The structure of 1d with its large R3 unit cell (Table 1)


reveals the second kind of molecular self-assembly and
association, governed by the interplay with the ethanol guests.
Compound 1d now has all threefold axis sites, both at {0,0,z}
and at {1/3,2/3,z}, occupied by Piedfort stacks, unlike in 1a ±
1c, and is now built on a modified Big Mac; the guests are
bound between intra-pair hydrogen-bonded (Table 4) Pied-
fort units and single hosts flanking both sides of the Piedfort
units (Figure 3). Stacked hosts on independent axes are half-
way raised to each other resulting in the approximate
doubling of the c axis to �42 ä as compared with �19 ä
for the c axis in 1a, 1b, and 1c, or �21 ä for the c axis in 1e.
The third structure type is found in 1e (Figure 4, Tables 2


and 3) with the odd stoichiometry of six host molecules 1 and
one water molecule. The first difference is the triclinic P1
space group (Table 1). Six independent host molecules,
propagated by translations along the c axis, clasp themselves
into an infinite stack of Piedfort pairs, to give complete,
infinite, and macroscopic Piedfort embrace of almost mm-
size. Further peculiarity arises from a topological analysis of
the placements of the aromatic rings together with the large
number of independent hydrogen bonds (Table 4). Fourteen
hydrogen bridges link all these molecules in the cell together.
The analysis reveals an amazing similarity of these links with
the covalent bond arrangement observed in the covalent
[6]chochin molecule[19] (Figure 4). If we consider the topo-
logical role of hydrogen bonds to be like that of covalent
bonds, then the similarity of the planar molecular graph
(Figure 5) in the 1e crystal and of the covalent [6]chochin is
evident. Consequently a whole series of cyclophanes and their
fascinating supramolecular anaolgues can be constructed.


Figure 3. Packing excerpt from the crystal of 1d showing two asymmetric
units of truncated hosts and guests. All but the OH hydrogen atoms and
most of the borneol skeleton as well as methyl termini for guests are
omitted for clarity.


Comparison of the covalent constructs against the supra-
molecular ones is illuminating. Firstly, the softer supramolec-
ular links do not force the aromatic rings to bend, while
interplanar distances indicate the presence of strong base-
stacking. Secondly, the ring centres are aligned quite well
(Table 1).


Conclusion


The C3-symmetrical compound 1, which was synthesized by
Pd-catalyzed coupling (Scheme 1), has proven to be the first
example of a chiral Piedfort assembly. The respective
structures unravel a startling regularity that partly pertains
to their host behavior. Their structural characteristics suggests
that the new threefold-symmetrical chiral selector extends the
crystal engineering possibilities through solvent tuning.[20] The
odd structure of 1d is also a prototype of an infinite polymeric
stack of host 1. The multiple hierarchy of the self-assembly of
1 holds promising application possibilities of supramolecular
synthesis,[21] including new NLO model systems.[22]


Experimental Section


General methods : The NMR spectra were recorded on a Bruker MSL300
spectrometer at 25 �C. Chemical shifts are reported in ppm with TMS as an
internal standard (�� 0 ppm). IR spectra were obtained using a Perkin-
Elmer 1600 FT-IR instrument. The FAB mass spectrum was determined on
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a Kratos Concept 1H instrument. The elemantal analysis was performed
with a Heraeus CHN rapid analyzer.


Starting materials : (�)-2�-Ethynyl-1,7,7-trimethylbicyclo[2.2.1]heptane-
2�-ol (3) was synthesized in 90% yield by ethynylation of (�)-(�)-camphor
(2) with lithium acetylide/ethylenediamine and ethyne in benzene accord-
ing to the literature.[11, 12] 1,3,5-Tribromobenzene (4) was purchased from
Aldrich.
(�)-2�2�����-[Benzene-1,3,5-triyltri(ethyne,2,1-diyl)]tris(1,7,7-trimethylbi-
cyclo[2.2.1]heptan-2�-ol) (1): A solution of tribromide (4) (3.20 g,
10 mmol) and ethynyl compound 3 (5.70 g, 32 mmol) in triethylamine/
toluene (2:1, 120 mL) was degassed with argon and treated with the catalyst
composed of palladium(��) acetate (25 mg), triphenylphosphane (75 mg),
and copper(�) iodide (25 mg), under gentle reflux to yield a red solution and
a grey solid. After 5 h at reflux, the mixture was cooled to room
temperature, the solid (triethylamine hydrobromide) was filtered off, and
the solvent removed. The remaining solid was taken up with diethyl ether
(250 mL), washed with 10% aqueous hydrochloric acid, water, saturated
aqueous sodium bicarbonate, then water, in this sequence. Evaporation of
the diethyl ether and recrystallization from ethanol/diethyl ether (2:1)
yielded a clathrate (1 ¥ 2EtOH), which decomposed on heating in vacuum
(0.01 Torr) for 12 h at 120 �C to give pure 1 as colorless solid (5.21 g, 86%).
M.p. �310 �C; [�]20D ��25.1 (c� 2.1 in diethyl ether); 1H NMR (300 MHz,
CDCl3): �� 0.91 (s, 9H; CH3), 1.01 (s, 9H; CH3), 1.12 (s, 9H; CH3), 1.17 ±
1.24 (m, 3H; bornyl), 1.47 ± 1.58 (m, 3H; bornyl), 1.69 ± 1.82 (m, 6H; CH2),
1.89 ± 1.95 (m, 6H; CH2), 2.02(s, 3H; OH), 2.28 ± 2.32 (m, 3H; CH-bornyl),
7.38 ppm (s, 3H; ArH); 13C NMR (100.6 MHz, CDCl3): �� 10.4 (CH3), 21.0
(CH3), 21.4 (CH3), 27.0 (CH2), 32.6 (CH2), 45.5 (CH), 48.0 (CH2), 48.3 (qC),
53.9 (qC), 78.4 (C�OH), 82.1 ppm (C�C�Ar), 94.7 (C�C�Ar), 123.7
(Ar�C�C), 134.0 (Ar�H); IR (KBr): �	 � 3465 (OH), 3001 (ArH), 2952,
2875 (CH, bornyl), 2235 (C�C), 1581 (C�C, Ar), 1060 (C�O), 878 cm�1


(ArH); FAB-MS (mNBA�NaOAc): m/z : 629.4 [M��Na]; elemental
analysis calcd (%) for C42H54O3: C 83.12, H 8.97; found C 82.96, H 9.13.


X-ray structure determination : Crystal data and other pertinent details of
the structure determinations are summed up in Table 1. Suitable single
crystals for the diffraction experiments were grown by slow evaporation of
their respective guest solvents in parafilm semisealed ampoules. Com-
pound 1e was an exception in that respect; these crystals were formed from
toluene that apparently either contained traces of water or absorbed
moisture from the air. X-ray data sets were collected on automated four-
circle instruments with CuK� radiation in all but one case (1b, MoK�). Initial
structure models were obtained by SHELXS-97;[23] in the case of 1d and 1e
(1e by CRUNCH[24]) only after considerable difficulties. Full-matrix least-
squares refinement[25] on F 2 proceeded smoothly for 1a, 1b, 1c, and 1e, less
trivially for 1d in which extensive disorder in the guest sites occurred.
CCDC-166400, CCDC-166401, CCDC-166402, CCDC-166403, and CCDC-
166404 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge, CB2 1EZ, UK, (fax:(�44)1223 ± 336 ± 033; or
deposit@ccdc.cam.ac.uk).
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Figure 4. Top and side views of the asymmetric unit and crystal structure of
1e with relevant features emphasized, such as hydrogen bonds and ring
stacks; irrelevant H atoms are omitted, borneol C atoms are depicted with
glassy bonds to ensure clarity.


Figure 5. Planar molecular graph representations of a) 1d, with forward
hydrogen bond contacts shown in full lines and backward ones with broken
lines; arrows indicate hydrogen bond connections between next unit cells;
b) [6]Chochin, reprinted with permission from reference [19b].
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Cation Sensors Based on Terpyridine-Functionalized Boradiazaindacene


Christine Goze,[a] Gilles Ulrich,[a] LoÔc Charbonnie¡re,[a] Miche¡ le Cesario,[b]
Thierry Prange¬,[c] and Raymond Ziessel*[a]


Abstract: A new class of highly lumi-
nescent dyes is reported. The character-
istic feature of these compounds is that a
terpyridine fragment is closely append-
ed to a boradiazaindacene moiety in
such a way that cation binding to the
vacant terpyridine causes strong pertur-
bations of the photophysical properties
of the boradiazaindacene unit. In partic-
ular, these sensors are especially appli-


cable to the fluorescence detection of
trace quantities of zinc(��) ions in solu-
tion. The mechanism of the cation-
induced quenching process has been
investigated by a combination of elec-


trochemistry, UV/Vis absorption, emis-
sion, and NMR spectroscopy. Highly
luminescent arrays can be formed by
doping transparent polymers with low
concentrations of these new dyes. In
such materials, the change in photo-
physical properties upon cation binding
is so marked that ™cation writing∫ be-
comes feasible under routine conditions.


Keywords: detectors ¥ lumines-
cence ¥ N ligands ¥ polymers ¥
triethylenetetramine


Introduction


Highly luminescent materials have attracted considerable
attention over the past few decades, boosted by potential
applications in medical diagnostics, molecular biology, mo-
lecular recognition, and material science.[1±4] Many elegant
scaffolds, such as preorganized molecular pockets,[5, 6] fluo-
rescent tweezers,[7] and molecular beacons[8] have been
investigated in an attempt to identify alternative ways for
effective detection of those charged species, saccharides, or
oligonucleotides that play a fundamental role in biological
and environmental processes. Most of the systems developed
to date use optical variations as the output signal, and in some
cases the transduction process is rather efficient.[8] While
organic chromophores dominate the field, there is intense
interest in designing alternative systems bearing disparate
functions (e.g., photo- or electroactivity) or recognition sites
and possessing easily modified organic shells. We have


focused our investigations on ruthenium[9] and lanthanide[10]


complexes for which fine-tuning of the electronic properties
allows us to detect certain cations or anions in solution.
Usually, the binding event is monitored by changes in the
absorption and fluorescence intensity. Unfortunately, the
performance of these systems has been limited by a range of
factors, not least of which is the modest variation in emission
yield upon substrate binding and light dissipation due to
detrimental non-radiative deactivation pathways. Recently, a
new class of chromogenic reagents for optical detection was
discovered. These compounds highlight the advantage of
using a hybrid approach in which the chromophore is directly
linked to the complexation pocket.[11, 12]


Herein, we describe the concept of attaching a very efficient
fluorescence reporter, which is based on a 4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene (BODIPY) chromophore, to a
2,2�:6�,2��-terpyridine (terpy) fragment. The overall intention
has been to produce molecular sensors that can be monitored
physically or chemically and that respond to added cations.
These novel ligands are termed BODITERPY. The choice of
2,4-dimethyl-3-ethylpyrrole (Kryptopyrrol)[13] was motivated
for synthetic reasons and by the fact that such materials
usually impart high fluorescence quantum yields to the
subsequent conjugate,[14] while terpy subunits are known to
be excellent cation binders.


Results and Discussion


The novel BODITERPY dyes 1 and 2 where prepared
according to Scheme 1 and unambigously characterized by
mass spectrometry and elemental analysis [FAB� m/z, m-
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NBA, 550.3 (100, [M��H]) for 1 and 536.2 for 2 (100,
[M��H])]. Both ligands exhibit well-defined 1H, 11B, and
13C NMR spectra, while full assignment of the protons was
realized by way of 2D COSY ans NOESY experiments. The
absence of dipolar correlation between vicinal pyridine rings
strongly supports the idea of a trans conformation for the
pyridine rings of both free ligands. On the basis of symmetry
considerations, Cs and C2v point groups for 1 and 2,
respectively, it was concluded that the terpy and indacene
mean planes are orthogonal in solution.


The X-ray structure determi-
nation of ligand 1 (Figure 1a)
confirmed the orthogonal
placement of the terpy and
dipyrrolic fragments and that
the molecule is sterically con-
gested. The dihedral angles of
6.5(1)� between the planes of
the rings containing the N1A
and N1B nitrogen atoms and
2.9(2)� between the planes of
the rings containing N1A and
N1C nitrogen atoms, respec-
tively, illustrate the twist about
the interannular C�C bond.
There is slight distortion within
the terpy unit, which is evi-
denced by the dihedral angle
of 8.3(2)� between the pyridino
N1B and N1C nitrogen atoms.
As surmised from the results of
the NMR studies, all three ni-


trogen atoms of the terpy moiety lie in a transoidal arrange-
ment that minimizes electrostatic interactions between the
neighboring lone pairs, a situation frequently found in
oligopyridine ligands. Interestingly, the indacene fragment is
almost planar (the maximum deviation from the least-squares
mean plane of the 12 atoms of the indacene group is
0.081(2) ä) and perpendicular to the mean plane defined by
the chelate (tilt angle of 89.48(7)�). A striking result revealed
by the crystal packing is the cofacial arrangement of two
molecules caused by � ±� stacking of two centrosymmetrical
pyridine rings held apart at an average distance of 3.8 ä.
Furthermore, the pyridine ring (0.5� x,� 0.5� y,� 0.5� z)
not involved in this intermolecular interaction is almost
orthogonal (83�) to the central pyridine (�x,� y,� z) ring of a
neighboring molecule located at a distance of 3.35 ä (Fig-
ure 1b).
Electronic absorption spectra recorded for the new ligands


show the expected features of the constituent BODIPY and
terpy moieties (Figures S1 and S2 in the Supporting Informa-
tion). Both dyes emit around 550 nm with high fluorescence
quantum yields. Spectroscopic and redox data are collected in
Table 1. In general, the Stokes× shift (��� 800 cm�1) and the
short excited singlet state lifetime found for both 1 and 2 are
in keeping with results found for related BODIPY dyes.[15]


The absorption and the emission maxima are essentially
independent of solvent polarity, indicating that there is no
significant change in dipole moment upon excitation. This
finding, in turn, implies that the observed fluorescence is
localized on the BODIPYunit and does not arise as a result of
intramolecular charge transfer. More interestingly, progres-
sive addition of trace amounts of cations resulted in an ™on/off
switching∫ of the luminescence intensity. Presumably, this
latter effect is associated with coordination at the terpy
subunit (Figure 2).
To examine more closely the chelating ability of these


ligands, UV/Vis titrations were carried out in acetonitrile for
increasing quantities of cations. The results are gathered in


Abstract in French: Une nouvelle famille de pigments
extre√mement fluorescents comportant une partie che¬latante de
type terpyridine connecte¬e de faÁon covalente a¡ une entite¬
boradiazaindacene a e¬te¬ synthe¬tise¬e et caracte¬rise¬e. La com-
plexation de cations comme le zinc, le magne¬sium et le
strontium par le site terpyridinique perturbe les proprie¬te¬s
optiques et, en particulier, la luminescence de la sonde
boradiazaindacene. La seule complexation d×un e¬quivalent
de zinc divalent engendre une diminution de la fluorescence de
plus de 90%. Cette observation permet de de¬tecter des traces de
zinc a¡ hauteur de 40 ppb. Les constantes d×association et la
stoechiome¬trie des diffe¬rentes espe¡ces ont e¬te¬ de¬termine¬es par
dosage spectrophotome¬trique et par luminescence dans le cas
du zinc. La phe¬nome¬nologie du processus d×extinction de
luminescence a e¬te¬ e¬tudie¬e par une combinaison d×e¬tudes
e¬lectrochimiques et photophysiques ainsi qu×avec des e¬tudes de
RMN en solution. La re¬versibilite¬ du phe¬nome¡ne et la stabilite¬
des nouvelles mole¬cules a e¬te¬ de¬montre¬e en solution dilue¬e. De
plus, le dopage de polyme¡res transparents de type polyme¬tacrylate
avec ces nouveaux fluorophores permet d×e¬crire au travers d×un
pochoir et d×effacer cette e¬criture avec un compe¬titeur du zinc.
Ces observations sont faites par luminescence a¡ des longueurs
d×ondes standard. Le potentiel de cette nouvelle approche
conceptuelle a e¬te¬ e¬value¬e en guise de conclusion.


Scheme 1. a) TFA cat., DDQ (1 equiv), CH2Cl2, RT; b) TEA, BF3 ¥ Et2O, toluene, 100 �C. Overall yield 8% for 1
and 73% for 2. TFA� trifluroacetic acid, DDQ� 2,3-dichloro-5,6-cyano-1,4-benzoquinone, TEA� triethyl-
amine.
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Figure 1. a) Structure of 1 (with displacement ellipsoids drawn at 50%
probability level and H atoms shown as small spheres of arbitrary radii).
b) Illustration of the significant role played by � ±� stacking interactions in
the crystal structure of ligand 1.


Figure 2. Overlay of luminescence spectra recorded during the titration of
2 with Zn2� ions in CH3CN at 20 �C, showing the progressive decrease in
intensity and red shift noted for the emission peak on coordination of the
cation to the vacant site on terpyridine.


Table 2 and in all cases, the absorption spectra clearly show a
bathochromic shift of the main absorption band at 280 nm
upon addition of the cation, with a concomitant appearance of


a new band centered around 310 nm (Figure 3). The band at
280 nm is attributed to a mixture of ���* and n��*
transitions localized on the terpy unit, and the bathochromic
shift is a clear indication that complexation involves this part
of the molecule.[16] A less pronounced bathochromic shift of
the absorption band at 518 nm was also observed (Figure 3).
This absorption transition corresponds to population of the
first singlet excited state centered on the BODIPY frag-
ment.[17] The observed spectral shift is attributed to a
combination of conformational changes and electronic per-


Table 1. Spectroscopic[a] and redox[b] data for the two ligands at 298 K.


Compound �abs �max �F �F[c] �F kr[d] knr[d] Eoxy (�Ep) Ered (Ep)
[nm] [��1 cm�1] [nm] [%] [ns] [108 s�1] [107 s�1] [V] ([mV]) [V] ([mV])


1 529 67000 552 56 4.8 1.17 9.17 � 1.02 (60) � 1.22 (72)
2 529 72000 548 87 5.3 1.65 2.45 � 1.11 (70) � 1.14 (60), �1.74 (70)
[a] Determined in dichloromethane: 2.8� 10�5� for 1 and 1.8� 10�5� for 2, �exc� 529 nm. [b] Potentials determined by cyclic voltammetry in deoxygenated
acetonitrile solution containing 0.1� TBAPF6 at a solute concentration of 1.5� 10�3�. Potentials were standardized by using ferrocene (Fc) as internal
reference and converted to SSCE assuming that E1/2 (Fc/Fc�)� 0.37 V versus SSCE. All redox events are monoelectronic. Error on all half-wave potentials is
�10 mV. [c] Determined in dichloromethane: 3.2� 10�7� for 1 and 4.5� 10�7� for 2. Using Rhodamine 6G as reference �F� 0.76 in water, �exc� 488 nm.[21]
All �F are corrected for changes in refractive index. [d] Calculated by using the following equations: kr��F/�F, knr� (1��F)/�F, assuming that the emitting
state is produced with unit quantum efficiency.


Table 2. Cumulative stability constants for complexation of 1 and 2 with
various cations (added as their hydrated perchlorate salts) in acetonitrile
(0.01� TBAPF6, 298 K).


Mn� L log�11 log��11[a] log�12 log��12[a]


Zn2� [b] 1 8.4� 0.5 ± 14.8� 0.5 ±
Zn2� [c] 2 8.2� 0.5 7.4� 0.4 14.3� 0.7 12.3� 0.5
Mg2� 2 6.3� 0.2 ± 11.8� 0.4 ±
Ca2� 2 6.6� 0.4 ± 12.5� 0.6 ±
Sr2� [d] 2 6.4� 0.3 ± 11.3� 0.2 ±


[a] Determined by fluorescence spectroscopy over two different titrations,
�exc� 316 nm. [b] An additional [M2L3] species was evidenced with
log�23� 29.0� 0.7. [c] Average value taken over four different titrations
performed by direct addition of the cation to a ligand solution (three
times), and one reversed addition. [d] An additional [ML3] species was
found with log�13� 16.4� 0.2.
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Figure 3. Evolution of the UV/Vis absorption spectra of a solution of 2
upon addition of increasing amounts of zinc(��) perchlorate in CH3CN,
0.01� TBAPF6 (corrected for dilution).


turbations associated with complexation at the terpy unit.
That the two subunits interact was apparent from the results
of a 1H NMR titration study carried out with 2 ; pronounced
NOE effects were found between the neighboring H3 and H3�
protons of the terpy core and between H3� and the methyl
groups of the indacene subunit.
For Zn2�, Mg2�, Ca2�, and Sr2� ions, analysis of the UV/Vis


spectrophotometric titration data with ligand 2 required the
presence of two major components and lead to the formation
of the cation complexes. This behavior is interpreted in that
complexation involves both 1:1 and 1:2 cation/ligand stoi-
chiometries (Table 2). From the titration of Zn2� ions with
ligand 2, the evolution of the spectra was fitted to a
mathematical model that includes these two species and
which allows the calculation of their concentrations (Fig-
ure 4). The absorption spectra of the new species were
reconstituted as sketched in Figure 5. These data confirm
the bathochromic shift of the singlet transition and of the � ±
�* absorption band of the terpy moieties. As expected, ZnII


ions display the strongest affinity for the ligand, as evidenced


Figure 4. Calculated concentrations of the species observed during the
titration of 2 with zinc(��) perchlorate in CH3CN, 0.01� TBAPF6 (un-
corrected for dilution).


Figure 5. Calculated absorption spectra of the species observed during the
titration of 2 with zinc(��) perchlorate in CH3CN, 0.01� TBAPF6.


by the derived stability constants. With the alkaline-earth
metals, the ML complexes are two orders of magnitude less
stable than for the corresponding ZnII complexes and no
significant selectivity could be observed on moving down the
series from Mg2� to Sr2�. In the case of the bigger strontium
ion, an additional ML3 species was observed in the presence of
a large excess of the ligand. Interestingly, in the case of the
monovalent cations K�, Na�, Li�, NH4�, and the tetraalky-
lammonium ions R4N�, complexation is too weak to cause
significant perturbation of either the UV/Vis absorption
spectrum or the visible fluorescence spectrum. Similarly, no
effect could be detected upon addition of CF3COOH in
acetonitrile.
In the case of ZnII ions, there is a clear isosbestic point at


316 nm that can be used to simplify analysis of the corre-
sponding fluorescence titrations. Thus, values obtained by
fluorescence spectroscopy for the stepwise complexation of
Zn2� to 2 are in good agreement to those obtained by
absorption spectroscopy (Table 2). For ligand 2, the addition
of one equivalent of Zn2� results in the loss of 90% of the
initial luminescence intensity (Figure 2). This is a useful
finding because, when taken with the high fluorescence yield
found in the absence of cation, it allows detection of ZnII ions
at low concentration (lower limit is ca. 40 ppb).[18] Complete
recovery of the fluorescence signal is observed upon addition
of a competing ligand such as triethylenetetraamine (Fig-
ure 6). At least three full cycles can be performed without
degradation of the dye.
UV/Vis titration experiments with ligand 1 and Zn2�


pointed to the presence of an additional species with a M2L3
formulation, which was corroborated by 1H NMR titration
experiments. The presence of up to three new species in
solution renders the interpretation of the quenching process
hazardous.
Both BODITERPY ligands exhibit well-defined, quasi-


reversible oxidation of the indacene to the radical cation,
although 1 is easier to oxidize by 90 mV due to the combined
electron-donating effect of the terpy substituents and to the
substitution pattern. This electronic effect is also reflected in
the cathodic part of the voltamogram which shows that the
indacene radical anion in ligand 2 is easier to obtain by about
80 mV than that in ligand 1 (Table 1). Interestingly, stepwise
addition of 2 (in portions corresponding to 0.5 equiv) to a
solution of anhydrous Zn(OTf)2 resulted in the formation of
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[Zn(2)] and [Zn(2)2]; the two complexes show marked
different electrochemical properties. For both complexes,
the indacene radical anion is formed at a potential that is
240 mV less negative than that of the free ligand 2. However,
the most spectacular changes are found for the first reduction
of the terpy fragment which occurs at�1.41 V (�Ep� 60 mV)
and �0.96 V (�Ep� 60 mV) for [Zn(2)] and [Zn(2)2], re-
spectively, Both potentials are markedly less cathodic than
needed for reduction of the terpy fragment in the free ligand,
reflecting the inductive effect of the cation. It is noteworthy
that the free ligand and the two cation complexes exhibit a
quasi-reversible oxidation peak at �1.11 V (�Ep� 70 mV),
which is attributed to oxidation of the indacene unit (under
the same conditions an authentic sample of [Zn(terpy)2]
showed no oxidation peaks).
These electrochemical results permit a discussion of the


possible light-induced electron transfer processes that might
be anticipated to take place within the various zinc(��)
complexes. Thus, taking into account the first oxidation
process in [Zn(2)] and the energy required to populate the
first singlet excited state (E00� 2.3 eV), the oxidation poten-
tial for this excited singlet state can be approximated as
E2�/2*�� 1.19 V. Bearing in mind that the first terpy-based
reduction of the [Zn(2)] complex occurs at �1.41 V it follows
that an oxidative photoinduced electron transfer from the
indacene unit to the adjacent (Zn ± terpy) fragment is
thermodynamically unfavorable. The same calculation for
[Zn(2)2] indicates that light-induced electron transfer within
the complex is thermodynamically favored by about 230 mV.
We should note, however, that formation of the 1:2 complexes
causes only a modest decrease in the fluorescence intensity
relative to that of the 1:1 complex.
The mechanism by which cation complexation causes


extinction of fluorescence from the BODIPY fragment is
not yet clear. Fluorescence from the Zn ± terpy unit[19] in
[Zn(2)] can be detected at around 365 nm and this emission is


much less intense in [Zn(2)2],
when excited at 315 nm. It is
likely that singlet ± singlet ener-
gy transfer decreased from the
Zn ± terpy unit to the nearby
BODIPY fragment but this is
not sufficient to explain the
observed decrease in fluores-
cence from the indacene part of
the molecule. For instance, di-
rect excitation of the indacene
singlet at 529 nm while adding
increasing amounts of zinc re-
sults in a similar quenching phe-
nomenon. Low-temperature
steady-state emission studies re-
corded in an EtOH/CH3OH 4:1
glass at 77 K did not detect a
low-lying excited state originat-
ing from a spin-orbit coupling.[20]


Thus, additional studies are
needed to elucidate the quench-
ing mechanism.


Finally, the marked change in fluorescence intensity found
between BODITERPY and its zinc(��) complex provides the
basis for fluoroimaging. To test this possiblity a poly(methyl-
methacrylate) polymer film (Mw� 95000, Mn� 65000) was
doped with 2 (0.5% wt) to produce a highly fluorescent plastic
material that could be shaped at will (Figure 7a). Exposure of
this film through a shadow mask to a solution of a zinc(��) salt
caused the appearance of a red non-luminescent image on the
green luminescent background (Figure 7b). This nonlumines-
cent image is extremely stable (over ten months up to now),
and could be transferred to a conductive support or reversibly
erased by treatment with a zinc competitor. Interestingly, this
positive image could be erased by spraying in a second step
triethylenetetramine in acetonitrile. As shown in Figure 7c,
the luminescence of the dye is restored and the zinc image is
implicit. Control experiments carried out with compounds
lacking the terpy subunit but carrying a toluyl fragment
(Figure 7d), revealed no significant change in the brightness
of the fluorescence upon exposure to the cation (Figure 7e).
Further examination of these systems are underway in our
laboratory to provide spatially controlled microstructures in
the dimension perpendicular to the underlying substrate.


Experimental Section


General : CH2Cl2 and toluene were distilled over P2O5 and sodium,
respectively, prior to use. 4�-Formyl-2�:2��;6��:2���terpyridine was synthesized
according to reference [22] . The 200 (1H), 50.3 (13C), and 128.4 (11B) MHz
NMR spectra were recorded at room temperature on a Bruker AC 200
spectrometer (1H, 13C) or Bruker 400 avance series spectrometer (11B).
FTIR spectra were recorded as KBr pellets on a Nicolet 210 spectrometer
or as liquid (solvent CH2Cl2) on a Perkin ±Elmer Spectrum One
spectrometer. Chromatographic purifications were conducted by using
40 ± 63/63 ± 200 �m silica gel or aluminum oxide 90 standardized obtained
from Merck. Thin-layer chromatography (TLC) was performed on silica
gel or aluminum oxide plates (Merck) coated with fluorescent indicator.
All mixtures of solvents are given in v/v ratio. The solvents used for photo-


Figure 6. The upper curve shows the fluorescence intensity I recorded as a function of time t for 1.7 �� of ligand
2 in acetonitrile under aerobic conditions at 20 �C; x corresponds to the number of added equivalents of
Zn(ClO4)2 ¥ 6H2O and y corresponds to the number of equivalents of triethylenetetramine added. The slot times
are two minutes in each case and the values are corrected for minor effects of dilution.
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physical measurements were spectroscopic grade dichloromethane and
acetonitrile, used without further purification. UV/Vis spectra were
recorded on a Uvikon 933 spectrophotometer. Excitation and emission
spectra were recorded on a Perkin Elmer LS50 B spectrofluorimeter.
Luminescence quantum yields were measured in dichloromethane using
Rhodamine 6G in water as reference (�� 0.76).[21] Luminescence lifetimes
were measured on a PTI QuantaMaster spectrofluorimeter.


Cyclic voltammetric studies were carried by using a conventional 3-elec-
trode set-up on a BAS CV-50W voltammetric analyser equipped with a Pt
microdisc working electrode and a platinum wire counter electrode. A
platinum wire soaked in acetonitrile containing the supporting electrolyte
is used as pseudo reference electrode. Ferrocene was used as an internal
standard and was calibrated against a saturated calomel reference
electrode (SCE) separated from the electrolysis cell by a glass frit pre-
soaked with electrolyte. Solutions contained the electroactive substrate in
deoxygenated anhydrous acetonitrile containing tetra-n-butylammonium
tetrafluoroborate (0.1�) as supporting electrolyte. The quoted half-wave
potentials were reproducible to within 10 mV.


4,4-Difluoro-8-(6���-methyl-2�:2��;6��:2���-terpyridin-6�-yl)-1,3,5,7-tetramethyl-
2,4-diethyl-4-bora-3a,4a-diaza-s-indacene (1): A mixture of 6-formyl-6��-
methyl-2:2�;6�:2��-terpyridine[23] (0.125 g, 0.45 mmol), kryptopyrrole
(135 �L, 0.99 mmol), and trifluoroacetic acid (35 �L) in anhydrous CH2Cl2
(50 mL) was stirred at room temperature during one week. DDQ (107 mg,
0.49 mmol) was added and the solution was stirred for 4 h. The solvent was
removed and the residue was filtered on Al2O3 (CH2Cl2/methanol 99:1).
The dipyrromethene was then dissolved in degassed toluene and triethyl-
amine was added (250 �L, 1.8 mmol). After two minutes BF3 ¥ Et2O
(210 �L, 1.7 mmol) was added dropwise to the solution and the mixture
was heated at 80 �C for 6 h. The mixture was then washed with a 10%
aqueous NaHCO3 solution, the organic layer dried over MgSO4, and the
solvent was evaporated. Chromatography on Al2O3 (CH2Cl2/hexane, with a
gradient from 2:8 to 4:6) afforded the desired compound as a red powder
(20 mg, 8%). 1H NMR (CDCl3): �� 0.99 (t, 3J� 7.5 Hz, 6H), 1.29 (s, 6H),
2.31 (q, 3J� 7.5 Hz, 4H), 2.56 (s, 6H), 2.67 (s, 3H), 7.22 (d, 3J� 7.5 Hz, 1H),
7.45 (dd, 3J� 7.5 Hz, 4J� 1.0 Hz, 1H), 7.77 (t, 3J� 7.5 Hz, 1H), 7.92 (t, 3J�
8.0 Hz, 1H), 7.99 (t, 3J� 8.0 Hz, 1H), 8.45 (d, 3J� 8.0 Hz, 1H), 8.48 (dd,
3J� 8.0 Hz, 4J� 1.0 Hz, 1H), 8.51 (dd, 3J� 8.0 Hz, 4J� 1.0 Hz, 1H),
8.78 ppm (dd, 3J� 8.0 Hz, 4J� 1.0 Hz, 1H); 13C{1H} NMR (CDCl3): ��
11.9 (CH3), 13.0 (CH3), 15.0 (CH3), 17.5 (CH2), 25.1 (CH3), 118.5 (CH),
121.3 (CH), 121.6 (CH), 121.9 (CH), 123.8 (CH), 124.8 (CH), 131.2, 133.2,
137.4 (CH), 138.0, 138.1 (CH), 138.3, 138.4 (CH), 154.4, 154.9, 155.0, 155.9,


156.2, 157.0, 158.4 ppm; 11B NMR (CDCl3): �� 3.93 ppm (t, JB,F� 32.7 Hz);
UV/Vis (CH2Cl2, 23 �C): �max (�, ��1cm�1)� 288 (42800), 529 ppm (67000);
FAB�/MS (m-NBA):m/z (%): 550 (100) [M��H]; elemental analysis calcd
(%) for C33H34BF3N5: C 72.13, H 6.24, N 12.75; found: C 71.85, H 5.93, N
12.54.


4,4-Difluoro-8-(2�:2��;6��:2���terpyridin-4��-yl)-1,3,5,7-tetramethyl-2,4-diethyl-
4-bora-3a,4a-diaza-s-indacene (2): A solution of 4�-formyl-2�:2��;6��:2���ter-
pyridine (0.5 g, 1.9 mmol), 2,4-dimethyl-3-ethylpyrrole (570 �L, 4.2 mmol)
and trifluoroacetic acid (150 �L) in dry CH2Cl2 was stirred at room
temperature during one week. DDQ (0.42 g, 1.93 mmol) was added and the
solution stirred for 4 h. The solution was washed with a saturated aqueous
solution of NaHCO3 and the organic layer dried over MgSO4. A short
chromatography column (Al2O3, CH2Cl2/MeOH 99:1) was used to purify
the free indacene. This intermediate was dissolved in toluene (200 mL),
triethylamine (500 �L) and BF3 ¥ Et2O (350 �L, 2.8 mmol) were added to
the solution. The solution turned red immediately and was allowed to stir
one day at room temperature. The slurry was washed with a saturated
aqueous solution of NaHCO3, the organic layer was dried and chromatog-
raphy (Al2O3, gradient CH2Cl2/hexane 20:80� 50:50) afforded the title
compound as a red powder (0.73 g, 73%). 1H NMR (CDCl3): � 0.96 (t, 3J�
7.5 Hz, 6H), 1.43 (s, 6H), 2.28 (q, 3J� 7.5 Hz, 4H), 2.55 (s, 6H), 7.52 (ddd,
J� 7.5 Hz, J� 4.6 Hz, J� 1.2 Hz, 2H), 7.90 (td, 3J� 7.8 Hz, 5J� 1.8 Hz, 2H),
8.54 (s, 2H), 8.66 ± 8.72 ppm (m, 4H); 13C{1H} JMOD NMR (CDCl3): ��
12.7 (CH3), 14.4 (CH3) 14.8 (CH3), 17.5 (CH2), 121.1 (CH), 122.3 (CH),
123.7 (CH), 131.5, 134.0, 134.4, 135.1, 136.8 (CH), 149.1, 149.2 (CH), 150.5,
155.6, 155.9 ppm; 11B NMR (CDCl3): �� 3.86 ppm (t, JB,F� 32.75 Hz); UV/
Vis (CH2Cl2, 23 �C): �max (�, ��1cm�1)� 239 (38500), 279 (25700), 376
(8400), 529 nm (72000); IR (KBr): �� � 3445 (m), 2926 (s), 1743 (m, �C�N),
1542 (s), 1465 (s), 1190 cm�1 (s); FAB�-MS (m-NBA):m/z (%): 536.2 (100)
[M��H]; elemental analysis calcd (%) for C32H32N5BF3: C 71.78, H 6.02, N
13.08; found: C 71.64, H 5.94, N 12.97.


UV/Vis and fluorescence titration experiments : In a typical experiment,
2 mL of a solution of the ligand (concentration varying from 1� 10�5 to 3�
10�5�) dissolved in non-degassed distilled acetonitrile containing 0.01�
tetrabutylammoniumhexafluorophosphate (TBAH) as an inert salt was
titrated by increasing aliquots of a solution of the metal (c� 7� 10�5 to
1.5� 10�4�) as their perchlorate salts in the same solvent. After each added
aliquot the UV/Vis spectrum of the solution was recorded at 298� 2 K by
using 1 cm path length quartz cells. The relative concentrations of the
ligands and the metals were chosen so as to obtain a final metal-to-ligand
ratio of 5 to 10 equivalents. Absorption spectra were measured from 240 to


Figure 7. Fluorescence image of polymethylmethacrylate polymeric matrices impregnated with BODITERPY-2 (top panels) or 8-p-tolyl-BODIPY (bottom
panels). Views a) and d) refer to the polymeric dispersion of the dyes; b) and e) show the effects caused by spraying with Zn2� ions; while c) shows the effect
of stepwise spraying with Zn2� ions and triethylenetetramine.
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600 nm at one point per nm with the total number of spectra varying from
18 to 29 per experiment. The spectra were then implemented in the Specfit
software.[24] Factorial analysis of the titration data together with optical
density variations at varying wavelengths gave a preliminary insight into
the number of new absorbing species and their stoichiometric coefficients.
According to this, a model was proposed in which the different formed
species were introduced in the form given in expression (1).


xMn� �yL� [MxLy]nx� �xy � [MxLy
nx�]/([L]y ¥ [Mn�]x) (1)


Where �xy refers to the conditional cumulative stability constant for
formation of the complex with x metal atoms and y ligands. The
experimental data were then fitted to the model with nonlinear least
squares algorithms and the calculated �xy values were retained when the
model had converged with maximum deviations smaller than 5% between
calculated and measured absorbances for all the points of the experiments.
The log�xy values given in the text are the average of at least two titration
experiments in which starting concentrations have been varied. The
estimated error is the average value of the error obtained from each
measurement. In the case of zinc, the presence of an isosbestic point at
315 nm in the absorption titration experiment was used to simplify the
fitting process for fluorescence titration. The excitation wavelength was
thus chosen at 315 nm considering that all the species formed have the same
molar extinction coefficient per number of ligands (x). Considering that the
total emitted intensity is then a linear combination of the concentrations of
the species present multiplied by their respective quantum yields, the
titrations were fitted according to the procedure described above.
Corrections for auto-absorption and instrumental response[25] were not
taken into account.


Formation of the polymer films : The samples were prepared in Pe¬tri dishes
(7 cm in diameter), containing polymethylmethacrylate polymer (280 mg;
Mw� 95000, Mn� 65000) dissolved in prefiltered dichloromethane
(28 mL) and doped with BODITERPY 2 (1.4 mg, 0.5 wt%). The Pe¬tri
dishes were covered with a top and the solvent slowly evaporated to
dryness under a well ventilated hood. After two days the transparent and
homogeneous thin film was recovered with a shadow mask (5.5 cm in
diameter) including the fingerprint (in our case Zn). Then a solution
containing zinc perchlorate in acetonitrile (10�3�) was sprayed onto the
film and the solvent was allowed to evaporate in air for 1 h. To take the
picture the mask was withdrawn. For the second step (erasing process) the
mask was centered again over the film and the competitor (triethylenetetr-
amine in acetonitrile) was pulverized under the same conditions as
previously described.


Crystal structure determination of ligand 1: The X-ray diffraction data on a
single microcrystal were recorded at the DW-32 station on the wiggler line
at the synchrotron DCI (Orsay), using a MAR345 image plate system at
�� 0.964 ä.[26] More than a full 360� rotation range was recorded (80
frames, 5� rotation each). Owing to the geometric restrictions, the
resolution at the edge of the detector was reduced to 1.01 ä. Data
reductions were done using the DENZO program from the HKL suite.[27]


This allowed the integration of 38952 reflections which were subsequently
reduced to 2955 independent reflections including systematic absences
(Rmerge� 0.049) and formatted in a suitable form for the SHELXL suite of
programs.[28] The final data set consists of 2755 unique reflections of which
2433 are considered as observed (with Fo	 2�Fo). The structure was solved
by direct methods (SHELX-S86)[29] and was refined on F 2 for all reflections
by least-squares methods using SHELXL-93.[28] All hydrogen atoms were
located on difference-Fourier syntheses. They were modeled at their
theoretical positions (C�Har� 0.93 ä, C�HMe� 0.96 ä) using an isotropic
thermal factor equal to 1.2 times that of the bonded atom and introduced in
the refinement cycles. The final conventional R value is 0.0504 for 2433
observed reflections with Fo� 2�Fo and 377 parameters, and 0.0548 for all
data, wR(F2)� 0.15 for all, w� 1/[�2F 2


o � (0.1007P)2 � 1.03P], where P�
(F 2


o � 2F 2
c 
/3. The largest difference peak and hole are 0.16 and


�0.17 eä�3. A summary of the crystallographic data is given in Table 3.


CCDC-201034 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.uk).
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An Alternative Efficient Redox Couple for the Dye-Sensitized Solar Cell
System


Herve¬ Nusbaumer,* Shaik M. Zakeeruddin, Jacques-E. Moser, and Michael Gr‰tzel[a]


Abstract: A series of new cobalt com-
plexes [Co(LLL)2X2] were synthesized
and evaluated as redox mediators for
dye-sensitized nanocrystalline TiO2 so-
lar cells. The structure of the ligand and
the nature of the counterions were
found to influence the photovoltaic
performance. The one-electron-transfer
redox mediator [Co(dbbip)2](ClO4)2
(dbbip � 2,6-bis(1�-butylbenzimidazol-


2�-yl)pyridine) performed best among
the compounds investigated. Photovol-
taic cells incorporating this redox medi-
ator yielded incident photon-to-current
conversion efficiencies (IPCE) of up to


80%. The overall yield of light-to-elec-
tric power conversion reached 8%
under simulated AM1.5 sunlight at
100 W m�2 intensity and more than 4%
at 1000 W m�2. Photoelectrodes coated
with a 2 �m thick nanoporous layer and
a 4 �m thick light-scattering layer, sen-
sitized with a hydrophobic ruthenium
dye, gave the best results.


Keywords: cobalt ¥ redox chemistry
¥ sensitizers ¥ solar cells ¥ tridentate
ligands


Introduction


Nanocrystalline dye-sensitized solar cells (DSSC) are attract-
ing great interest because of their high efficiency and potential
applications as cost-effective alternatives to present day p ± n
junction photovoltaic devices. In the conventional systems the
semiconductor takes on the tasks of light absorption and
charge-carrier transport, whereas these two functions are
separated in DSSCs. A sensitizer anchored to the surface of a
TiO2 semiconductor absorbs the light, and charge separation
occurs at the interface by photo-induced electron injection
from the dye into the conduction band of TiO2. Carriers are
transported in the conduction band of the semiconductor to
the charge collector. The use of ruthenium complexes as
sensitizers having a broad absorption band in conjunction
with oxide films of nanocrystalline morphology permits a
large fraction of sunlight to be harvested. After charge
injection, the original state of the sensitizer is subsequently
restored by electron donation from an electrolyte-containing
redox system such as the triiodide/iodide couple. After
donating an electron to the sensitizer the iodide ion is
regenerated in turn by reduction of a triiodide ion at the
counterelectrode, the circuit being completed by diffusion
of the iodide ion back to the dye-sensitized photoanode
(Figure 1).


Figure 1. Schematic of operation of the dye-sensitized electrochemical
photovoltaic cell. The photoanode receives electrons from the photo-
excited dye, which is thereby oxidized and in turn oxidizes the mediator
dissolved in the electrolyte. The mediator is regenerated by reduction at the
cathode by the electrons circulated through the external circuit.


A major research effort is under way to understand the
parameters that control cell performance to improve the
conversion efficiency and stability of DSSCs. Special attention
has focused on development of sensitizers to harvest a larger
region of the solar spectrum.[1±9] Efforts were made to develop
highly porous nanostructured films consisting of an oxide
semiconductor with a wide band gap.[10±14] Attempts are also in
progress to optimize the redox electrolyte,[15±23] electron
transport in the TiO2 film,[24±26] and dye stability.[27±29] Tri-
iodide/iodide is the common choice of redox couple for
obtaining high efficiencies in liquid electrolytes.[30, 31] Despite
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its good performance, the triiodide/iodide couple has its own
disadvantages: the triiodide ion absorbs a significant part of
the visible light when employed in high concentrations, its low
redox potential limits the open-circuit voltage available, and
its aggressiveness towards silver prevents the use of this metal
as current collector in large cells.
Here we continue our earlier work[21] introducing cobalt


complexes instead of triiodide/iodide as redox mediators in
dye-sensitized solar cells. After screening a series of candi-
dates, [Co(dbbip)2](ClO4)2 was identified as the most promis-
ing and became the focus of further investigations. This
complex was characterized and used for detailed photovoltaic
studies. These include changes in dye design, the structure of
the TiO2 film, the nature of the counterelectrode, the
concentration of the redox mediator in the reduced and
oxidized states, and the influence of additives. While prepar-
ing this manuscript an article appeared on cobalt complexes of
commercially available ligands.[32] These cobalt redox couples
are not as efficient as the complexes presented here, mainly
due to their low redox potentials.


Results and Discussion


Screening of redox couples : The cobalt complexes listed in the
Experimental Section were screened to identify the most
promising candidates for use as redox mediators in DSSC.
Data on the photovoltaic performance, such as the incident
photon-to-current conversion efficiencies (IPCE) at 540 nm
and efficiencies obtained with these redox electrolytes, is
compiled in Table 1, together with their measured redox
potentials. The complexes [Co(dbbip)2](ClO4)2 and [Co-
(dmbip)2](ClO4)2 showed the best performance.


Since the conduction band edge of the photoanode (dye-
coated TiO2 film) is independent of the redox couple, and the
Fermi level of the counterelectrode is close to the redox
potential, a considerable increase in the open-circuit voltage
VOC could be achieved by using a couple of higher redox
potential than that of I3�/I�. Nevertheless, there should be
adequate potential difference between the dye and the redox
couple to provide a driving force for CoII to regenerate the
oxidized state of the dye. The influence of the potential of the
redox mediator on the VOC of the CSSC can be clearly seen in
Table 1. Increasing the redox-couple potential E1/2 by 0.2 V,


from [Co(terpy)2](ClO4)2 to [Co(dmbip)2](ClO4)2, results in
an increase in VOC of 0.18 V, as expected. Surprisingly Sapp
et al.[32] did not observe any correlation between VOC and E1/2


for the series of cobalt complexes they investigated.
We also compared the influence of ClO4


�, OTf�, PF6
�, and


DDS� counterions on the photovoltaic performance of
[Co(dmbip)2]2�. No difference was found in the redox
potentials of [Co(dmbip)2]2� complexes when the counterion
was varied. Interestingly, although significant differences
were found for IPCE and the short-circuit current JSC, hardly
any differences in VOC were noted (Table 1). The variation in
JSC may be due to the association of the anion with the
electroactive cobalt complex, which affects the rate of
electron transfer from the latter to the oxidized dye.
The incident light power, or irradiance, on the DSSC


surface is expressed in watts per square meter; 1000 Wm�2 is
equivalent to the full power of the sun (100% sun) for an air-
mass number of 1.5 (AM1.5). The photovoltaic efficiency of a
DSSC with the complex [Co(dbbip)2](ClO4)2 at 100 Wm�2


(10% sun) was superior to those of all other redox mediators.
Hence, [Co(dbbip)2](ClO4)2 was used for further investiga-
tions. In the photovoltaic measurements, linearity between
illumination intensity and photocurrent was not attained due
to mass-transfer limitations of the photocurrent, which is
limited by CoIII diffusion to the counterelectrode at higher
light intensity. The small superlinearity sometimes observed
between the photocurrent densities at 100 Wm�2 and
1000 Wm�2, whereby JSC at 100% sun (1000 Wm�2) is slightly
higher than ten times JSC at 10% sun, is due to approximate
values at lower irradiance intensities, which are extrapolated
to take into account the filters that are used in the
experimental setup to decrease the incident light power.


Characterization of [Co(dbbip)2](ClO4)2 : [Co(dbbip)2]-
(ClO4)2 was characterized by 1H and 13C NMR spectroscopy,
UV/Vis spectrophotometry, elemental analysis, and electro-
chemical methods. Elemental analysis (%) calculated for
C54H58N10CoCl2O8 (1104.97): C 58.70, H 5.29, N 12.68; found:
C 58.64, H 5.26, N 12.59. The 1H NMR spectra of [Co-
(dbbip)2](ClO4)2 in CD3CN showed broad peaks due to the
paramagnetic nature of Co2�, whereas the oxidized complex
shows two sets of sharp peaks corresponding to the aliphatic
and aromatic protons of the dbbip ligand: aliphatic part: ��
4.86 (t, 8H), 1.83 (m, 8H), 1.11 (m, 8H), 0.69 (t, 12H);
aromatic part: �� 9.46 (t, 2H), 9.16 (d, 4H), 7.64 (d, 4H),
7.43(t, 4H), 7.28 (t, 4H), 5.77 (d, 4H). In the 13C NMR
spectrum 14 signals were found at �� 151.6, 149.1, 148.1,
136.9, 136.8, 128.5, 128.2, 127.9, 114.3, 114.2, 46.9, 31.9, 19.7,
and 13.1 ppm.
In the crystal structure of [Co(dbbip)2](ClO4)2, the unit cell


contains two symmetry-independent [Co(dbbip)2]n� cations
(Figure 2),[33] which have different conformations due to
disorder in the n-butyl chains. The geometry of the
[Co(dbbip)2]n� ion can be described by a distorted octahedral
environment of six nitrogen atoms. The bond lengths and
bond angles were averaged within the idealized D2 symmetry.
The crystal consists of layers of [Co(dbbip)2]n� ions packed
parallel to the ab plane with ClO4


� ions between the layers.
The closest Co ¥¥¥ Co distance between neighboring cations in
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Table 1. Photovoltaic data for from various cobalt complexes for an illumina-
tion of 100 Wm�2.


Redox mediator VOC JSC JSC[a] FF Efficiency IPCE[b] E1/2


[mV] [�Acm�2] [mAcm�2] [%] [%] [V]


[Co(terpy)2](ClO4)2 470 130 1.4 0.70 0.5 11 0.25
[Co(bipy)3](ClO4)2 510 280 3.1 0.73 1.1 18 0.30
[Co(phen)3](OTf)2 600 250 3.0 0.75 1.2 16 0.36
[Co(dbbip)2](ClO4)2 660 800 6.5 0.76 4.2 38 0.39
[Co(dmbip)2](ClO4)2 650 520 4.2 0.76 2.7 25 0.44
[Co(dmbip)2](DDS)2 650 200 2.4 0.73 1.0 11 0.45
[Co(dmbip)2](PF6)2 640 350 3.8 0.75 1.8 17 0.45


[a] At 1000 Wm�2. [b] IPCE at 540 nm.
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Figure 2. A quasicentrosymmetric pair of crystallographically independ-
ent [CoII(dbbip)2]2� ions.


a layer is 8.42 ä. It is noteworthy that n-butyl chains of the
[Co(dbbip)2]n� moieties point towards the neighboring cat-
ionic layer.
One of the conditions for the electrolyte to be suitable for


use in DSSC is that the light absorption of the oxidized and
reduced forms in the visible region should be as low as
possible, especially for illumination from the counterelec-
trode side. Only then can most of the visible light reach the
photoelectrode. The dye has an absorption maximum in the
visible region at about 530 nm in acetonitrile; hence, the
extinction coefficient of the electrolytic solution should be a
minimum around that wavelength. [CoII(dbbip)2]2� was char-
acterized by NMR spectroscopy and UV/Vis spectrometry,
and after complete oxidation to CoIII, [CoIII(dbbip)2]3� was
characterized by NMR spectroscopy and spectrophotometry.
The UV/Vis spectra shown in Figure 3 indicate that the


Figure 3. UV/Vis spectra of [CoII(dbbip)2]2� and [CoIII(dbbip)2]3� in
acetonitrile (10�4��.


complex has absorption maxima in the UV region in both
oxidation states: �max (�)� 310 (52000), 345 nm (50000) for
[CoII(dbbip)2]2�, and �max (�)� 276 (44000), 323 nm (45000)
for [CoIII(dbbip)2]3�. In the visible region, only the absorption
tails remain, with �480(CoII)� 1.3� 102mol�1 dm3 cm�1 and
�480(CoIII)� 2.6� 102mol�1 dm3 cm�1. This weak absorption in
the visible region allows the use of highly concentrated
electrolytic solutions in counterelectrode-illuminated solar
cells without significantly attenuating the visible light to be


harvested by the sensitizer. Stationary amperometry was used
to determine the standard redox potentials of the cobalt
couples listed in Table 1 and the diffusion coefficient of
[Co(dbbip)2](ClO4)2, which was found to be 7.72� 10�6 cm2s�1


in acetonitrile at 20 �C.
Electrolyte solutions were monitored with 1H and 13C NMR


spectroscopy to reveal any chemical changes in the cobalt
complex occurring as a consequence of adding such a strongly
oxidizing agent as NOBF4, used to convert CoII to CoIII.
Addition of NOBF4 in stoichiometric amounts leads to total
transformation of CoII into CoIII. An excess of oxidizing agent
attacked the dbbip ligand and caused degradation of the
complex. As discussed below, a low CoIII concentration is
required for high efficiency. As only about 10% of the
complex was oxidized, no degradation problem was observed
when using NOBF4 as oxidizing agent.


Influence of the sensitizer : Solar cells based on electrolytes
containing [Co(dbbip)2](ClO4)2 and [Co(dmbip)2](ClO4)2
redox systems were investigated with sensitizers cis-[Ru�I-
(4,4�-dicarboxylate-H-2,2�-bipyridine)2(NCS)2](TBA)2 (1), cis-
[Ru�I(2,2�-bipyridine-4,4�-dicarboxylic acid)(4-methyl-4�-hexa-
decyl-2,2�-bipyridine)](NCS)2 (2), and cis-[Ru�I(2,2�-bipyri-
dine-4,4�-dicarboxylic acid)(4,4�-dinonyl-2,2�-bipyridine)]-
(NCS)2 (3). Adsorption of 1 onto the TiO2 surface imparts a
negative � potential to the nanocrystals.[34] By contrast, the
heteroleptic complexes 2 and 3 carry two negative charges less
than 1, and this decreases the coulombic attraction between
the adsorbed sensitizer and the positively charged cobalt
complexes. This explains the pronounced differences in the
photovoltaic behavior of these ruthenium dyes.
Preliminary screening of these three dyes with the cobalt


redox electrolyte [Co(dbbip)2](ClO4)2 showed that 1 gives
inferior injection efficiencies and short-circuit photocurrent
JSC compared to 2 and 3. The JSC at full sun of 1 was about half
of those of the the heteroleptic dyes. The superior perform-
ance of the heteroleptic dyes also manifests itself in the
overall solar AM1.5 light-to-electric power conversion effi-
ciencies. For 1, 2, and 3 the current ± voltage (I ±V) curves are
compared in Figure 4. The power outputs of dyes 2 and 3 at
the optimal power point exceed that of 1 by a factor of 2.


Figure 4. Photocurrent ± voltage curves obtained with photovoltaic cells
using different sensitizers: 1, 2, and 3. Light source: solar simulator AM1.5
spectral distribution, intensity 300 Wm�2. Electrolyte consisted of [Co�I-
(dbbip)2](ClO4)2 (0.09�) and the oxidized species (0.01�� in acetonitrile/
ethylene carbonate (40:60).
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Figure 5 shows results from nanosecond time-resolved laser
experiments. The transient absorbance signal measured at ��
630 nm monitors the concentration of the oxidized sensitizer
species produced on photoinduced electron injection into the


Figure 5. Time course of the transient absorbance changes obtained on
nanosecond pulsed laser excitation (�� 510 nm, 5 ns fwhm pulse duration,
30 mJcm�2 pulse fluence) of dye sensitizers 1 (traces 1 and 3) and 3 (traces 2
and 4) adsorbed on mesoporous TiO2 films. Transient absorbance signals
were measured at �� 630 nm in the presence of pure acetonitrile/ethylene
carbonate (40:60; traces 1 and 2) and with addition of [Co�I(dbbip)2](ClO4)2
(0.1�� traces 3 and 4).


TiO2 conduction band. In the absence of the mediator, the
decay of the signal recorded under open-circuit conditions
was solely due to back electron transfer. The kinetics of this
process were quite similar for dyes 1 and 3, with half-reaction
times on the order of t1/2� 100 �s. As expected, the addition of
the mediator [CoII(dbbip)2](ClO4)2 (0.1�) was observed to
cause the efficient reduction of the sensitizer×s oxidized
species in kinetic competition with the above charge-recom-
bination process. Surprisingly, the kinetics of dye regeneration
were found to be clearly faster for sensitizer 1 (t1/2� 2 �s) than
for dye 3 (t1/2� 10 �s). Although decay kinetics could not be
described accurately by simple exponentials, the quantum
yield �r for dye cation interception by the mediator can be
approximated by Equation (1), where kr is the first-order rate
constant for the reduction of the sensitizer×s oxidized species
by the mediator, and kb the rate constant for back electron
transfer from the conduction band to the same dye cations.


�r�
kr


kr � kb


(1)


Assuming in a crude approximation kb� 1/t1/2� 104 s�1,
kr(1)� 1/t1/2(1)� 5� 105 s�1, and kr(3)� 1/t1/2(3)� 105 s�1, in-
terception quantum yields of �r(1)� 0.98 and �r(3)� 0.91
can be estimated for the two sensitizers. These results show
that dye 1 suffers neither from faster back electron transfer
nor from reduced interception efficiency. Kinetic parameters
deduced from laser experiments therefore cannot be invoked
to explain the lower photovoltaic performance of this
sensitizer compared to the amphiphilic dye 3.
The heteroleptic complex 3 carries two nonyl chains at the


4,4�-positions of the 2,2�-bipyiridine ligand. These groups may
sterically hinder the approach of the cobalt complex, which
has four butyl chains of its own. Complex 1 does not bear any


alkyl chains, and its regeneration by Co�� is indeed kinetically
favored. The increase in photocurrent obtained on using dye 3
instead of 1 can be explained by other arguments: The TiO2


surface covered by 1 carries more negative charges than in the
case of 3. Moreover, Co2� can more closely approach the
surface sensitized by 1 due to the weaker steric effect.
Sensitizer 1 can therefore easily create an ion pair with the
oxidized Co3�, which can in turn intercept the electron from
the excited dye or from the TiO2 conduction band. This ion-
pairing effect may also decrease Co3� diffusion to the
counterelectrode and therefore reduce the available photo-
current.[21] In the case of 3, the ion-pairing effect is limited,
and the current and voltage can be higher.


Photoanode optimization : Apart from the sensitizer, the
photovoltaic performance of [CoII/III(dbbip)2](ClO4)2/3-based
solar cells was found to be strongly influenced by the structure
of the mesoporous TiO2 films. The photoanode has a triple-
layered structure, in which the first layer is a compact blocking
TiO2 film, the second a transparent TiO2 layer with particles
of about 20 nm, and the third a scattering film with large TiO2


particles of 400 nm in diameter.
As shown in Table 2, the IPCE values and consequently the


photocurrent decrease with increasing thickness of the nano-
crystalline and scattering TiO2 layers. Apparently, for thicker


films a significant fraction of the injected electrons recombine
before reaching the collector electrode. Enhanced recombi-
nation is also responsible for the decreased open-circuit
photovoltage VOC. Surprisingly, the fill factor (FF) values
appear to change only slightly for the different film thick-
nesses. However, interpretation should be made with caution,
as the fill factor reflects relative losses due to internal cell
resistance and hence is affected by both JSC and VOC.


Influence of underlayer and electrocatalysts : At the photo-
anode, the unwanted reduction of Co�II to Co�I at the
transparent conductive glass (TCO, fluorine-doped SnO2)
may compete with the reduction of the complex by the
oxidized dye. Evidence for Co�II reduction on the SnO2 surface
not covered by TiO2 nanocrystals but exposed to the electro-
lyte is shown in Figure 6. Therefore, depositing a compact
TiO2 film on the conducting glass had a beneficial effect on
the I ±V curves, and the absence of such a blocking layer
induces a clear shunt. The presence of a compact underlayer is
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Table 2. Photovoltaic data at 100 Wm�2 for various thicknesses of TiO2


layers.


Layer 1[a] Layer 2[b] VOC JSC FF �[c] IPCE[d]


[�m] [�m] [mV] [mAcm�2] [%] [%]


2 2 630 1.11 0.65 4.6 70
2 4 590 1.34 0.67 5.5 68
4 2 570 1.16 0.65 4.4 59
4 4 560 1.25 0.68 5.0 59
6 2 590 1.00 0.74 4.6 48
10 2.5 570 0.76 0.67 3.0 38


[a] Transparent mesoporous layer (particle � 18 nm). [b] Scattering layer
(particle � 400 nm). [c] Efficiency. [d] IPCE at 540 nm.
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Figure 6. The influence of a compact TiO2 underlayer on the dark current
and the current at 100 Wm�2. Sensitizer 3 was used with the same
electrolyte as in Figure 4.


therefore highly recommended when using cobalt complexes
as redox mediators in liquid-electrolyte dye-sensitized solar
cells.
If the [Co�II��I(dbbip)2] redox couple exhibits reversible


electrochemical behavior on SnO2, the reduction of Co�II to
Co�I would be fast enough to render superfluous the use of
additional electrocatalysts, such as platinum, on the counter-
electrode. To test this hypothesis, TCO glass with and without
catalytic coatings of platinum was examined as counterelec-
trode. The I ±V curves observed with untreated TCO glass
showed a sigmoidal shape that indicated that the current is
limited at low overvoltage by interfacial charge-transfer
resistance. As a result, poor fill factors were obtained with
the SnO2 counterelectrode. Depositing electrocatalytic plat-
inum on the SnO2 film led to a marked improvement in the I ±
V characteristics. In the absence of an appropriate electro-
catalyst, fluorine-doped tin dioxide cannot function adequate-
ly as counterelectrode, despite the fact that the exchange
current is higher for the [Co�II��I(dbbip)2] compared to the
triiodide/iodide couple.


Optimization of redox mediator concentration and degree of
oxidation : To test the effect of redox mediator concentration
on the photovoltaic performance and on the dynamics of dye
regeneration, four solutions with different concentrations of
[Co(dbbip)2](ClO4)2 (0.05, 0.10, 0.15 and 0.20�) were pre-
pared. They were all partially oxidized and contained 90% of
[Co(dbbip)2]2�. As shown in Figure 7, the photovoltage is
independent of the cobalt complex concentration above
0.05�. In contrast, the efficiency increases from 3.7 to
5.5 mAcm�2 when the redox mediator concentration is
increased from 0.05 to 0.10� and then remains stable, the
increase in conductivity being compensated by the increase in
viscosity, which slows down the diffusion of the oxidized
species.
The CoIII/Co�I concentration ratio is also expected to have


an impact on photovoltaic performance. To quantify this
effect and find the optimal degree of oxidation, four different
electrolytes were prepared, each containing initially 0.1� of
[Co(dbbip)2](ClO4)2, which was converted in varying propor-
tions to Co�II by adding NOBF4. A CoIII/CoII ratio of 0.11 was
found to be optimal. The current density is adversely affected
by the presence of increasing Co�II concentrations, as shown in


Figure 7. Influence of the redox mediator concentration on the current
density and photovoltage measured under full AM1.5 sunlight. Efficiency
and IPCE at 540 nm (not shown) exhibit the same behavior as current
density and photovoltage, respectively. The Co�II/Co�I concentration ratio
was maintained at 0.1.


Figure 8, and this is attributed to the failure to intercept the
back reaction. The regeneration of the dye by the CoII


complex may also be impaired by the association of Co�II


with the sensitizer. The influence of Co�II/Co�I ratio on the
kinetics of dye regeneration with [Co(dmbip)2](ClO4)2 and 1
was monitored by laser flash photolysis experiments in a
previous publication.[21]


Figure 8. Influence of CoIII/CoII concentration ratios on current density
and photovoltage at 1000 W m�2 with 3 and the same electrolyte as in
Figure 4. Efficiency and IPCE at 540 nm (not shown) exhibit the same
behavior as current density and photovoltage, respectively.


Mass-transport effects : The variations of photocurrent as a
function of irradiation intensity on illuminating a cell from the
photoanode (PA) or counterelectrode (CE) side were studied.
Mass-transport effects are clearly an issue for electrolytes
based on cobalt complexes as redox mediators, in particular
under full-sunlight illumination, for which the current den-
sities exceed 5 mAcm�2. In this case, both the oxidized and
reduced complexes are subject to mass-transport limitation,
while for triiodide/iodide-based electrolytes, diffusion restric-
tions on the current arise only for the triiodide ions.[35] As
shown in Figure 9, in the low-current region PA illumination is
superior. Due to the TiO2 optical scattering layer deposited on
the sensitized photoactive layer, CE-side light exposure
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Figure 9. I ±V curves showing the differences between photoanode-side
(PA) and counterelectrode-side (CE) illumination for irradiation at
1000 W m�2 and 100 Wm�2. Conditions are the same as in Figure 6.


results in reflection losses. This effect is overcompensated at
high illumination intensity by the improvement in mass
transport. Mass-transport limitation manifests itself as a
deviation from a linear dependence of the current density
on light intensity. The current density at which this takes place
is much higher with CE irradiation than with PA irradiation.
The implies that when the mass transport is limiting, it is
preferable to provide irradiation from the CE side to improve
the linearity of the performance with light intensity by
alleviating the diffusion problems in the cell.


Additives: As was shown previously for the triiodide/iodide-
based electrolytes,[36, 37] additives can be used to optimize the
electrolyte composition and to improve the solar-cell per-
formance. Our studies focused on 4-tert-butylpyridine (TBP)
and lithium perchlorate. TBP is known to passivate recombi-
nation centers and therefore reduce back electron transfer in
TiO2, resulting in a higher open-circuit photovoltage. LiClO4


in the electrolyte system increases the photocurrent, due to
the adsorption of Li� on TiO2 at high concentration,[37, 38] and
shifts the flatband potential of TiO2 to more positive values.[39]


This effect enhances the charge-collection efficiency of the
oxide film. Hence, it is important to use both TBP and LiClO4


to increase the JSC and VOC values.
Measurements of I ±V and IPCE were carried out with


electrolytes with varying concentrations of TBP or LiClO4


(Figures 10 and 11). Addition of TBP increased the photo-
voltage by about 100 mV at 100 Wm�2. Addition of LiClO4


nearly doubles the photocurrent at 100 Wm�2, while decreas-
ing the photovoltage by less than 100 mV for any concen-
tration. In general, this decrease in photovoltage by Li�


addition is similar to that of classic triiodide/iodide-based
liquid electrolytes, but less pronouced; a typical electrolyte
based on triiodide/iodide in a nitrile solvent shows a decrease
of at least 150 mVon addition of 0.1� of Li�. In contrast to our
results, an increase in the photovoltage was observed by Sapp
et al. on addition of Li� ions, which was attributed to an
increase in the effective overpotential for reduction of the
sensitizer at the photoelectrode on addition of Li� to the
solution.[32] Typical results are presented in Table 3 for an
optimized electrolyte containing 0.1� of [Co(dbbip)2](ClO4)2
and 0.01� of NOBF4 (10% oxidized species) in acetonitrile/


Figure 10. Effect of TBP concentration on current density and photo-
voltage at 100 Wm�2. Efficiency and IPCE at 540 nm (not shown) exhibit
the same behavior as current density. Only the photovoltage continues to
increases with increasing concentration of TBP. Conditions are the same as
in Figure 6.


Figure 11. Effect of LiClO4 concentration on current density and photo-
voltage at 100 Wm�2. Efficiency and IPCE at 540 nm (not shown) exhibit
the same behavior as current density. Conditions are the same as in
Figure 6.


ethylenecarbonate (40/60) with addition of 0.2� LiClO4 and
0.1� TBP. The best result at full sun (1000 Wm�2) gave a JSC of
about 8 ± 9 mAcm�2, VOC of 870 mV, FF of 0.55, and an
efficiency greater than 4%. With the same electrolyte an
IPCE of over 80% at 540 nm was obtained.


Conclusion


Studies were performed on new redox mediator systems that
could replace the triiodide/iodide couple in dye-sensitized
nanocrystalline solar cells. The one-electron-transfer redox
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Table 3. Variations in photovoltaic performance parameters at three
different illumination levels with an optimized electrolyte.


Power[a] VOC JSC FF �[b] IPCE[c]


[Wm�2] [mV] [mAcm�2] [%] [%]


15 690 0.24 0.77 7.9 74
100 765 1.35 0.73 7.9 74
1000 840 8.40 0.56 3.9 74


[a] Incident illumination levels. [b] Efficiency. [c] IPCE at 540 nm with an
illumination of 100 Wm�2.
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mediator [Co(dbbip)2](ClO4)2 performed best among the
compounds investigated. The E1/2 value of cobalt complexes
influences VOC, which increases with higher E1/2 values. In
spite of slow dye regeneration kinetics for 3, the enhanced
photovoltaic performance observed with this dye are due to
steric and electrostatic effects. With the design of novel
heteroleptic hydrophobic ruthenium dyes and optimized
electrolyte solutions, we were able to reach incident photon-
to-current conversion efficiencies of over 80% in the visible
region. The overall AM1.5 solar-to-electric power conversion
efficiency was 8% at 100 W m�2. It decreases to about half of
this value at full sunlight intensity, due to the diffusional
limitation of the photocurrent at the counterelectrode.


Experimental Section


Materials : The solvents and salts used in this study (puriss. grade) were
purchased from Fluka. The ruthenium sensitizers 1 ± 3 were prepared as
reported earlier.[3, 40] The ligands [2,6-bis(1�-methylbenzimidazol-2�-yl)pyr-
idine] and 2,6-bis(1�-butylbenzimidazol-2�-yl)pyridine were synthesized
according to reported procedures.[41, 42] The cobalt complexes [Co(ter-
py)2](ClO4)2, [Co(bipy)3](ClO4)2, [Co(phen)3](OTf)2, [Co(dbbip)2](ClO4)2,
[Co(dmbip)2](ClO4)2, [Co(dmbip)2](DDS)2 and [Co(dmbip)2](PF6)2
(bipy� 2,2�-bipyridine, phen� 1,10-phenanthroline, dbbip� 2,6-bis(1�-bu-
tylbenzimidazol-2�-yl)pyridine, dmbip� [2,6-bis(1�-methylbenzimidazol-2�-
yl)pyridine], OTf�� trifluoromethanesulfonate (CF3SO3


�), DDS��do-
decylsulfate) were synthesized according to reported procedures.[43±45]


In a typical synthesis, a solution of CoCl2 (0.25 g, 1.05 mmol) in water was
added dropwise to an ethanolic solution of ligand (2.11 mmol of terpy,
dbbip or dmbip; 3.15 mmol of bipy or phen) to give a yellow solution. Then
the CoL2


2� or CoL3
2� complex was precipitated by addition of an aqueous


saturated solution of the required anion. The compound was collected by
filtration, washed thoroughly with water and diethyl ether and dried under
vacuum.


Analytical measurements : UV/Vis spectra were recorded in a quartz cell
with 1 cm path length on a HP 8453 spectrophotometer. Electrochemical
redox potentials were obtained by stationary amperometry using a single-
compartment three-electrode cell and a standard potentiostat. The working
electrode was a nominal 10 �m diameter Pt ultramicroelectrode (UME),
the auxiliary electrode was a platinum wire, the reference electrode was a
silver wire, and the electrolyte was a solution of tetrabutylammonium
hexafluorophosphate (TBAPF6) in acetonitrile (0.01��.


The diffusion coefficient of [Co(dbbip)2](ClO4)2 was measured using a two-
electrode cell with an Autolab potentiostat. The working electrode was a Pt
UME with a measured diameter of 10.9 �m, and the counterelectrode a
platinum wire. The electrolyte was the same as for the redox potential
measurements.


Proton and 13C NMR spectra were measured on a Bruker 200 MHz
spectrometer. The reported chemical shifts are relative to TMS.


Elemental analysis (C, H, N) was performed by Ilse Beetz Mikroanaly-
tisches Laboratorium, Germany.


X-ray single-crystal diffraction studies were performed by Y. L. Slovokho-
tov and I. S. Neretin on a 110 K Bruker SMART diffractometer with a
sealed X-ray tube. These measurements were carried out in the Laboratory
of Polymer Structural Studies, Institute of Organoelement Compounds,
Russian Academy of Sciences, Moscow.


Electrolyte preparation : Electrolyte solutions were prepared by dissolving
a certain amount of cobalt complex redox mediator in anhydrous
acetonitrile/ethylene carbonate (40:60). This solvent mixture was used
for all the experiments described hereafter. Partial oxidation of Co�I


complex to Co�II was achieved by adding stoichiometric amounts of solid
NOBF4, a one-electron acceptor, to the mediator solution. The influence of
CoII and Co�II concentrations, as well as that of other additives on the
photovoltaic performance is discussed in the corresponding sections. If not


otherwise specified the concentrations of Co�I and Co�II complexes used
were 9� 10�2 and 1� 10�2�, respectively.


Photoelectrode preparation : Photoelectrodes consisted of a TiO2 film with
a triple-layer structure. A compact blocking underlayer of spray-pyrolyzed
titanium dioxide (ca. 150 nm thick) was deposited onto a cleaned
conducting glass substrate (NSG, F-doped SnO2, resistance 10 � sq�1). A
solution of titanium diisopropoxide bis(acetylacetonate) in ethanol (0.2�)
was sprayed 15 times over the conducting glass surface, which was
maintained at 400 �C. Treated glass plates were fired at 500 �C for 30 min
to remove remaining organic traces. Successive depositions of a 2 �m thick
transparent layer and a 4 �m thick light-scattering layer of nanocrystalline
TiO2, prepared as reported earlier,[46] and final post-treatment with an
aqueous solution of TiCl4 were then carried out according to a previously
published procedure.[21] Dye derivatization of nanocrystalline oxide films
was obtained by immersion of electrodes, heated beforehand under oxygen
at 500 �C for 15 min, in acetonitrile/tert-butanol (1:1) sensitizer solutions
(5� 10�4��. Sensitized semiconductor films were finally pressed against a
reflective platinum counterelectrode on which a drop of the electrolyte was
deposited. A mask was applied on the photoactive surface to define a well
known area of 0.44 cm2 for each cell. The method used to collect
photoelectrochemical data was discussed in a previous publication.[47] At
least three cells were measured for each experiment, and the average
values are reported. Experimental errors on the photovoltaic measure-
ments are in the range of �5%.


Laser flash photolysis : Transparent mesoporous TiO2 layers (thickness
5 �m) were prepared on a glass substrate. Dry nanocrystalline TiO2 films
were dyed by adsorption of the sensitizers. A drop of pure solvent mixture
(acetonitrile/ethylene carbonate 40:60) or of electrolyte containing
[Co�I(dbbip)2](ClO4)2 (0.1�) was then sandwiched between the sample
and a thin microscope cover glass. Samples were subjected to low-intensity
flash photolysis immediately after preparation. Pulsed laser excitation was
applied using a broadband optical parametric oscillator pumped by a
frequency-tripled Q-switched Nd:YAG laser (30 Hz repetition rate, pulse
width at half-height 5 ns) The output of the OPO was tuned to �� 510 nm
and attenuated by filters. The beam was expanded by a planoconcave lens
to irradiate a large cross section (ca. 1 cm2) of the sample, whose surface
was kept at a 30� angle to the excitation beam. The analyzer light, produced
by a cw Xe arc lamp, was passed through a first monochromator, various
optical elements, the sample, and a second monochromator prior to being
detected by a fast photomultiplier tube. Signals were measured at ��
630 nm in order to monitor the oxidized-dye concentration. Satisfactory
signal-to-noise ratios were typically obtained by averaging more than one
thousand laser shots.
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Copper±Metallomesogen Structures Obtained by Ionic Self-Assembly (ISA):
Molecular Electromechanical Switching Driven by Cooperativity


Franck Camerel,[a] Peter Strauch,[b] Markus Antonietti,[a] and Charl F. J. Faul*[a]


Abstract: In a stepwise noncovalent
multiple-interaction strategy, copper(��)
salts were complexed with the sodium
salts of bathophenanthrolinedisulfonic
acid (BPS) and bathocuproinedisulfonic
acid (BCS), and organized into nano-
structured materials by the addition of
ammonium surfactants by means of the
ionic self-assembly (ISA) route. In the
case of the methyl-substituted BCS
complexes, a slow color change from
green to brick red was observed. UVand
EPR investigations showed that the
color change was due to a change in


oxidation state, the resulting brick red
color is typical for CuI species. It is
concluded that steric interactions and
mechanical packing into a supramolec-
ular structure drive this electronic tran-
sition at the metal center. When com-
plexation is performed with double-tail
ammonium surfactants, these metallo-


mesogenic materials exhibit thermo-
tropic liquid-crystalline phase behavior,
as investigated by polarized light micro-
scopy, differential scanning calorimetry
(DSC), and temperature-dependent
wide-angle and small-angle X-ray anal-
yses. The complexity of the observed
phases increased with increasing tail
length of the surfactants. Complexation
with double-tail C18 surfactants yielded
highly organized materials for both the
BPS and BCS ligands.


Keywords: coordination chemistry
¥ ionic self-assembly ¥ nanostruc-
tures ¥ supramolecular chemistry ¥
surfactants


Introduction


Metal coordination[1] is one of the key design principles in
supramolecular chemistry.[2] Related to this, considerable
research effort has also been invested to organize metal-
containing species into soft liquid-crystalline materials (met-
allomesogens) that combine the unique properties of the
anisotropic fluids (e.g. fast orientational response to external
fields) with the specific properties of metals (e.g. magnetic
and electronic properties).[3] Liquid crystals incorporating
paramagnetic metal ions (such as CuII) are of particular
interest because they can be switched by weak external
magnetic fields and are finding new applications in display
and communication technologies.[4]


Phenanthroline and its derivatives are powerful tectons for
this purpose, and lyotropic and thermotropic liquid-crystalline
materials based on these chelating agents have been de-
scribed.[5] The chemical and physical properties of coordina-
tion complexes of 1,10-phenanthroline derivatives (with two


sulfonate groups on the phenyl groups in the 4,7 positions of
the phenanthroline, making the ligand water soluble) have
been widely studied and used for separation of metallic atoms
such as FeII, NiII, CoII, CuII, ZnII by chromatography or
capillary electrophoresis,[6, 7] as well as for the development of
bio-inorganic probes.[8] Furthermore, the presence of methyl
groups in the 2,9 positions of the phenanthroline is known to
influence the coordination geometry around the copper
center. For example, CuII complexes with nonsulfonated
parent ligands are usually fivefold coordinated. The structure
of [CuII(phen)2(H2O)]2� is less distorted (with a dihedral angle
between the two planes of ca. 30�) than the bis(2,9-dimethyl-
1,10-phenanthroline)copper(��) analogue [Cu(dmp)2(H2O)]2�


(with a dihedral angle of ca. 70� and much closer to a
tetrahedral complex).[9] This provides the possibility to change
or influence the self-assembly architecture, and therefore also
the physical properties (electronic, optical and material
properties) of the liquid-crystalline complex phases.
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It was recently reported[10] that the inorganic crown species
[Ni3S3P12]3� could be organized into soft materials by the
process of ionic self-assembly (ISA).[11] These complexes
showed, due to their special supramolecular order, rather
unexpected solid ± solid transitions.[10] This route therefore
provides the possibility to not only tune the phase behavior,
but also the chemical response of such soft matter complexes.


ISA is a technique that organizes charged organic oligo-
electrolytic species (such as dyes), by oppositely charged
counterions with complementary properties (e.g. surfac-
tants).[11] The hierarchical superstructure is then controlled
by secondary interactions, such as hydrophobic segregation or
� ±� interactions of the conjugated flat molecules, as is now
well known for discotic liquid-crystalline phases.[12]


The aim of this investigation is to organize metal ions by
ISA of the corresponding phenanthroline complexes, and to
find new pathways to tune not only their phase behavior, but
also their chemical and physical response. As an extension of
the above-mentioned principles, a multiple-interaction strat-
egy is applied in which water-soluble chelating agents with a
charged group in the periphery (disodium bathophenanthro-
linedisulfonate (BPS) and disodium bathocuproinedisulfo-
nate (BCS)) are utilized. After chelation of copper(��) salts,
the resulting complexes are employed as tectonic units in an
ISA process and assembled with a variety of surfactants
(Scheme 1). The ability of the resulting bulk materials to
undergo physical phase changes as well as chemical changes is
then investigated in detail.


This process for the construction of liquid-crystalline
materials (based on stepwise noncovalent interactions) allows
easy tuning of the properties of the resulting structures by
careful choice of the metal, the ligand, and the alkyl volume
fraction (�internal solvent�) by simple exchange of the binding
partner in the respective assembly step without tedious
synthetic operations.


Results and Discussion


Copper complexes are obtained at room temperature in water
by direct addition of two equivalents of the BPS and BCS
ligands to an aqueous solution of CuCl2.[13] A light-green
complex is obtained in the case of the BPS ligand and an olive-
green complex in the case of the BCS ligand. These complex-
ing agents reacted in a similar way as their non-phenyl-
sulfonated parent molecules 1,10-phenanthroline (phen) and


2,9-dimethyl-1,10-phenanthroline (dmp).[6] Both copper com-
plexes (in the solid state and in aqueous solution) are five-
coordinate; the copper center displays a distorded trigonal-
bipyramidal geometry, and is surrounded by a chloride ion
and four N atoms from two phenathroline species.[14]


After addition of the oppositely charged surfactants, a
colored precipitate is obtained (except for the case of the
CuCl2/BCS/C16TA complex where no precipitation was
found). The precipitated products from the BPS ligand were
green, as expected for CuII complexes. However, precipitates
from the BCS ligand turned dark red after several hours of
stirring at room temperature. Control experiments, without
the addition of surfactants, showed that the BCS complexes
only turned red after several months at room temperature or
alternatively, turned red after boiling for about 2 h. 2,9-
Methyl-substituted phenanthrolines are known to give red
complexes with CuI.[14, 15] This red color is attributed to an
intense metal-to-ligand charge-transfer (MLCT) band in the
four-coordinate tetrahedral CuI complexes[16] (dihedral angle
close to 90�). This is observed in the range 450 ± 480 nm and
proved to be useful in colorimetric analysis schemes.[14, 15, 17]


The copper ± phenanthroline derivative surfactant com-
plexes were characterized by UV/Vis spectroscopy (Figure 1).
Both the free ligand and the metal chelates give strong
absorption in the ultraviolet region between 250 ± 300 nm due
to the conjugated structure of the phenanthroline derivatives,
that is, intra-ligand � ±�* absorption.[7, 18] The absorption
maxima (�max) of BPS and BCS chelates, at 285 and 288 nm
respectively, show a small blue shift compared to the maxima
of the free ligands BPS and BCS (278 and 285 nm), indicative
of the coordination of the copper ion by the ligand. The
electronic absorption spectra of the green BPS complexes in
solution and in the solid state, show single, very broad, d ± d
bands in the visible region with a maximum at about 730 nm,
which tail to 800 nm, consistent with five-coordinate distorted
trigonal-bipyramidal CuII complexes.[19] The absorption band
(observed at 479 nm in the case of the BCS chelates) in the
visible region corresponds to the metal-to-ligand charge-
transfer (d ±�*) absorption, which is characteristic of tetra-
hedral CuI complexes with a CuN4 coordination sphere and a
dihedral angle close to 90�.[20]


The formation of the red copper(�) complex [Cu(BCS)2]3�


from the original complex [CuII(BCS)2(Cl)]3� upon addition
of surfactants is also confirmed by EPR spectroscopy. A broad
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Scheme 1. Construction of the tectons used for the production of liquid-crystalline materials based on stepwise noncovalent interactions.
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Figure 1. UV/Vis spectra of the pure chelating agents and of the
corresponding copper complexes. a) Ultraviolet region (250 ± 400 nm)
(c� 1.56� 10�5 molL�1); b) visible region (400 ± 800 nm) (for BPS com-
plexes c� 2.0� 10�3 molL�1 and for BCS complexes c� 2.5�
10�4 molL�1).


unresolved line at 330 mT (g� 2.1) can be observed for the
green paramagnetic copper(��) complex [CuII(BPS)2(Cl)]3�.
The red copper(�) complex is EPR-silent or only traces of
paramagnetism can be detected. The very broad line (ca.
70 mT) at 330 mT is due to copper ± copper interactions in the
nondiluted system and does not permit further interpretation
(Figure 2a). Interestingly, the solutions of the green copper(��)
complex in CHCl3 do not give the expected isotropic spectrum
of a diluted monomer. The solution spectrum is still aniso-
tropic with axial symmetry, superimposed by a broad line of
undefined paramagnetism, indicating a high level of associ-
ation in solution as well. Figure 2b shows the spectrum of the
copper(��) complex in solution, and a simulation of an
anisotropic spectrum with the parameters g� � 2.195�0.005,
g�� 2.065�0.005, and A� � 110�5, A�� 15�5� 10�4 cm�1 is pre-
sented in Figure 2c.


Evidently, addition of surfactant to the BCS chelates and
the resulting cooperative structure formation lead to the
conversion of CuII to CuI, finally ending in a four-coordinate
tetrahedral structure in which the ligands lie in approximately
orthogonal planes (dihedral angle close to 90�). The presence
of methyl groups close to the coordination sites on the BCS
chelating agent force the system to adopt a tetrahedral
structure. This coordination geometry is known to have a


Figure 2. EPR studies of the complex CuCl2/BPS/DiC16DAB in solution
and in the solid state: a) EPR spectrum of the copper(��) complex in the
solid state at room temperature; b) EPR spectrum of a solution of the
copper(��) complex in CHCl3; and c) a simulation of the axially symmetric
spectrum .


stabilizing effect on the copper(�) oxidation state. The
reduction of the copper(��) to copper(�), as evidenced by the
color change, is dramatically enhanced by addition of
surfactant. This implies the removal of the chloride ion from
the coordination sphere and the reduction of the copper
species. It should be noted that the pH of the solution
decreases during the formation of this copper(�) complex in
water. Similar color changes were observed when similar
investigations were performed with copper(��) with both
bromide and the weaker-coordinating acetate counterions. It
should also be noted that the presence of surfactant tails
renders the copper(�) state stable in air.


We conclude that the reduction of the copper center is
driven by a mechanism based on steric packing, exerted by the
surfactant tails, that is the energy gain due to an optimized
packing pattern changes the electrochemical potential of the
metal complex. In other words: mechanical packing into a
supramolecular structure drives an electronic transition in the
inner center, that is an electromechanical coupling is observed
due to the formation of an extended hybrid organic ± inor-
ganic moiety, which is already present in solution.


It appears that the BPS complexes that contain a CuII center
in a distorted trigonal-bipyramidal geometry are stable even
after surfactant complexation. This sensitivity of the molec-
ular electromechanical switching against substitution indi-
cates interesting geometrical/packing-induced influences on
both the materials properties and their phase behavior.


The (CuII ± BPS) ± surfactant and (CuI ±BCS) ± surfactant
complexes can be isolated, redissolved in chloroform, and cast
into well-organized, dark but transparent films of sufficient
mechanical quality. This allows the structural characterization
of the long-range ordered state. Elemental analysis and ICP
analysis show that the composition of the complexes is
[CuII(BPS)2(Cl)] ¥ (Cl) ¥ (surfactant)4 and [CuI(BCS)2] ¥ (Cl) ¥
(surfactant)4 in the case of the double-tailed surfactants. In
the case of the short single-tailed surfactants, for example
C10TA, the borderline case between simple counterion and
surfactant is approached. This effect was already described for
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dye ± surfactant complexes, and leads to nonstoichiometric
charge-ratio complexes.[11b] For the C16TA complexes with
BCS (which can only be extracted), an N:S ratio of 3.0:1 is
observed. This indicates a ratio of two surfactant molecules
per sulfonate charged group and will give rise to phase
separation (as observed at high temperature in the solid
state).


For the structural characterization, we included a wider
variation of the cationic surfactant, and covered the range of
alkyl tail lengths from 10 carbon atoms (1.4 nm, single tail) to
18 carbon atoms (2.4 nm, double tail). Table 1 provides an
overview of the explored variety of structural elements in the
formation of well-defined metal-chelate ± surfactant com-
plexes. All the complexes were characterized by differential
scanning calorimetry (DSC), polarized optical microscopy
(POM), temperature-dependent wide-angle and small-angle
X-ray scattering (WAXS and SAXS). From TGA analyses the
degradation temperature, in general, was found to be above
200 �C.


Single-tail surfactant complexes : In the case of the shortest
surfactant tails (i.e. , C10TA, C12TA), precipitation is observed,
but only birefringent powders are obtained (see discussion on
elemental analysis and stoichiometry above). DSC measure-
ments show no transitions, and a broad peak can be detected
on the SAXS curve which is attributed to a mean distance
between the complexes larger than 3 nm. For the C10TA/BPS
complex, some additional reflections are observed but these
could not be indexed to any known phase. No sharp
reflections were detected in the WAXS region, and only a
™sharp∫ halo has been detected, indicative of a semi-
crystalline arrangement of the side chains. Evidently, in these
cases the volume fraction of alkyl tails is not high enough to
support sufficient plasticity and packing.


For C16TA complexes the geometry around the copper
center starts to influence the packing properties. Films are


formed that are birefringent under crossed polarizers. With
BPS, a soft material is obtained, and no transition can be
detected on the DSC curve. SAXS patterns display two broad
peaks that can be indexed in a low-ordered lamellar system
(do� 4.19 nm). Wide-angle X-ray scattering confirms that this
material is ™essentially∫ liquid-crystalline in nature with a
broad halo in the WAXS region centered at 20� in 2�.
Temperature-dependent investigations confirmed the absence
of structural changes in this material.


For the BCS complex with C16TA a well-defined reversible
transition is found at 101.2 �C. Temperature-dependent light
microscopy investigations show a phase separation into an
isotropic liquid and some small, unmelted crystallites at high
temperature (above 120 �C). These crystallites probably
consist of noncomplexed pure surfactants, based on the
nonstriochiometric complexation detected by elemental anal-
ysis. Upon cooling the sample down to room temperature, we
observed a fan-shaped texture typical for smectic B phases
originating from the isotropic liquid (Figure 3). X-ray analy-
ses confirm the presence of a smectic B phase structure after
cooling from this mixed-phase state, but the origin of this
phase cannot be unequivocally proven to arise from the
formed copper complex.


These results from the two C16TA complexes are indicative
of the driving force of the originally found electronic
transition (CuI�CuII): instead of a low-ordered noncrystal-
line lamellar phase as found for BPS ±CuII, a crystalline
smectic B type arrangement is observed for BCS ±CuI. This
energetically favorable state of organization that exists for the
BCS complex clearly provides the driving force for the change
in oxidation state.


Double-tail surfactant complexes : For the double-tailed
surfactants, the increase in the hydrophobic volume fraction
makes the alkyl subphase the predominant phase, leading to
softer or liquid-like materials (see Table 1).[11b] WAXS
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Table 1. Overview of the investigated samples, their thermal behavior, and properties.


BPS BCS
Surfactant DSC WAXS/POM SAXS DSC WAXS/POM SAXS


C10TA no transition crystalline phase not identified no transition crystalline 1 broad peak (d� 3.12 nm)
C12TA no transition crystalline 1 broad peak


(d� 3.70 nm)
no transition crystalline 1 broad peak


(d� 3.25 nm)
C16TA no transition soft material broad lamellar phase


(d0� 4.14 nm)
1 reversible
transition
(101.2 �C)


crystalline crystalline smectic B type
phase (a� 4.45 nm and
do� 2.60 nm)


DiC10DA no transition soft material 1 broad peak (d� 2.67 nm) no transition gel 1 broad peak (d� 2.44 nm)
DiC12DA no transition soft material 1 broad peak (d� 2.87 nm) no transition gel 1 broad peak (d� 2.72 nm)
DiC14DA no transition soft material 1 broad peak (d� 3.43 nm) no transition gel 1 broad peak (d� 3.22 nm)
DiC16DA 1 broad reversible


transition (�20 �C)
soft material lamellar phase (d0� 3.95 nm) 1 broad reversible


transition (�19 �C)
soft
material


nonindexed phase


DiC18DA 3 transitions on
the heating
curve (23.6, 63.9, 113.1 �C)
and 2 transitions
on the cooling
curve (102.7, 11.1 �C)


soft material 2 Columnar phases
((60 �C cooling):
a� 104.24, b� 60.58 ä,
�� 123� ; (45 �C heating):
a� 100.63, b� 58.57 ä,
�� 119�) and
rectangular columnar phase
(a� 4.25 nm, b� 3.53 nm)


3 transitions on the
heating curve
(17.6, 62.9, 82.1 �C)
and 1 transition
on the cooling
curve (4.3 �C)


soft
material


1 columnar phase ((40 �C
heating): a� 8.86, b� 5.63 nm,
�� 116�) and 2 lamellar phases
((60 �C cooling): d0� 3.61,
(72 �C heating) d0� 3.57 nm)
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Figure 3. Copper ± phenanthroline derivative ± surfactant complexes
viewed by optical microscopy under crossed polarizers: a) CuCl2/BCS/
C16TAB complex at room temperature after heating at 160 �C; b) CuCl2/
BPS/DiC18DAB complex at 90 �C after heating to 130 �C.


analyses showed no reflections in the wide-angle region, and
only a broad reflection at approximately 20� (d spacing
	0.45 nm) is found. This is indicative of a liquid-like arrange-
ment of alkyl tails.


For the shorter-tailed DiC10DA, DiC12DA, and DiC14DA
surfactant complexes, the conformation of the central part of
the complex induces unambiguous differences in the packing
properties. In fact, with BPS, birefringent soft materials were
obtained and a broad peak was detected in the SAXS
patterns. This is in contrast to BCS complexes for which only
isotropic, gel-like materials were obtained after casting from
chloroform. With both chelating tectons, no transitions were
observed in the DSC curves. It should be noted that the
isotropic gels obtained with the complexes [CuI(BCS)2] ¥
(surfactant)4 can be aligned under shearing, and birefringence
can be observed.


DiC16DA complexes give a more optimized structure, as the
alkyl subphase clearly is large enough to allow the formation
of a new nanostructure. The material obtained with BPS is
soft and birefringent (as before), showing no reflections in the
wide-angle region. DSC measurements performed on this
complex showed several thermal transitions on the first


heating curve from room temperature to 150 �C, as often
observed. It should also be noted here that the color of the
film changes from green to black after the first heating curve;
the absence of degradation was confirmed by TGA and IR
analyses. A single broad and reversible transition centered at
�19 �C is observed with an enthalpy of �H� 20.4 Jg�1 upon
further thermal cycling studies. This broad transition is typical
for structural rearrangements of the side chains, but presum-
ably not related to major phase changes of the tectons. The
SAXS pattern obtained directly after casting of the film show
several peaks that cannot be indexed to a known phase and
that are attributed to a kinetically frozen-in phase structure.
Upon heating to 150 �C and subsequent re-cooling to room
temperature, a marked decrease in the viscosity was noted,
and a well-defined lamellar phase was observed with a
lamellar repeat period of d0� 3.95 nm (Figure 4). The origin
of the additional peak at 1.17 nm will be discussed later.


Figure 4. SAXS pattern of CuCl2/BPS/DiC16DAB complex at room
temperature after heating to 150 �C (sample ± detector distance� 40 cm).


No clear transitions were found after the first heating curve
for the BCS complex with DiC16DA; this material becomes
liquid above 100 �C. After the samples had been allowed to
cool back to room temperature, they retain their dark red
color, and the absence of any color change was confirmed by
solid-state UV/Vis measurements. Other than in the case of
the shorter double-tail surfactants, the sample is now a
noncrystalline, birefringent, soft material. The SAXS pattern
obtained at room temperature, after the sample had been
heated to 120 �C, also displays a broad peak (d	 3.65 nm), as
in the case of DiC10DA, DiC12DA, and DiC14DA complexes.
Some additional peaks, indicative of higher order, were
observed, but it was not possible to index these peaks to any
known phase.


Following the trend of increasing complexity with increas-
ing tail length of the double-tail surfactants, very highly
organized materials were obtained for both ligands when they
were complexed with double-tail C18 surfactants. CuII/BPS/
DiC18DA complexes displayed three transitions on the second
heating curve (23.6, 63.9, and 113.1 �C) and two on the first
cooling curve (102.7 and 11.1 �C) (Figure 5; arrows indicate
the temperatures at which SAXS analyses were performed (as
described below)). The structure of the complex as a function
of temperature was monitored by SAXS. At room temper-
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Figure 5. DSC curve of the complex CuCl2/BPS/DiC18DAB.


ature, a mixed phase is observed but no clear structure can be
identified. At 145 �C, above the transition at 113.1 �C, the
material is fluid and isotropic. At 60 �C, below the weak
transition at 102.7 �C on the first cooling curve, the SAXS
pattern displays a set of sharp peaks that can be indexed to an
oblique columnar-phase system with the following crystallo-
graphic parameters: a� 10.42 nm, b� 6.06 nm, �� 123� (Fig-
ure 6).[21]


Figure 6. SAXS pattern of CuCl2/BPS/DiC18DAB complex at 60 �C after
heating to 140 �C.


WAXS experiments per-
formed at this temperature con-
firm the liquid-crystalline char-
acter of this material. The
strong, reversible transition at
low temperature (11.1 �C on the
cooling curve) can be attributed
to structural rearrangements of
the side chains (crystallinity of
the side chains confirmed by
low-temperature WAXS mea-
surements). In the second heat-
ing run between the transitions
at 23.6 and 63.9 �C, a crystalline


oblique columnar phase is observed at 45 �C, with parameters:
a� 10.06 nm, b� 5.86 nm, �� 119�. This oblique columnar
phase changes to a liquid-crystalline rectangular columnar
phase between 63.9 and 113.1 �C, with parameters of a�
4.25 nm and b� 3.53 nm, as recorded at 90 �C.


A possible explanation for this behavior can be given: At
low temperature a large unit cell is observed (a� 10.06 nm,
b� 5.86 nm, �� 119 �), probably due to four different non-
equivalent orientations of the columns within the material. At
higher temperatures an increase in the thermal agitation
renders the columns equivalent and consequently a smaller
unit cell is obtained (a� 4.25 nm and b� 3.53 nm). Figure 7
shows the proposed model; the different shading indicates the
different orientations of the tectonic units (alkyl tails not
shown). An additional peak at 1.17 nm is observed in all the
organized phases. The stacking distance of the complexes in
the columns (forming both the oblique columnar phases and
the lamellae, built-up by aligned columns) provides a possible
explanation for the origin of this reflection. This fits with
geometrical models of a tilted orientation of periodically
organized phenanthroline units (size ca. 1.4 nm) around a CuII


center.
CuI/BCS/DiC18DA complexes also display several structur-


al transitions. Three transitions can also be detected on the
second heating curve (17.6, 62.9, 82.1 �C) but here only one
clear transition can be observed on the first cooling curve
(4.3 �C). This strong and reversible transition at low temper-
ature (4.3 �C) must be attributed to structural rearrangements
within the mesophases, as no crystallization of the side chains
could be detected by WAXS. SAXS experiments also
confirmed the presence of a mixed phase at room temperature
after casting, and an isotropic state above the transition at
82.1 �C. However, despite the absence of visible transitions at
high temperatures on the first cooling curve, a lamellar phase
was detected in X-ray experiments at 60 �C, indicating an
improvement of the structure and the existence of a real
clearing point (but not on the time scale of DSC experiments).
After the sample was cooled to �80 �C and then heated to
40 �C (on the second heating curve), sharp peaks were
observed in the SAXS pattern. These are tentatively also
indexed to an oblique columnar system (a� 8.86 nm, b�
5.63 nm, �� 116�). At 72 �C, a single lamellar phase with a
lamellar repeat period of d0� 3.57 nm is observed. Here no


Chem. Eur. J. 2003, 9, 3764 ± 3771 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3769


Figure 7. Model of the columnar phases of CuII/BPS/DiC18DA obtained at 45 �C and 90 �C, showing the origin of
the smaller unit cell at higher temperature (different shading indicates different orientation of the tectonic units,
alkyl tails not shown).
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peak indicative of an order inside the columns was detected,
underlining that the tetragonal building block is less perfectly
packed (higher symmetry) than the BPS structure.


Switchable materials properties : As mentioned before, all the
green BPS complexes (in contrast to the red BCS complexes)
turned black after they were heated to and kept at 150 �C for
4 h. No difference in behavior was observed regardless of
whether the heating was carried out under vacuum or in air,
which indicates that oxygen does not influence the process.
No degradation of the BPS complexes took place, as revealed
by TGA (less than 3% weight loss at 150 �C) and IR
spectroscopy (no change of the recorded spectra). We there-
fore suggest that this color change must be due to a material-
specific electronic transition. This specific electronic transi-
tion is evidenced by the appearance of a new absorption band
in the UV/Vis spectra in the solid state and in solution at
about 480 nm (Figure 8). No changes were observed in the


Figure 8. Time-dependent changes in the UV/Vis spectra of the black
CuCl2/BPS/DiC18DAB redissolved in chloroform (1 min between each
scan, c� 2.6� 10�3 molL�1).


rest of the UV spectra. This band is presumably related to the
metal-to-ligand charge-transfer (MLCT) band at 479 nm
observed for the BCS complexes with copper(�). The elec-
tronic transition is also evident from the absence of an EPR
signal after the thermal treatment of the self-assembled film.
This is indicative of a reduction of copper(��) to copper(�), or–
less likely–the presence of antiferromagnetically coupled
CuII ions. On the basis of experimental findings, we assign the
transition to a change in the oxidation state of the copper ion
inside the mesostructured film after heating. The exact origin
of this electronic behavior is not clear since SAXS analyses
did not show any significant structural changes before and
after heating. Experiments are currently in progress to
determine whether local changes around the metal center
(such as the counterion species) influence this behavior.


It should be noted that this change in oxidation state is
reversible, since the resolubilisation of the film in chloroform
leads to the formation of a green complex in solution (the
original brown solution is transformed within minutes to a
green solution). The UV/Vis spectra of such a redissolved film
are comparable to that of the original complex (Figure 8).


EPR measurements in solution also confirmed the reversible
behavior, since a strong signal is obtained after several
minutes. Films cast from these solutions exhibited the initial
thermal behavior and phase structure.


Conclusion


We have demonstrated that a combination of ionic self-
assembly (ISA) and classical metal coordination leads to the
production of thermotropic liquid-crystalline materials. These
metallomesogenic ISA materials, based on simple and acces-
sible starting materials, exhibit typical phase morphologies
such as lamellar and a variety of columnar phases. The phase
behavior can easily be tuned by variation of the alkyl-tail
volume fraction of the complexing surfactant species.


Besides these morphological aspects, an electromechanical
switching process driven by the cooperative ISA process was
also investigated. The oxidation state of the complexed
metallic species (the central unit of the extended hybrid
organic ± inorganic tecton) was switched from CuII to CuI,
which, through the results of a number of cross-experiments,
was attributed to an improved packing behavior of the CuI


species; that is, steric and cohesion energy effects entered the
electrochemical potential of the central unit. A corresponding
material-specific electronic transition was observed in the
solid state as well. Through the application of a heating/
dissolution cycle it was shown that this transition is reversible.
Studies are currently in progress to determine the electronic
properties of such switchable materials, because they might
have potential for optical and electronic applications.


Finally, this work emphasizes the ability of ISA to be
integrated within a stepwise noncovalent multiple-interaction
cascade, and shows the potential of this method to access
increased complexity and function of supramolecular materi-
als.


Experimental Section


Ligands (BPS, bathophenanthrolinedisulfonic acid disodium salt
(C24H14N2Na2O6S2 ¥ 3H2O) and BCS, bathocuproinedisulfonic acid disodi-
um salt (C26H18N2Na2O6S2)) were purchased from Merck and were used as
received. Crystalline solid CuCl2 ¥ 2H2O (99.999%) was purchased from
Aldrich and used as received to prepare a light-blue stock solution
(8 mmolL�1) in deionized water. BPS (0.16 mmol, 94.5 mg; 2 equiv) or
BCS (0.16 mmol, 90.3 mg; ; 2 equiv) dissolved in deionized water (10 mL)
was added to the CuCl2 solution (10 mL). The BPS and BCS solutions
turned light green and olive green, respectively. These solutions were kept
at room temperature under stirring for 24 h to ensure the coordination of
the metallic center. Stoichiometric amounts (0.32 mmol, 4 equiv) of the
cationic single- and double-tailed alkylammonium bromide surfactants
(Aldrich, purity � 99%) dissolved in deionized water (10 mL) were added
dropwise to the solutions of the copper± ligand complexes. Precipitation
was observed after addition of the total amount of surfactant. The
dispersions were kept under stirring for a further 24 h to ensure the
complete exchange of the sodium ion by the alkylammonium surfactant. It
should be noted that the BCS suspensions gradually turned from green to
red on stirring at room temperature. This process was monitored by UV/Vis
spectroscopy and, after 24 h, complete conversion of the complex was
observed with a maximum of the absorption band at 479 nm. The
precipitates were removed by centrifugation, washed twice with deionized
water to remove the unbound counterions (NaBr), and dried under vacuum
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(50 mbar) at room temperature. For the BPS ligand a green precipitate was
obtained, whereas a deep red precipitate was obtained with the BCS ligand.
In all the cases, except for the C10TA complexes, these precipitates can be
easily redissolved in chloroform, toluene, methanol, or acetone. After
casting on Teflon-coated aluminum (BYTAC, Fisher) from chloroform,
dark green or dark red films were obtained after evaporation of the solvent,
depending on the original color of the complex. The films were dried under
vacuum (50 mbar) at room temperature. EDAX and wide-angle X-ray
scattering (WAXS) confirmed the removal of the sodium salts in these
films. Elemental analysis (N, S) indicated that the 1:1 ratio of the
complexation was fulfilled in the case of the double-tailed surfactants.
Inductively coupled plasma optical emission spectrometry (ICP-OES)
(Perkin Elmer Optima 3000) confirmed the stoichiometry of one copper
atom for two phenanthroline molecules.
Elemental analyses were performed on a Vario EL Elementar (Elementar
Analysen-systeme, Hanau, Germany). Differential scanning calorimetry
(DSC) was performed on a Netzsch DSC 200. The samples were examined
at a scanning rate of 10 Kmin�1 by applying two heating and one cooling
cycle. Thermogravimetric analyses (TGA) were performed on a Netzsch
TG 209. The samples were examined at a scanning rate of 20 Kmin�1


between room temperature and 300 �C.


Phase behavior was studied by polarized light optical microscopy (POM)
on a Leica DM R microscope equipped with a Linkam TP92 heater with
THMS 600 heating stage.


Small-angle X-ray scattering measurements were carried out with a Nonius
rotating anode (U� 40 kV, I� 100 mA, �� 0.154 nm) using image plates.
With the image plates placed at a distance of 40 cm from the sample, a
scattering vector range of s� 0.07 ± 1.6 nm�1 was available. Two-dimen-
sional (2D) diffraction patterns were transformed into 1D radial averages.
The data noise was calculated according to Poisson statistics, which is a
valid approach for scattering experiments. WAXS measurements were
performed by using a Nonius PDS120 powder diffractometer in trans-
mission geometry. A FR590 generator was used as the source of CuK�


radiation (�� 0.154 nm). Monochromatization of the primary beam was
achieved by means of a curved Ge crystal. Scattered radiation was
measured by using a Nonius CPS120 position-sensitive detector. The
resolution of this detector in 2� is 0.018�.


UV/Vis spectra were recorded by using a UVIKON 940/941 dual-beam
grating spectrophotometer (Kontron Instruments) with a 1 cm quartz cell.
UV/Vis solid-state measurements were performed on a Perkin ±Elmer
Lambda 2 spectrometer equipped with a Labsphere RSA-PE-20 Integra-
tion Sphere.


FT-IR spectra were collected by using an attenuated total reflectance (ATR
diamond) accessory on a Fourier-transform BIORAD FTS 6000 spec-
trometer.


The electron paramagnetic resonance experiments were performed on
solid samples and solutions (CHCl3). The spectra were recorded in the
X-band (�9.5 GHz) on a Bruker ESP300E spectrometer at room temper-
ature. The simulation of the spectrum was carried out with the program
package WINEPR[22] .


ICP-OES (Perkin Elmer Optima 3000) was used to determine the Cu
content of the complexes. Each sample (20 mg) was first decomposed with
HNO3 (2 mL; 65%) in a microwave (Anton Paar: Multiwave). The
measurements of Cu were carried out at �� 324.75 nm.
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Complex Versus [MII


2(L2)2X4]y� Side-By-Side Complexes (M�Mn, Co, Ni,
Zn; X� Solvent or Anion) and [FeII(L2)3][Cl3FeIIIOFeIIICl3]
Yanhua Lan,[a] Dietmar K. Kennepohl,[a, b] Boujemaa Moubaraki,[c] Keith S. Murray,[c]
John D. Cashion,[d] Geoffrey B. Jameson,[e] and Sally Brooker*[a]


Abstract: The synthesis and character-
isation of a pyridazine-containing two-
armed grid ligand L2 (prepared from
one equivalent of 3,6-diformylpyrida-
zine and two equivalents of p-anisidine)
and the resulting transition metal (Zn,
Cu, Ni, Co, Fe, Mn) complexes (1 ± 9)
are reported. Single-crystal X-ray struc-
ture determinations revealed that the
copper(�) complex had self-assembled as
a [2� 2] grid, [CuI4(L2)4][PF6]4 ¥
(CH3CN)(H2O)(CH3CH2OCH2CH3)0.25
(2 ¥ (CH3CN)(H2O)(CH3CH2OCH2-
CH3)0.25), whereas the [Zn2(L2)2(CH3-
CN)2(H2O)2][ClO4]4 ¥CH3CN (1 ¥CH3CN),
[NiII2(L2)2(CH3CN)4][BF4]4 ¥ (CH3CH2-
OCH2CH3)0.25 (5a ¥ (CH3CH2OCH2-
CH3)0.25) and [CoII2(L2)2(H2O)2-
(CH3CN)2][ClO4]4 ¥ (H2O)(CH3CN)0.5
(6a ¥ (H2O)(CH3CN)0.5) complexes
adopt a side-by-side architecture;
iron(��) forms a monometallic cation
binding three L2 ligands, [FeII(L2)3]-
[FeIIICl3OCl3FeIII] ¥CH3CN (7 ¥CH3CN).


Amore soluble salt of the cation of 7, the
diamagnetic complex [FeII(L2)3][BF4]2 ¥
2H2O (8), was prepared, as well as two
derivatives of 2, [CuI2(L2)2(NCS)2] ¥H2O
(3) and [CuI2(L2)(NCS)2] (4). The man-
ganese complex, [MnII2(L2)2Cl4] ¥ 3H2O
(9), was not structurally characterised,
but is proposed to adopt a side-by-side
architecture. Variable temperature mag-
netic susceptibility studies yielded small
negative J values for the side-by-side
complexes: J��21.6 cm�1 and g� 2.17
for S� 1 dinickel(��) complex
[NiII2(L2)2(H2O)4][BF4]4 (5b) (fraction
monomer 0.02); J��7.6 cm�1 and g�
2.44 for S� 3³2 dicobalt(��) complex
[CoII2(L2)2(H2O)4][ClO4]4 (6b) (fraction
monomer 0.02); J��3.2 cm�1 and g�
1.95 for S� 5³2 dimanganese(��) complex


9 (fraction monomer 0.02). The double
salt, mixed valent iron complex 7 ¥H2O
gave J��75 cm�1 and g� 1.81 for the
S� 5³2 diiron(���) anion (fraction mono-
mer� 0.025). These parameters are low-
er than normal for FeIIIOFeIII species
because of fitting of superimposed mon-
omer and dimer susceptibilities arising
from trace impurities. The iron(��) centre
in 7 ¥H2O is low spin and hence diamag-
netic, a fact confirmed by the prepara-
tion and characterisation of the simple
diamagnetic iron(��) complex 8. Mˆssba-
uer measurements at 77 K confirmed
that there are two iron sites in 7 ¥H2O, a
low-spin iron(��) site and a high-spin
diiron(���) site. A full electrochemical
investigation was undertaken for com-
plexes 1, 2, 5b, 6b and 8 and this showed
that multiple redox processes are a
feature of all of them.Keywords: bridging ligands ¥


electrochemistry ¥ ligand design ¥
magnetochemistry ¥ self-assembly


Introduction


The prospect of complex supramolecular architectures being
self-assembled from simple components by careful design of
those components is generating much interest and conse-
quently attracting many researchers into this challenging
area.[1±4] Recently a [2� 2] grid complex was self-assembled
from copper(�) ions and the Schiff base macrocycle obtained
from the [2�2] condensation of 3,6-diformylpyridazine[5±7]


and 1,3-diaminopropane (L1).[4] This macrocycle, L1, allowed
the isolation of a wide range of transition metal complexes
with intriguing properties, in particular redox and magnetic
properties.[4, 7±15] In addition to our studies of such macrocyclic
complexes, we are examining the expression[1] of related,
carefully designed/programmed, polydentate acyclic ligands,
derived from 3,6-diformylpyridazine[7, 11] and related hetero-
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cycles, with appropriate metal ions.[16] One aim of these
studies is to explore further the possibilities of self-assembling
large supramolecular structures, in particular grids,[3] from
readily tuneable Schiff base ligands (e.g., ligand substituents
and, hence, electronic and steric properties can be easily
varied).[4, 13, 15, 17±19] This paper concerns a system that was
designed to produce one or other of two different outcomes,
grid and side-by-side architectures (Scheme 1). We report


Scheme 1.


here on the results of expression of the programmed ligand
system, bis-bidentate L2 (formed from 3,6-diformylpyridazine
and p-anisidine in 93% yield), with two different metal ion
algorithms, metals with four-connecting (tetrahedral) nodes,
CuI, and six-connecting (octahedral) nodes, MII (M�Zn, Ni,
Co, Fe, Mn).


Results and Discussion


Synthesis : The ligand L2 (H3COPhN�CHC4H2N2CH�N-
PhOCH3) is prepared from one equivalent of 3,6-diformyl-
pyridazine and two equivalents of p-anisidine in reagent grade
ethanol, in excellent yield. Even though ligand L2 is only
partially soluble in acetonitrile, it readily reacts with all of the
transition metal salts in this solvent at room temperature.
Complexes 1, 5, 6 and 9 were prepared in air, whereas the
other complexes 2 ± 4, 7 and 8 were prepared under a nitrogen
or argon atmosphere.
All complexes were obtained in excellent yield by reacting


one equivalent of ligand L2 with one equivalent of the
corresponding metal salt, except for complex 8 which was
prepared from three equivalents of ligand L2 and one
equivalent of Fe[BF4]2 ¥ 6H2O. Complexes 1, 2, 5 and 6 were
obtained as single crystals by diethyl ether vapour diffusion
into the respective reaction solutions in acetonitrile, whereas


complex 7 was obtained as single crystals by diethyl ether
vapour diffusion into the filtrate of the reaction mixture. The
above crystals were characterised by X-ray crystallography
(see later). Complex 2 ¥ (CH3CN)(H2O)(CH3-
CH2OCH2CH3)0.25 crystallised as dark brown needle-like
crystals in which a [2� 2] grid architecture, similar to that
found for the macrocyclic copper(�) complex [CuI4(L1)2]4�,[4, 13]


is observed (Figure 1). Complex 1 ¥CH3CN crystallised as
orange needles in which a side-by-side architecture is
observed (Figure 2). Complexes 5a ¥ (CH3CH2OCH2CH3)0.25
and 6a ¥ (H2O)(CH3CN)0.5 also have side-by-side architectures
(Figures 3 and 4) and were isolated as red blocks and red rods
respectively.


Figure 1. Perspective view of the cation of 2 ¥ (CH3CN)(H2O)(CH3-
CH2OCH2CH3)0.25 . Selected interatomic distances [ä] and angles [�]:
Cu(1)�N(1) 2.012(5), Cu(1)�N(61) 2.014(5), Cu(1)�N(63) 2.038(5),
Cu(1)�N(3) 2.056(5), Cu(2)�N(2) 2.004(4), Cu(2)�N(91) 2.011(5),
Cu(2)�N(4) 2.043(5), Cu(2)�N(93) 2.042(5), Cu(3)�N(62) 1.960(4),
Cu(3)�N(31) 1.969(5), Cu(3)�N(33) 2.040(4), Cu(3)�N(64) 2.051(5),
Cu(4)�N(92) 1.992(4), Cu(4)�N(32) 2.014(4), Cu(4)�N(34) 2.050(4),
Cu(4)�N(94) 2.069(5), Cu(1) ¥ ¥ ¥Cu(2) 3.747(1), Cu(1) ¥ ¥ ¥Cu(3) 3.656(1),
Cu(1) ¥ ¥ ¥Cu(4) 5.681(1), Cu(2) ¥ ¥ ¥Cu(3) 4.751(1), Cu(2) ¥ ¥ ¥Cu(4) 3.723(1),
Cu(3) ¥ ¥ ¥Cu(4) 3.687(1), N(1)-Cu(1)-N(61) 123.03(19), N(1)-Cu(1)-N(63)
129.3(2), N(61)-Cu(1)-N(63) 80.9(2), N(1)-Cu(1)-N(3) 81.0(2), N(61)-
Cu(1)-N(3) 131.2(2), N(63)-Cu(1)-N(3) 118.3(2), N(2)-Cu(2)-N(91)
133.15(18), N(2)-Cu(2)-N(4) 81.67(18), N(91)-Cu(2)-N(4) 117.90(19),
N(2)-Cu(2)-N(93) 121.67(19), N(91)-Cu(2)-N(93) 81.6(2), N(4)-Cu(2)-
N(93) 127.46(19), N(62)-Cu(3)-N(31) 132.66(19), N(62)-Cu(3)-N(33)
123.59(19), N(31)-Cu(3)-N(33) 81.72(18), N(62)-Cu(3)-N(64) 81.7(2),
N(31)-Cu(3)-N(64) 119.09(19), N(33)-Cu(3)-N(64) 124.05(19), N(92)-
Cu(4)-N(32) 127.41(18), N(92)-Cu(4)-N(34) 127.27(18), N(32)-Cu(4)-
N(34) 80.77(17), N(92)-Cu(4)-N(94) 80.71(19), N(32)-Cu(4)-N(94)
133.58(18), N(34)-Cu(4)-N(94) 112.97(18).


The reaction of a deep brown solution of [CuI4(L2)4][BF4]4
in acetonitrile with four equivalents of thiocyanate anions led
to the precipitation of 3, as greenish brown powder, directly
from the reaction mixture in high yield. Similarly, complex 4
precipitated directly from a mixture of one equivalent of
ligand L2, two equivalents of [CuI(CH3CN)4]BF4 and two
equivalents of thiocyanate anions as an intense brown (almost
black) powder in high yield. Interestingly, the reaction of L2
with copper(��) tetrafluoroborate in CH3CN also gave
[CuI4(L2)4][BF4]4, in 60% yield rather than the 89% yield
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obtained when a copper(�) salt was employed. This result
contrasts with that obtained when CuII was introduced into
the L1 macrocycle: an emerald-green square-pyramidal
dicopper(��) complex, [CuII2(L1)(CH3CN)2]4�, resulted in that
instance, although it should be noted that on occasions the
samples were brown due to the spontaneous formation of
traces of highly coloured copper(�) contaminants. The key
difference between the reactions of copper(��) with the acyclic
ligand L2 and macrocyclic ligand L1 is that in the former a
tetrahedral arrangement of the donor atoms, suitable for
stabilising copper(�), is readily achievable, whereas this is not
the case for the L1 macrocycle; therefore the square-
pyramidal copper(��) complex can be isolated when a cop-


per(��) starting material is em-
ployed in the transmetallation
reaction.[9, 13]


In the case of the iron(��)
complexes, the reaction of one
equivalent of ligand L2 with one
equivalent of iron chloride (no
precautions were taken to en-
sure that this reagent was exclu-
sively iron(��) chloride) gave
complex [FeII(L2)3][Cl3FeIII-
OFeIIICl3] ¥CH3CN (7, Figure 5)
as an intense green precipitate
directly from the reaction mix-
ture. In contrast, the addition of
one equivalent of iron(��) tetra-
fluoroborate to three equiva-
lents of ligand L2 resulted in
the crystallisation of complex
[FeII(L2)3][BF4]2 ¥ 2H2O (8), as
dark green crystals by diethyl
ether vapour diffusion into the
reaction solution. These reac-
tions demonstrate that the well-
known, strong tendency of iron(-
��) to bind three bidentate nitro-
gen-heterocycle-based ligands
and go low-spin dominates this
chemistry, and results in a third,
unsurprising, outcome (cf.
Scheme 1).


Infrared spectra : Pyridazine ring
C�C and C�N stretches (ca.
1593 and 1503 cm�1) as well as
a para-substituted benzene ring
C�H out-of-plane bend (ca.
830 cm�1) are present in the
infrared spectra of all of these
complexes. The infrared spec-
trum of L2 exhibits a sharp C�N
stretch at 1622 cm�1. There is no
evidence of either primary
amine stretches (typically
3400 ± 3330 and 3330 ±
3250 cm�1) or a carbonyl stretch


(3,6-diformylpyridazine, 1716 cm�1). As expected, the infra-
red spectra of the complexes 1 ± 9 have many similar features.
Relative to L2, the C�N stretch occurs at a lower energy in the
complexes 2 ± 8 (3 ± 18 cm�1 lower), whereas for complexes 1
and 9 this stretch occurs at the same position. In addition to
the bands due to the presence of L2, the infrared spectra of
the non-chloride complexes also contain bands associated
with the various anions present. The perchlorate bands
observed for complexes 1 and 6b (at ca. 1120 and 625 cm�1)
in both cases show no signs of peak splitting, so the
perchlorate ions are not expected to show any significant
interactions with the [Zn2(L2)2]4� and [Co2(L2)2]4� ions.
Hexafluorophosphate bands, which are normally observed
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Figure 2. Perspective view of the cation of 1 ¥CH3CN. Selected interatomic distances [ä] and angles [�]:
Zn(1)�N(3) 2.128(5), Zn(1)�N(150) 2.152(6), Zn(1)�N(1) 2.155(5), Zn(2)�O(170) 2.083(4), Zn(2)�N(4)
2.138(5), Zn(2)�N(2) 2.206(5), Zn(1) ¥ ¥ ¥Zn(2) 4.050(4), N(3A)-Zn(1)-N(3) 103.4(3), N(3)-Zn(1)-N(15A)
101.55(18), N(3)-Zn(1)-N(150) 87.09(18), N(15A)-Zn(1)-N(150) 166.1(3), N(3A)-Zn(1)-N(1) 169.11(17), N(3)-
Zn(1)-N(1) 77.5(2), N(150)-Zn(1)-N(1) 89.32(18), N(150)-Zn(1)-N(1A) 82.13(18), N(1)-Zn(1)-N(1A) 103.8(3),
O(17A)-Zn(2)-O(170) 176.4(2), O(170)-Zn(2)-N(4) 94.17(16), O(170)-Zn(2)-N(4A) 88.01(16), N(4)-Zn(2)-
N(4A) 105.1(3), O(170)-Zn(2)-N(2A) 92.02(15), N(4)-Zn(2)-N(2A) 173.46(17), O(170)-Zn(2)-N(2) 85.71(15),
N(4)-Zn(2)-N(2) 77.2(2), N(2A)-Zn(2)-N(2) 101.2(3), N(2)-N(1)-Zn(1) 127.9(4), N(1)-N(2)-Zn(2) 128.5(4).
Symmetry transformation used to generate equivalent atoms: a��x, y, �z � 1³2.


Figure 3. Perspective view of the cation of 5a ¥ (CH3CH2OCH2CH3)0.25 . Selected interatomic distances [ä] and
angles [�]: Ni(1)�N(100) 2.029(6), Ni(1)�N(110) 2.072(6), Ni(1)�N(33) 2.136(5), Ni(1)�N(3) 2.138(5),
Ni(1)�N(31) 2.146(5), Ni(1)�N(1) 2.159(5), Ni(2)�N(130) 2.042(6), Ni(2)�N(120) 2.065(6), Ni(2)�N(4)
2.130(5), Ni(2)�N(34) 2.134(5), Ni(2)�N(32) 2.154(5), Ni(2)�N(2) 2.155(5), Ni(1) ¥ ¥ ¥Ni(2) 4.056(2), N(100)-
Ni(1)-N(110) 179.5(2), N(100)-Ni(1)-N(33) 88.1(2), N(110)-Ni(1)-N(33) 91.7(2), N(100)-Ni(1)-N(3) 92.8(2),
N(110)-Ni(1)-N(3) 87.7(2), N(33)-Ni(1)-N(3) 102.3(2), N(100)-Ni(1)-N(31) 93.3(2), N(110)-Ni(1)-N(31) 86.2(2),
N(33)-Ni(1)-N(31) 78.2(2), N(3)-Ni(1)-N(31) 173.8(2), N(100)-Ni(1)-N(1) 83.3(2), N(110)-Ni(1)-N(1) 96.9(2),
N(33)-Ni(1)-N(1) 171.4(2), N(3)-Ni(1)-N(1) 78.7(2), N(31)-Ni(1)-N(1) 101.7(2), N(130)-Ni(2)-N(120) 174.6(2),
N(130)-Ni(2)-N(4) 96.1(2), N(120)-Ni(2)-N(4) 88.5(2), N(130)-Ni(2)-N(34) 87.6(2), N(120)-Ni(2)-N(34) 94.3(2),
N(4)-Ni(2)-N(34) 101.7(2), N(130)-Ni(2)-N(32) 92.0(2), N(120)-Ni(2)-N(32) 83.4(2), N(4)-Ni(2)-N(32) 171.9(2),
N(34)-Ni(2)-N(32) 79.0(2), N(130)-Ni(2)-N(2) 85.1(2), N(120)-Ni(2)-N(2) 93.0(2), N(4)-Ni(2)-N(2) 78.9(2),
N(34)-Ni(2)-N(2) 172.7(2), N(32)-Ni(2)-N(2) 101.5(2), N(2)-N(1)-Ni(1) 128.1(4), N(1)-N(2)-Ni(2) 128.4(4).
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Figure 5. Perspective view of the cation of 7 ¥CH3CN. Selected interatomic
distances [ä] and angles [�]: Fe(1)�N(31) 1.911(7), Fe(1)�N(1) 1.933(6),
Fe(1)�N(61) 1.941(7), Fe(1)�N(33) 1.984(6), Fe(1)�N(63) 2.004(7),
Fe(1)�N(3) 2.009(7), Fe(2)�O(80) 1.767(6), Fe(2)�Cl(2) 2.231(3),
Fe(2)�Cl(3), 2.234(4), Fe(2)�Cl(1) 2.240(3), Fe(3)�O(80) 1.740(6),
Fe(3)�Cl(5) 2.217(3), Fe(3)�Cl(6) 2.220(3), Fe(3)�Cl(4) 2.233(3), N(31)-
Fe(1)-N(1) 95.3(3), N(31)-Fe(1)-N(61) 173.4(3), N(1)-Fe(1)-N(61) 90.0(3),
N(31)-Fe(1)-N(33) 80.0(3), N(1)-Fe(1)-N(33) 175.3(3), N(61)-Fe(1)-N(33)
94.7(3), N(31)-Fe(1)-N(63) 95.0(3), N(1)-Fe(1)-N(63) 96.5(3), N(61)-Fe(1)-
N(63) 80.5(3), N(33)-Fe(1)-N(63) 84.4(3), N(31)-Fe(1)-N(3) 91.1(3), N(1)-
Fe(1)-N(3) 81.3(3), N(61)-Fe(1)-N(3) 93.5(3), N(33)-Fe(1)-N(3) 98.2(3),
N(63)-Fe(1)-N(3) 173.7(3), O(80)-Fe(2)-Cl(2) 111.5(3), O(80)-Fe(2)-Cl(3)
109.6(3), Cl(2)-Fe(2)-Cl(3) 107.07(11), O(80)-Fe(2)-Cl(1) 109.5(2), Cl(2)-
Fe(2)-Cl(1) 108.34(11), Cl(3)-Fe(2)-Cl(1) 110.86(11), O(80)-Fe(3)-Cl(5)
108.7(2), O(80)-Fe(3)-Cl(6) 110.8(3), Cl(5)-Fe(3)-Cl(6) 110.27(13), O(80)-
Fe(3)-Cl(4) 109.9(3), Cl(5)-Fe(3)-Cl(4) 107.85(13), Cl(6)-Fe(3)-Cl(4)
109.21(12), Fe(3)-O(80)-Fe(2) 173.4(4).


at about 840 and 557 cm�1,[20] are present in the infrared
spectrum of complex 2, although the first of these, centred at
835 cm�1, is quite broad, presumbly due to overlap with the
para-substituted benzene vibration. In both complexes 3 and
4, only one thiocyanate stretch is observed, at 2112 cm�1,
which indicates that there is just one binding mode for the


coordinated thiocyanate ion.
The strong absorption at
1083 cm�1 and weak absorption
at 533 and 521 cm�1 for com-
plexes 5b and 8 are associated
with the tetrafluoroborate
anions. Because of the interest-
ing counterion [Cl3FeOFeCl3]2�


in complex 7 ¥H2O, the infra-
red spectrum was also meas-
ured as a KBr disk in the region
200 ± 500 cm�1. Two broad
bands are observed at 363 and
314 cm�1, in accord with the
observations of Nelson[21] and
Wieghardt,[22] and consistent
with the observed structure
(see later). These authors iden-
tified these two bands as being
due to a doubly degenerate
antisymmetric Cl-Fe-Cl stretch


and a symmetric Cl-Fe-Cl stretch, respectively. The other
expected broad band, due to the asymmetric Fe-O-Fe stretch
at 860 ± 880 cm�1,[22] could not be clearly identified owing to
the presence of many ligand bands in this region.


UV-visible spectra : UV-visible spectra were recorded for the
complexes that had sufficient solubility in acetonitrile, DMF
or nitromethane (i.e. , all except 4). These complexes showed
an intense absorbance in the range 378 ± 419 nm (�� 39200 ±
143300 dm3mol�1 cm�1) due to a charge-transfer transition. In
addition, the octahedral high-spin complex 5b displays a low-
intensity absorption at 866 nm (�� 57 dm3mol�1 cm�1), which
is associated with the 3A2g� 3T2g transition. In the case of the
low-spin iron(��) complexes there is another broad (81 nm
width at half height) and intense charge-transfer band centred
at 599 nm (�� 10800 and 12200 dm3mol�1 cm�1 for com-
plexes 7 ¥H2O and 8, respectively) that may well mask the
weak d ± d absorbances. For the octahedral high-spin complex
6b, the observation of one weak broad band centred at
921 nm (�� 29 dm3mol�1 cm�1) with a width of �180 nm is
assigned to the 4T1g� 4T2g transition.


NMR spectra : Simple 1H and 13C NMR spectra were obtained
for L2 and the diamagnetic complexes 1, 2 and 3 in CDCl3,
CD3CN, CD3NO2 and [D7]DMF, respectively. The fact that, in
each of the complexes 1 ± 3, unique signals are observed for
just one half of L2 shows that not only are the L2 ligands
equivalent to each other, but also that there is two-fold
symmetry within the L2 ligand strand. This requires that
either the structures observed in the solid state (see later)
have increased symmetry in solution or that the complexes are
fluxional. Either way these compounds are clearly stable in
solution so their formation is not dependent on crystallisation
effects. Because of the low solubility of complex 3, even in
DMF, quaternary carbons cannot be seen in the 13C NMR
spectrum, due to their long relaxation times.
In contrast, the diamagnetic complex 8 has much more


complex 1H and 13C NMR spectra. The [FeII(L2)3]2� species
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Figure 4. Perspective view of one of the two independent cations of 6a ¥ (H2O)(CH3CN)0.5 . Selected interatomic
distances [ä] and angles [�]: Co(2)�O(180) 2.076(3), Co(2)�N(170) 2.105(4), Co(2)�N(93) 2.162(4), Co(2)�N(63)
2.167(5), Co(2)�N(91) 2.192(5), Co(2)�N(61) 2.193(4), Co(2) ¥ ¥ ¥Co(2A) 4.066(2), O(180)-Co(2)-N(170) 171.7(2),
O(180)-Co(2)-N(93) 93.71(15), N(170)-Co(2)-N(93) 90.19(17), O(180)-Co(2)-N(63) 89.92(16), N(170)-Co(2)-
N(63) 96.44(19), N(93)-Co(2)-N(63) 102.55(18), O(180)-Co(2)-N(91) 85.09(16), N(170)-Co(2)-N(91) 88.57(19),
N(93)-Co(2)-N(91) 77.39(17), N(63)-Co(2)-N(91) 174.99(14), O(180)-Co(2)-N(61) 91.58(15), N(170)-Co(2)-
N(61) 84.56(16), N(93)-Co(2)-N(61) 174.71(15), N(63)-Co(2)-N(61) 77.46(17), N(91)-Co(2)-N(61) 103.08(16).
Symmetry transformation used to generate equivalent atoms: A� 2� x,� y,1� z.
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has no symmetry in the crystal structure (see structure of 7
later) or in solution; where a single signal was observed in the
case of ligand L2 and complexes 1 ± 3, six signals are observed
in the case of complex 8. Another consequence of the lack of
any symmetry is that the signals corresponding to the
hydrogen atoms of the pyridazine ring are now split into
doublets.


Mass spectra : All of the complexes fragmented extensively.
The electrospray (ES) mass spectrum of 1 showed the
successive loss of solvent molecules (CH3CN or H2O). The
fast atom bombardment (FAB) mass spectrum of 2 had a
fragmentation pattern consistent with the successive loss of
PF6 anions and then with the [2� 2] grid breaking in half. In
the electrospray mass spectrum of 3 the fragments were due to
the loss of one copper and one L2, followed by loss of one
thiocyanate and water. The ES mass spectrum of 5b revealed
only mono-nickel mono-ligand fragments. Likewise, the FAB
mass spectrum of 6b only had fragments corresponding to
mono-cobalt species. The ES mass spectra of both of the iron
complexes, 7 ¥H2O and 8, had a very clear signal for the
doubly charged ion [Fe(L2)3]2� at 547 m/z. In the ES mass
spectrum of 9 weak signals corresponding to [Mn2(L2)2Cl3]�


and [Mn(L2)2Cl]� were clearly observed.


Conductivity : Conductivity measurements were recorded in
acetonitrile, DMF or nitromethane for all of the complexes,
except for 4 which lacked sufficient solubility in any solvent.
The molar conductivity for 1 in acetonitrile is approximately
correct for a 4:1 conductor, being somewhat higher than the
literature range for a 3:1 electrolyte. The molar conductivities
of 2, 5b, and 6b in CH3CN, all of which are expected to be 4:1
electrolytes, are at the high end of the literature range for 3:1
electrolytes, probably due to the lower mobility of these large
cations than those in the simple salts used to determine the
literature ranges.[23] The molar conductivity of 3 in DMF is
much lower than the literature range for a 1:1 electrolyte, as
expected for a nonconductor. The molar conductivity of 7 ¥
H2O is much lower than the literature range for a 1:1
electrolyte in nitromethane. As expected, 8 in CH3CN has a
molar conductivity value in the literature range for a 2:1
electrolyte. The orange complex 9, which is expected from the
mass spectrum to be a side-by-side complex with octahedral
manganese ions, [Mn2(L2)2Cl4] ¥ 3H2O, eventually dissolves in
DMF to give a yellow solution, with a molar conductivity
somewhat lower than the literature value for a 1:1 electrolyte,
indicating that some chloride anions may dissociate on
dissolution in DMF.


Structures : The tetracopper(�) complex 2 crystallised, in air,
from the acetonitrile reaction solution in 89% yield, by
diethyl ether vapour diffusion. The structure determination of
2 ¥ (CH3CN)(H2O)(CH3CH2OCH2CH3)0.25 (Figure 1) reveals
a similar overall structure to that of [CuI4(L1)2]4� (ref. [4]) and
of the tetracopper(�) grid of the acyclic 3,6-bis(2�-pyridyl)pyr-
idazine (dppn) ligand of Youinou and co-workers.[3a] Each
distorted tetrahedral copper(�) centre is coordinated by two
almost perpendicular strands of L2 in a [2� 2] grid arrange-
ment [mean planes through neighbouring pyridazine rings
intersect at angles of 102.3� for N(1)/N(61), 101.5� for N(61)/
N(31), 103.3� for N(31)/N91), 104.1� for N(91)/N(1)]. Each
L2 strand provides two bidentate NimineNpyridazine donor sets to
two different copper atoms (bite angle 80.71(19) ± 81.72(18)�).
The pyridazine groups bridge each copper centre to two
neighbouring copper centres, forming a rhombus of bridged
copper atoms. The pyridazine rings within each almost
parallel L2 strand lie over each other and are almost parallel
to each other, forming favorable � ±� interactions (N(1)/
N(31) 0.8� and 3.51 ± 3.56 ä apart, N(61)/N(91) 4.9� and 3.54 ±
3.82 ä apart), as do the phenyl rings (2.5 ± 5.9� and 3.25 ±
3.68 ä apart). Each L2 strand is fairly flat, with mean planes
through the phenyl and pyridazine rings intersecting at 9.3 ±
18.5� ; this maximises � delocalisation throughout the L2
ligand strand.
Although numerous copper(��) pyridazine-bridged com-


plexes have been reported, copper(�) pyridazine-bridged
complexes are less common.[15] The overall [2� 2] grid
architecture of the two most closely related structurally
characterised complexes[3a, 4] is compared with that of 2 in
Table 1. In the macrocyclic grid complex, [CuI4(L1)2]4�, the
Cu4 moiety is close to square (the adjacent pyridazine rings
make internal angles of 90.9 ± 91.9�), with diagonals of almost
equal length (although this is also the least planar of these
three Cu4 rings), whereas in the acyclic complexes 2 and
[CuI4(dppn)4]4� the adjacent pyridazine rings form internal
angles of about 12� and 22�, respectively, further from
orthogonality, and the Cu4 rings are rhombuses, with diago-
nals of significantly different lengths (Table 1). This distortion
of the orthogonal grid and of the Cu4 square, to give squashed
grids and Cu4 rhombus cores, is expected to improve the � ±�
stacking interactions between the almost parallel aromatic
rings as it offsets them somewhat.[24]


In marked contrast to the [2� 2] grid structure that is
formed when L2 is expressed with copper(�), when zinc(��),
nickel(��) or cobalt(��) ions are used with the same ligand the
new coordination algorithm interprets L2 in a different way
and produces complexes with a side-by-side architecture,
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Table 1. Comparison of some X-ray structural data for complex 2 with two related literature complexes, [CuI4(L1)2]4� and [CuI4(dppn)4]4�.


Complex Npdz-Cu-Nimine
[a] Cu�N � pdz� [b] � pdz � [c] d pdz � [d] Cu ¥ ¥ ¥Cu[e] Ref.


[�] [ä] [�] [�] [ä] [ä]


[CuI4(L1)2]4� 79.7 ± 81.7 1.956 ± 2.067 90.9 ± 91.9 0.9, 2.9 3.57 ± 3.72 5.228, 5.310 [4]
[CuI4(L2)4]4� 80.7 ± 81.7 1.960 ± 2.069 101.5 ± 104.1 0.8, 4.9 3.51 ± 3.82 4.751, 5.681 this work
[CuI4(dppn)4]4� 79.9 ± 81.8 1.974 ± 2.041 111.9 ± 114.2 1.2 3.32 ± 3.40 4.533, 5.527 [3a]


[a] Both nitrogen atoms from the same ligand strand. [b] Angles between neighbouring, almost perpendicular pyridazine rings. [c] Angles between opposite,
almost parallel pyridazine rings. [d] Distance between opposite, almost parallel pyridazine rings. [e] Across the diagonal of the Cu4 rhombus.
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[MII
2(L2)2X4]4� (M�Zn, X4� 2CH3CN and 2H2O 1; M�Ni,


X4� 4CH3CN 5a ; M�Co, X4� 2CH3CN and 2H2O 6a).
Crystals of 1 ¥ (CH3CN), 5a ¥ (Et2O)0.25 and 6a ¥


(H2O)(CH3CN)0.5 were grown from the respective reaction
solutions in acetonitrile by diethyl ether vapour diffusion, and
X-ray structure determinations were carried out (Figures 2, 3
and 4). The structures are very different from that of the
copper(�) complex of the same L2 ligand, despite having the
same metal:ligand ratio. The three complexes are similarly
self-assembled as side-by-side structures. Here each metal
atom (Zn2�, Ni2� and Co2�) is bound by two almost coplanar
bidentate NimineNpyridazine moieties from two different L2
strands (bite angle 77.2(2) ± 77.5(2)� for 1, 78.2(2) ± 79.0(2)�
for 5a and 77.04(15) ± 77.46(17)� for 6a), and the distorted
octahedral geometry is completed by the axial coordination of
two solvent molecules, acetonitrile and/or water molecules.
There is no crystallographic symmetry within the side-by-side
structure of 5a (dinickel); however, in the cases of 1 (dizinc)
and 6a (dicobalt) the two halves of the side-by-side structures
are related by a twofold axis and a centre of inversion,
respectively. In all cases, as expected on steric grounds, the
two L2 ligand strands are significantly twisted: the pyridazine-
ring mean plane within a L2 strand intersects the phenyl-ring
mean planes in that strand at 31.4 ± 54.0� for 1, 39.2 ± 48.6� for
5a and 42.2 ± 43.1� for 6a. The extent of � delocalisation
within an L2 ligand strand is therefore considerably reduced
in these side-by-side complexes relative to that found in the
grid complex, 2. The phenyl rings within the side-by-side L2
strands lie over each other, and are almost parallel to each
other, forming favorable � ±� interactions (4.7 ± 10.0� and
3.01 ± 3.47 ä apart for 1, 9.3 ± 21.3� and 2.98 ± 4.02 ä apart for
5a and 9.3 ± 9.9� and 2.98 ± 3.49 ä apart for 6a). These appear
to be more favourable than those formed in the copper(�) grid
complex 2, and this presumably offsets the effect of the loss of
� delocalisation within the individual, twisted, L2 ligand
strands in these side-by-side architectures. In addition, these
interactions are likely to be important in favouring the
formation of these side-by-side architectures as opposed to
dimetallic complexes of a single L2 ligand strand.
In contrast to the large volume of literature relating to


copper(��) pyridazine complexes,[15] very little attention has
been given to the zinc, nickel and cobalt chemistry of such
ligands. Only one example of a structurally characterised
pyridazine or phthalazine bridged zinc complex has been
reported, [Zn2(OH)(H2O)(bdptz)(H2O)2]3� in which bdptz�
1,4-bis(2,2�-dipyridylmethyl)phthalazine.[25] In that case the
two zinc ions are bridged by a single phthalazine bridge, a
hydroxide ion and, uncommonly for zinc(��) complexes, a
water molecule. The two one-atom bridges lead to a short Zn ¥
¥ ¥Zn separation of 3.169(2) ä relative to the much greater
value, 4.050(4) ä, observed in 1, the first doubly pyridazine
bridged zinc complex.
Twenty pyridazine- or phthalazine-bridged nickel com-


plexes have been structurally characterised, of which only six
contain doubly diazine bridged nickel ions,[26±31] one of which
contains an additional one-atom NCS� bridge.[31] Of the other
five nickel(��) complexes,[26±30] with similar side-by-side struc-
tures to that of 5a, the Ni ¥ ¥ ¥Ni separations are in the range
3.791 ± 3.920 ä for those containing octahedral nickel(��)


ions,[26, 27, 29] and in the significantly lower range 3.587 ±
3.627 ä for those containing one square planar and one
octahedral nickel(��) ion.[28] No details are reported for the last
of these structures and the data have not been deposited in the
CCDC.[30] The Ni ¥ ¥ ¥Ni separation in 5a, 4.056(2) ä, is some-
what greater than the values reported for these related
octahedral nickel(��) complexes.
Other than our own work,[10, 12, 14, 32, 33] there are four


structurally characterised cobalt pyridazine/phthalazine com-
plexes in the literature,[34±37] only two of which are of cobalt in
the �2 oxidation state.[34, 35] In both of these complexes,
one mononuclear and the other dinuclear, the cobalt(��)
ions are high spin. In the dinuclear complex,
[CoII2(PHP6Me)Cl(H2O)4]3� in which PHP6Me is 1,4-bis[(6-
methylpyridine-2-carboxaldimino)amino]phthalazine, the
single diazine bridges the two six-coordinate cobalt(��) centres,
as does the chloride ion.[34] The presence of the single-atom
chloride bridge leads to a shorter Co ¥ ¥ ¥Co separation,
3.7121(16) ä, than is the case in 6a. The double, two-atom
pyridazine bridge leads to very similar M ¥ ¥ ¥M separations in
this series of side-by-side cobalt(��) 6a, zinc(��) 1 and nickel(��)
5a complexes of L2 (4.066(2), 4.050(4) and 4.056(2) ä,
respectively). In contrast, the series of doubly pyridazine-
bridged dicobalt(��) complexes, [CoII2(L1)X4]y�, that we re-
ported have Co ¥ ¥ ¥Co separations in the range 3.750 ± 3.813 ä,
and have been high-spin, low-spin or spin-crossover com-
plexes depending on the nature of X.[10, 12, 14] Clearly the
macrocyclic nature of the L1 ligand plays a role in constrain-
ing the metal-ion geometry relative to that observed in the
case of the acyclic ligand L2.
Crystals of 7 ¥CH3CN were grown by diethyl ether vapour


diffusion into an acetonitrile reaction filtrate and the X-ray
crystal structure determined (Figure 5). The stucture is totally
different from those of the above complexes, which formed as
expected by expression of the L2 ligand with appropriately
chosen metal ions (Scheme 1), and represents a third out-
come. Here an iron(��) atom is bound by three bidentate
NimineNpyridazine moieties from three different L2 strands, and is
in a distorted octahedral environment, with angles subtended
at the iron(��) centre varying from 80.0(3) to 98.2(3)�. There
are no significant differences in the Fe�Npyridazine bond lengths
(1.911(7) ± 1.941(7) ä) or in the Fe�Nimine bond lengths
(1.984(6) ± 2.009(7) ä); however, the bond lengths of
Fe�Npyridazine are slightly shorter than those of Fe�Nimine.
These Fe�Npyridazine distances are also short in comparison with
the average low-spin FeII�N bond lengths observed for the
related complexes [FeII(3,3�-bipyridazine)3][ClO4]2, [FeII-
(bpy)3][Cl3FeIIIOFeIIICl3] and [FeII(phen)3][Cl3FeIIIOFeIIICl3],
of 1.927(3),[38] 1.97(1)[39] and 1.96(2) ä,[40] respectively. The
Fe�Nimine bond lengths are slightly longer than these low-spin
FeII�N bond lengths, but are still significantly shorter than
those found in high-spin octahedral iron(��) complexes such
as [Fe(thz)6][Fe2OCl4] (thz� triazole; 2.21(1) ä)[41] and
[Fe(pyz)2(NCS)2]n (pyz� pyrazine; 2.246(2) ä).[42] From the
bond length analysis, the iron(��) centre in the [FeII(L2)3]2� ion
is clearly in the low-spin state.
The counterion in 7 ¥CH3CN is the, now well-known,[43]


oxo-bridged iron(���) dimer [Cl3Fe-O-FeCl3]2�, formed by the
in situ hydrolysis of ferric chloride, first identified by Nelson
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and co-workers in 1978.[21, 22, 44] The [Cl3FeIIIOFeIIICl3]2� ion in
7 ¥CH3CN does not possess crystallographically imposed
symmetry. The iron(���) atoms, Fe(1) and Fe(2), have approx-
imately tetrahedral geometries, with angles ranging from
109.5(2)� to 111.5(3)� and from 108.7(2)� to 110.8(3)�,
respectively. The Fe-O-Fe bond angle, 173.4(4)�, is very close
to linear. The FeCl3 moieties are somewhat unevenly bridged
by the oxo ion (Fe�O 1.767(6) ä and 1.740(6) ä), but the
Fe�O distances are close to the average value observed for
this anion (1.76 ä; averaged over 36 crystal structures).[45] The
Fe�Cl bonds observed in 7 ¥CH3CN (Fe�Cl 2.217(3) ±
2.240(3) ä) are close to the average observed for the
[Cl3FeIIIOFeIIICl3]2� ion (2.21 ä)[45] and to the values observed
for some of the more closely related complexes (also featuring
iron(��) ions).[39,40,46] In addition, as was observed by Wieghardt
and co-workers,[22] the three Fe�Cl distances within each
FeCl3 moiety of the dianion of 7 ¥CH3CN are not equivalent:
for both iron atoms, one of the three Fe�Cl bonds is somewhat
longer than the other two.


Magnetochemistry and Mˆssbauer spectroscopy : Complexes
1, 2, 3, 4 and 8 are diamagnetic. Variable temperature
magnetic susceptibility measurements were made on para-
magnetic complexes 5b, 6b, 7 ¥H2O and 9 in the temperature
range 300 to 4 K. Antiferromagnetic exchange between the
two metal(��) ions was observed in all of these cases. The
results are summarized in Table 2.


The magnetic susceptibility data for the NiII aqua complex
5b were observed to increase gently from 300 K, reaching a
maximum at �60 K before decreasing rapidly. A sharp
increase occurred below 10 K due to monomer impurity
(Figure 6). The shape of the plot for �M versus T of 5b shows
that there is antiferromagnetic coupling between the two
paramagnetic NiII centres. Of the few structurally character-
ised doubly pyridazine-bridged-only nickel dimers (see
above), those for which an exchange integral (J) is quoted
include [Ni2(ppd)2(H2O)4]Cl4 ¥ 2H2O, whereby ppd is 3,6-
bis(1�-pyrazolyl)pyridazine and J��14.8 cm�1,[27] and
[Ni2(dcpz)2(H2O)4], whereby dcpz is 1,4-dicarboxylatopyrida-
zine and J��33.6 cm�1.[29] The J value observed for the
doubly pyridazine-bridged dinickel complex 5b, �21.6 cm�1,
falls in this range. The corresponding values of magnetic
moment for 5b decreased with decreasing the temperature
reaching 0.48 BM at 4 K. The room temperature magnetic
moment of 2.89 BM is indicative of a weakly coupled
octahedral nickel(��) ion (S� 1) and is comparable to those


Figure 6. Plot of magnetic susceptibilities, per Ni atom, for complex 5b
versus temperature. The solid line is the best-fit calculated plot using the
parameters given in Table 2.


of other binuclear pyridazine-bridged derivatives, for exam-
ple, [Ni2(ppd)2(H2O)4]Cl4 ¥ 2H2O (�(RT)� 2.95 �B) and
[Ni2(ppd)2(H2O)4]Br4 (�(RT)� 2.99 �B].[27]
The �M plots for 6b show a maximum susceptibility value, at


30 K, and the corresponding �eff value decreases continuously
from room temperature. The behaviour of the complex is
typical of high-spin (S� 3³2) cobalt(��) dimers, which exhibit
weak antiferromagnetic exchange between the cobalt(��)
centres. A simple �2JS1S2 Heisenberg model was used to
get a good fit. The exchange integral (J) for this high-spin
dicobalt(��) complex is �7.6 cm�1, which is slightly lower than
those obtained for comparable doubly pyridazine-bridged
complexes, for example, [Co2L1(H2O)4](ClO4)4 in which J�
�9.6 cm�1,[14] and [Co2(dcpz)2(H2O)4] with J��11.5 cm�1.[29]


The binuclear cobalt(��) complex has a room temperature
magnetic moment, �(RT)� 4.54 �B, which is lower than
values of mononuclear CoII, because of antiferromagnetic
coupling. The value is comparable to those observed for
related binuclear cobalt(��) complexes, for example,
[Co2(ppd)2(H2O)4]Cl4 ¥ 2.5H2O has �eff(RT)� 4.25 �B per co-
balt atom, [Co2(ppd)2(H2O)4]Br4 has �eff(RT)� 4.18 �B per
cobalt atom[27] and [Co2L1(H2O)4](ClO4)4 has �eff(RT)�
3.82 �B.[14]


For the orange dimanganese(��) complex 9, the value of �M
gradually increased as the temperature was lowered, to give a
maximum in �M at very low temperature (Figure 7). Again this
behaviour indicates the presence of weak antiferromagnetic
interactions between the MnII ions. At room temperature the


Figure 7. Susceptibility data, per Mn atom, for complex 9. The solid line is
the best-fit calculated plot using the parameters given in Table 2.
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Table 2. Magnetic parameters for the paramagnetic dimetallic(��) com-
plexes of L2 obtained using isotropic �2JS1S2 models.
Complex S g J [cm�1] �[a] �eff [�B]


295 K, per metal atom


5b 1 2.17 � 21.6 0.02 2.89
6b 3/2 2.44 � 7.6 0.02 4.54
9 5/2 1.95 � 3.2 0.02 5.49
7 ¥H2O 5/2[b] 1.81 � 75[b] 0.025 2.90[c]


[a] Fraction monomer. [b] Value for anion, see text. [c] Per Fe3.
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�eff value of 9 is 5.49 �B, slightly less than the value of 5.92 �B
expected for an uncoupled Mn2� ion.[47] It decreased gradually
reaching 1.28 �B at 4 K. The best fit g value is isotropic at 1.95
and manganese(��) is a well-known example of a Heisenberg
ion.[48] A good fit was obtained for a S� 5³2 dimer model with
J��3.2 cm�1.
The complex 7 ¥H2O contains high-spin iron(���) in the anion


and low-spin iron(��) in the cation. The Mˆssbauer spectrum
measured at 82 K shows two sharp quadrupole doublets
(Figure 8), that for HS FeIII with �� 0.33 mms�1, �EQ�
1.32 mms�1 (area 59%) and that for LS FeII with ��
0.28 mms�1, �EQ� 0.57 mms�1 (area 41%). The former
doublet is typical of those reported for [Cl3FeOFeCl3]2�,[21, 49]


while the latter is typical of those reported for [FeII(N�N)3]2�
LS chelates.[50]


Figure 8. Mˆssbauer spectrum at 82 K obtained for the double salt iron
complex 7 ¥H2O.


The magnetic moment at room temperature for the green
complex 7 ¥H2O is 2.90 �B, per Fe3 unit, and it decreases
gradually, in a curved fashion typical of the behaviour of a
strongly antiferromagnetically coupled FeIIIOFeIII com-
pound.[21, 22, 49, 50] The �eff values reach a plateau of 1.31 �B
between 60 ± 20 K, then decrease more rapidly to reach
0.90 �B at 4 K. The corresponding molar susceptibilities
remain largely constant between 300 and 60 K, then increase
rapidly down to 4 K. Such behaviour is Curie-like below 60 K
indicative of monomer impurity probably combined with a
small temperature-independent paramagnetism from the low-
spin d6 cation. A magnetically ™pure∫ FeIIIOFeIII moiety plus
FeII LS should show no Curie susceptibility tail, but rather a
constant decrease in � between 300 and 4 K, with a small
(constant) �TIP at low temperatures preventing � reaching
zero. The origin of the monomer impurity in 7 ¥H2O is not
clear, but might, in this case, be an actual trace of chemical
impurity rather than, or as well as, the ubiquitous monomer
impurities in highly crystalline [Cl3FeOFeCl3]2� species.[22, 49]


Thus to fit the �(per Fe3) data, the Curie values (2.5%),
observed below 60 K, were first subtracted at all temper-
atures, and the remaining �(corrected) values fitted to a S� 5³2
Heisenberg dimer model. The agreement between observed
and calculated � (or �) values was quite good, but with some
crossing of curves in the range 60 ± 300 K, and the best fit
values were g� 1.81 and J��75 cm�1. Both of these are


lower than normal, g being expected to be close to 2.0 for 6A1g


(FeIII) centres, while J values for [Cl3FeOFeCl3]2� ions are
usually in the range �105 to �117 cm�1.[22] Nevertheless, they
do clearly support the presence of this �-oxo anion combined
with the [FeII(L2)3]2� ion in the bulk sample, the discrepancies
largely emanating from impurities, as described. Interestingly,
the Mˆssbauer spectrum does not reveal any third species
such as HS FeII or HS FeIII and so an HS FeIII contaminant
must have very similar parameters to those from FeIIIOFeIII or
have a very weak signal.


Electrochemistry : Cyclic voltammograms of complexes 1, 2,
5b, 6b and 8 (Figures 9 and 10) have been recorded in 0.001�
CH3CN containing 0.10� [N(nBu)4]PF6 as supporting electro-
lyte, at a platinum working electrode and referenced to 0.01�
AgNO3/Ag. In all cases the cyclic voltammograms were


Figure 9. Cyclic voltammograms run at 200 mVs�1 in CH3CN vs. 0.01�
AgNO3/Ag. From top to bottom: 1 zinc, 2 copper, 5b nickel, 6b cobalt, 8
iron.


Figure 10. Cyclic voltammogram, run at 200 mVs�1 over a narrower
potential range than in Figure 9, highlighting the reversible processes for
the tetracopper(�) complex 2 in CH3CN vs. 0.01� AgNO3/Ag.
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started at 0.00 V, scanned to the most negative potential and
then the scan direction reversed towards the most positive
potential before returning to 0.00 V. All potentials quoted in
this section were obtained from cyclic voltammograms run at
a scan rate of 200 mVs�1. As a reference check, ferrocene was
added at the conclusion of each experiment: the Fc�/Fc
couple consistently occurred at E1/2��0.07	 0.01 V with
�E� 0.07 V in CH3CN. The reversibility of the redox couples
was judged against the usual criteria.[51]


The cyclic voltammogram of the dizinc(��) complex 1, in the
potential range �1.80 to �1.80 V, shows one irreversible
cathodic process (Epc��0.79 V) and three irreversible ano-
dic processes (Epa��0.50, �1.37 and �1.54 V) on the
reverse scan (Figure 9). The first anodic process (Epa�
�0.50 V) was not observed if the scan was started from
0.00 V and run to �1.80 V before reversing to �1.80 V and
back to 0.00 V. Therefore the process is believed to be
associated with the cathodic wave at �0.79 V: complex 1 is
presumably irreversibly reduced, forming a new compound
which can then be oxidised at �0.50 V. The ZnII ion is
expected to be redox-inert and all observed redox activity can,
therefore, be ascribed to ligand-based processes.
The cyclic voltammogram (Figure 9) of the tetracopper(�)


complex 2 shows that there are five reduction processes in the
potential range of �1.80 to �1.80 V. The process at
E1/2��1.65 (�E� 0.13) V was fully electrochemically rever-
sible, whereas the peak at Epc��1.17 V is not. When the scan
direction was reversed at �1.05 V, three reversible anodic
waves (E1/2��0.93 (�E� 0.06) V, �0.75 (�E� 0.07) V and
�0.59 (�E� 0.06) V) were observed (Figure 10), and the
strong anodic stripping peak observed in the full range scan
was absent (Figure 9). Controlled potential coulometry at
E1/2��0.68, �0.90 and �1.05 V confirmed that each of these
three processes corresponds to a one-electron reduction of the
initial [CuI4(L2)4]4� ion. The stripping peak (Epa��0.74 V) is
therefore believed to be associated with the fourth reduction
process (Epc��1.17 V) generating Cu0. In addition, two
irreversible oxidation processes (Epa��1.12 and �1.58 V)
were observed. The first oxidation wave is probably due to the
oxidation of CuI�CuII. The second oxidation peak was a very
broad, weak, multi-electron process for which the current was
slightly increased with increasing scan rate.
These results for 2 are compared, in Table 3, with those


reported for the two related pyridazine-based grid systems,
[CuI4(L1)2]4� and [CuI4(dppn)4]4�, although the comparison is
complicated by the differing solvent and reference system
employed in the case of the dppn compound (DMF, SCE
reference).[3a, 13] In all three cases three reversible one-
electron processes are observed at negative potentials, but
the E1/2 values for these processes vary somewhat from


complex to complex. In addition, a fourth reversible one-
electron process was obtained in the cyclic voltammograms of
[CuI4(L1)2]4� and [CuI4(dppn)4]4�. However, in the case of
acyclic 2 a strong stripping anodic wave was observed instead
of a reversible process when the fourth reduction was
attempted. No stripping peak is observed for the macrocyclic
complex, even when the scan direction is not reversed until
�2.00 V, consistent with the common observation that macro-
cyclic ligands stabilize redox products to a greater extent than
acyclic ligands can. It is interesting to note that acyclic 2 is
more easily reduced than the closely related macrocyclic
analogue [CuI4(L1)2]4�, presumably due to the greater degree
of conjugation present in L2 over that in L1. In the case of
[CuI4(L1)2]4� and [CuI4(dppn)4]4� the four processes are
believed to be predominately ligand-centred, whereas in 2
the fourth reduction process is thought to be metal-centred,
CuI�Cu0, generating the stripping peak on the return scan
(see above).
Cyclic voltammetry studies on the dinickel(��) complex 5b


reveal that this species also has many redox processes
(Figure 9). There are two fully reversible reduction processes
(E1/2��1.79 V (�E� 0.07 V), �1.50 V (�E� 0.06 V)) and a
quasi-reversible process (E1/2��0.48 V (�E� 0.13 V)). In
addition, three irreversible processes were observed at E1/2�
�1.01 V (�E� 0.05 V), �0.78 V (�E� 0.02 V) and Epa�
�1.45 V. Scan rate studies were carried out on the former
two irreversible processes. The current of the cathodic
processes went up with the increase of scan rate, but the
current of the associated anodic processes almost dropped
down to zero. These redox processes are again believed to be
predominately ligand-centred.
The cyclic voltammogram of dicobalt(��) complex 6b (Fig-


ure 9) displays one fully reversible redox process (E1/2�
�1.45 V (�E� 0.08 V)), a quasi-reversible process [E1/2�
�0.96 V (�E� 0.20 V)] and four irreversible processes
(Epc��1.72, �0.72 V and Epa��1.23, �1.55 V). The first
reduction process (E1/2��1.45 V) was very weak at the
200 mV s�1 scan rate (Figure 9), but it is reversible; the
current proportionally increased with increasing �1/2 and the
process also met all of the other requirements for reversi-
bility.[51] If the scan was reversed at �0.80 V, no anodic waves
were observed so the process at Epc��0.72 V is totally
irreversible. However, an anodic peak is obtained if the scan
was reversed at �1.30 V and the process at E1/2��0.96 V is
therefore electrochemically quasi-reversible. A very weak
anodic wave was observed at �1.23 V, which may be due to
the oxidation of CoII�CoIII. The only pyridazine-bridged
cobalt complex for which cyclic voltammetric data have been
reported is [CoII(L1)(CH3CN)4]4�.[10] In that case, four rever-
sible waves were observed at much more accessible potentials
�0.33, �0.11, �0.87 and �1.06 V versus 0.01� AgNO3/Ag.
These processes were tentatively interpreted as being pre-
dominately metal-centred, but the distinct possibility that the
L1 ligand is non-innocent must be examined.[52]


The cyclic voltammogram of mono-iron(��) complex 8 shows
that it is redox active (Figure 9). There are three successive
fully reversible processes (E1/2��1.44 V (�E� 0.06 V),
�1.17 V (�E� 0.06 V) and �0.91 V (�E� 0.07 V)) followed
by a quasi-reversible process (E1/2��1.62 V (�E� 0.09 V)).
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Table 3. Comparison of electrochemical data, obtained from cyclic vol-
tammograms, for [CuI4(L2)4]4�, [CuI4(L1)2]4� and [CuI4(dppn)4]4�.


Complex E4
1�2 E3


1�2 E2
1�2 E1


1�2 Ref.


[CuI4(L2)4]4� � 1.17[a,c] � 0.93[a] � 0.75[a] � 0.59[a] this work
[CuI4(L1)2]4� � 1.35[a] � 1.13[a] � 0.87[a] � 0.69[a] [13]
[CuI4(dppn)4]4� � 1.32[b] � 1.16[b] � 1.01[b] � 0.88[b] [3a]


[a] CH3CN vs. 0.01� AgNO3/Ag. [b] DMF vs SCE. [c] Value given is Epc,
not E1/2 .







Molecular Architecture 3772±3784


Coulometry at E1/2��1.50 V established that the
[FeII(L2)3]2� ion undergoes three successive one-electron
reductions. A very weak quasi-reversible oxidation process
(E1/2�� 0.28 V (�E� 0.13 V)) could be observed on the
reverse scan at this scan rate. In addition, a multiple electron
oxidation process is observed at �1.37 V.


Conclusion


Control of molecular architecture by metal-ion coordination
geometry preferences has been illustrated by the formation of
two very different structural types from the same Schiff base
ligand, L2. This demonstration that Schiff bases are good
ligands for the formation of such grid and array type
complexes means that the nature and properties of such
supramolecular arrays can be easily varied and tuned. As such
these complexes, which include examples of complexes of all
of the first row transition metal ions from ZnII to MnII, are
important illustrations of the use of coordination algorithms
and are likely to be the first of many.
The observation of a third outcome (cf. Scheme 1), due to


iron(��) preferring to go low spin by binding three L2 ligands,
even when the ratio of metal:ligand was only 1:1, was
disappointing. It had been hoped that a side-by-side archi-
tecture (similar to that observed for 1, 5a and 6a) would be
observed for this octahedral metal ion, and that the ligand
field might be in the range to generate a spin-crossover
complex by choice of appropriate axial ligands.[14] Our efforts
are now directed towards varying the amines condensed with
3,6-diformylpyridazine to tune the properties of the com-
plexes and/or generate bigger arrays, and also the use of other
heterocycles in the generation of grid-type architectures of
octahedral metal ions with the intention of generating species
with reversible metal-based redox processes and/or spin-
crossover behaviour.[16]


Experimental Section


3,6-Diformylpyridazine was synthesised according to the literature prep-
aration.[5, 7] p-Anisidine was recrystallised from aqueous ethanol after
decolourising with activated carbon. [Cu(CH3CN)4]BF4 was prepared
according to the procedure outlined by Kubas.[53] Where noted, acetonitrile
was refluxed over calcium hydride and distilled prior to use, otherwise
HPLC grade acetonitrile was used as received.


Caution!: Whilst no problems were encountered in the course of this work
perchlorate mixtures are potentially explosive and should therefore be
handled with appropriate care.


X-ray data were collected on a Bruker SMART diffractometer (��
0.71073 ä) and the structures solved and refined by using SHELXS and
SHELXL.[54±56] CCDC-204611 ± 204615 contain the supplementary crystal-
lographic 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)1223-336033; or deposit@ccdc.cam.uk). The magnetic susceptibil-
ities were measured by using a Quantum Design MPMS 5 Squid magneto-
meter as described previously.[13, 14] The Mˆssbauer spectrum was obtained
using a conventional constant acceleration drive with a symmetrical
sawtooth waveform. The source of 57Co in rhodium was maintained at room
temperature. The iron complex was loaded into a piston type Perspex
holder. The holder was placed in a cold-finger type cryostat in good thermal


contact with the reservoir that contained liquid nitrogen. Drive calibration
was carried out using an �-Fe foil and isomer shifts are quoted relative to �-
Fe at room temperature. The spectrum was fitted to Lorentzian lines, with
the matching lines of a doublet constrained to have the same intensity and
linewidth. All other measurements were carried out as described previ-
ously.[7, 13]


Ligand L2 : A colourless solution of p-anisidine (1.2570 g, 10.2 mmol) in
ethanol solution (20 cm3) was added to a stirred yellow solution of 3,6-
diformylpyridazine (0.6950 g, 5.1 mmol) in reagent grade ethanol (20 cm3).
The initially clear, pale lemon solution became increasingly opaque as a
fine precipitate started to form within minutes of the addition. The reaction
mixture was stirred for 4 h at room temperature before the fine lemon
yellow powder, L2 (H3COPhN�CHC4H2N2CH�NPhOCH3), was filtered
off, washed with ethanol (5 cm3) and dried in vacuo (1.6421 g, 93%).
Elemental analysis calcd (%) for C20H18N4O2: C 69.35, H 5.24, N 16.17;
found: C 69.14, H 5.29, N 16.04; IR (KBr disk, inter alia): �	 � 3475 (brw),
1622 (s), 1593 (s), 1577 (s), 1503 (vs), 1464 (m), 1290 (s), 1243 (vs), 1163 (s),
1031 (s), 967 (m), 830 (s), 755 (m), 561 cm�1 (m); 1H NMR (500 MHz,
solvent CDCl3, reference CHCl3@7.26 ppm): �� 8.99 (s, 2H; H6), 8.43 (s,
2H; H3), 7.42 (d, 3J9,10� 9.0 Hz, 4H; H9), 6.99 (d, 3J9,10� 9.0 Hz, 4H; H10),
3.86 ppm (s, 6H; H14); 13C NMR (125 MHz, solvent CDCl3, reference
CHCl3@77.3 ppm): �� 159.8 (C11), 158.1 (C2), 154.9 (C6), 143.0 (C8),
124.7 (C3), 123.2 (C9), 114.7 (C10), 55.6 ppm (C14); UV/Vis (DMF): �max
(�)� 292 (15800), 384 nm (35000 dm3mol�1 cm�1); Mass spectrum (EI):
m/z : 346 [M�], 345 [M��H], 331 [M��CH3], 315 [M��OCH3].


[ZnII2(L2)2(H2O)2(CH3CN)2][ClO4]4 (1): A colourless solution of
Zn(ClO4)2 ¥ 6H2O (0.0372 g, 0.10 mmol) in acetonitrile (5 cm3) was added
dropwise to a stirred lemon yellow suspension of L2 (0.0346 g, 0.10 mmol)
in acetonitrile (15 cm3), causing an immediate colour change to orange. The
resulting orange solution was stirred at room temperature for 6 h, after
which time it was reduced in volume (ca. 6 cm3). 1 ¥CH3CN was isolated as
orange needle-like crystals by fast vapour diffusion of diethyl ether vapour
into the reaction solution, and, on drying in vacuo, gave 1 (0.0589 g, 96%).
Elemental analysis calcd (%) for C40H36N8Zn2Cl4O20 (1) without the
coordinated solovent: C 39.34, H 2.97, N 9.17; found: C 39.29, H 3.37, N
9.29; IR (KBr disk, inter alia): �	 � 3447 (br s), 1622 (w), 1599 (m), 1508 (m),
1304 (w), 1258 (m), 1168 (m), 1121 (s), 1030 (m), 827 (m), 625 cm�1 (m);
1H NMR (500 MHz, solvent CD3CN, reference CH3CN@1.94 ppm): ��
8.87 (br s, 2H; H6), 8.57 (br s, 2H; H3), 7.45 (brm, 4H; H9), 7.07 (brm, 4H;
H10), 3.85 ppm (s, 6H; H14); 13C NMR (125 MHz, solvent CD3CN,
reference CH3CN@1.32 ppm): �� 161.8, 161.7 (C11, C2), 125.1 (C6), 125.0
(C8), 116.0 (C3), 115.9 (C9), 115.8 (C10), 56.4 ppm (C14); UV/Vis
(CH3CN): �max (�)� 245 (36000), 396 nm (46500 dm3mol�1 cm�1); 
m


(CH3CN)� 450 mol�1 cm2��1 (cf. 340 to 420 for a 3:1 electrolyte in
CH3CN);[23] MS (ES): m/z : 768 [Zn2L2(CH3CN)3(H2O)4(ClO4)]� , 750
[Zn2L2(CH3CN)3(H2O)3(ClO4)]� , 668 [ZnL2(CH3CN)3(H2O)2(ClO4)]� ,
650 [ZnL2(CH3CN)3(H2O)(ClO4)]� , 551 [ZnL2(CH3CN)3(H2O)]� , 492
[ZnL2(CH3CN)2]� , 347 [L2�H]� .
[CuI4(L2)4](PF6)4 (2): Ligand L2 (0.174 g, 0.504 mmol) was suspended in
freshly distilled acetonitrile (20 cm3) and degassed by argon for 15 min.
[CuI4(CH3CN)4]PF6 (0.188 g, 0.503 mmol) was added as a solid to this
stirred lemon yellow suspension under an argon atmosphere. Immediately
the mixture turned dark brown. After 10 min of stirring, the L2 ligand had
completely dissolved to form a clear dark brown solution. The mixture was
allowed to stir at room temperature for 2 h. Dark brown needle-like
crystals of 2 ¥ (CH3CN)(H2O)(CH3CH2OCH2CH3)0.25 were obtained by
diethyl ether vapour diffusion into the reaction solution in air. The crystals
were isolated and dried in vacuo to yield 2 (0.250 g, 89%). Elemental
analysis calcd (%) for C80H72N16Cu4P4F24O8 (2): C 43.3, H 3.3, N 10.1;
found: C 43.3, H 3.4, N 10.0; IR (KBr disk, inter alia): �	 � 3446 (m), 1613
(m), 1575 (s), 1505 (s), 1406 (m), 1306 (m), 1293 (m), 1265 (s), 1250 (s), 1165
(s), 1070 (w), 1024 (w), 835 (vs), 557 cm�1 (m); 1H NMR (300 MHz, solvent
CD3NO2, reference CH3NO2@4.33 ppm): �� 9.24 (s, 2H; H6), 8.60 (s, 2H;
H3), 7.16 (d, 3J9,10� 9.13 Hz, 4H; H9), 6.50 (d, 3J9,10� 9.13 Hz, 4H; H10),
3.67 ppm (s, 6H; H14); 13C NMR (125 MHz, solvent CD3NO2, reference
CH3NO2@62.8 ppm): �� 163.9 (C11), 156.5 (C2), 150.4 (C6), 138.6 (C8),
134.2 (C3), 126.5 (C9), 116.4 (C10), 56.4 ppm (C14); UV/Vis (CH3CN): �max
(�)� 236 (sh), 290 (66700), 378 nm (143300 dm3mol�1 cm�1); 
m


(CH3CN)� 412 mol�1 cm2��1 (cf. 340 to 420 for a 3:1 electrolyte in
CH3CN);[23] MS (FAB): m/z : 1928 [Cu4(L2)4(PF6)2]� , 1783
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[Cu4(L2)4(PF6)]� , 963 [Cu2(L2)2PF6]� , 820 [Cu2(L2)2]� , 755 [Cu(L2)2]� , 409
[Cu(L2)]� .


[CuI2(L2)2(NCS)2] ¥H2O (3): Ligand L2 (0.0346 g, 0.10 mmol) was sus-
pended in freshly distilled acetonitrile (20 cm3) and degassed by nitrogen
for 15 min. [Cu(CH3CN)4](BF4) (0.0315 g, 0.10 mmol) was added as a solid
to the stirred yellow suspension under a nitrogen atmosphere, causing an
immediate colour change to intense brown. Over 20 min, ligand L2
dissolved completely to form an intense brown solution. NaSCN (0.0098 g,
0.12 mmol) as a solid was added to the stirred solution, with no apparent
change. The solution was stirred for 4 h during which time a greenish brown
precipitate formed. The intense greenish brown powder was filtered off,
washed with acetonitrile (5 cm3), and dried in vacuo to give 3 (0.0417 g,
87%). Elemental analysis calcd (%) for C42H36N10Cu2O4S2 ¥H2O (3): C
52.88, H 4.01, N 14.68, S 6.72; found: C 52.85, H 3.71, N 15.01, S 7.00; IR
(KBr disk, inter alia): �	 � 3480 (brw), 2112 (s), 1619 (w), 1587 (m), 1503 (s),
1463 (w), 1291 (m), 1245 (s), 1163 (m), 1027 (m), 835 cm�1 (m); 1H NMR
(500 MHz, solvent DMF, reference DMF@2.74 ppm): �� 9.10 (s, 2H; H6),
8.53 (s, 2H; H3), 7.60 (d, 3J9,10� 8.58 Hz, 4H; H9), 7.10 (d, 3J9,10� 8.28 Hz,
4H; H10), 3.88 ppm (s, 6H; H14); 13C NMR (125 MHz, solvent DMF,
reference DMF@30.1 ppm): �� 124.3 (C9), 115.3 (C10), 55.9 ppm (C14);
UV/Vis (DMF): �max (�)� 292 (27800), 383 nm (61100 dm3mol�1 cm�1).
m


(DMF)� 15 mol�1 cm2��1 (cf. 65 to 90 for a 1:1 electrolyte in DMF).[23] MS
(ES): m/z : 563 [Cu(L2)(NCS)2(H2O)2]� , 545 [Cu(L2)(NCS)2(H2O)]� , 463
[Cu(L2)(NCS)]� , 347 [L2�H]� , 124 [Cu(NCS)]� .
[CuI2(L2)(NCS)2] (4): Ligand L2 (0.0346 g, 0.10 mmol) was suspended in
freshly distilled acetonitrile (20 cm3) and degassed by nitrogen for 15 min.
[Cu(CH3CN)4](BF4) (0.0629 g, 0.20 mmol) was added as a solid to the
stirred yellow suspension under a nitrogen atmosphere, causing an
immediate colour change to intense brown. After 20 min NaSCN
(0.0162 g, 0.20 mmol) was added as a solid, with no apparent colour
change. The mixture was stirred for 4 h during which time an intense brown
(almost black by eye) precipitate formed. The powdery precipitate was
filtered off, washed with acetonitrile (5 cm3) and dried in vacuo to give 4
(0.0536 g, 91%). Elemental analysis calcd (%) for C22H18N6Cu2O2S2 (4): C
44.81, H 3.08, N 14.25, S 10.87; found: C 44.51, H 2.96, N 14.25, S 10.82; IR
(KBr disk, inter alia): �	 � 3463 (brw), 2111 (s), 1616 (w), 1586 (m), 1503 (s),
1290 (m), 1245 (s), 1163 (s), 1026 (m), 841 cm�1 (m).


[NiII2(L2)2X4][BF4]4 (X�CH3CN 5a; X�H2O 5b): A pale blue solution of
Ni(BF4)2 ¥ 6H2O (0.0340 g, 0.10 mmol) in acetonitrile (5 cm3) was added
dropwise to a lemon yellow suspension of L2 (0.0346 g, 0.10 mmol) in
acetonitrile (15 cm3), causing an immediate colour change to brown-red.
The resulting brownish red solution was stirred at room temperature for 4 h
after which time the solution was reduced in volume (ca. 10 cm3). Dark red
single crystals of 5a ¥ (CH3CH2OCH2CH3)0.25 formed by slow vapour
diffusion of diethyl diethyl ether vapour into the reaction solution. These
were filtered off, washed with acetonitrile (5 cm3) and dried in vacuo to give
5b (0.0480 g, 78%). Elemental analysis calcd (%) for C40H36N8Ni2B4F16O4 ¥
4H2O (5b): C 39.08, H 3.61, N 9.11; found: C 39.09, H 3.72, N 9.11; IR (KBr
disk, inter alia): �	 � 3420 (brm), 1619 (w), 1599 (s), 1507 (s), 1304 (m), 1259
(s), 1169 (s), 1083 (s), 1032 (m), 828 (w), 533 (w), 521 cm�1 (w); UV/Vis
(CH3CN): �max (�)� 250 (sh), 412 (39200), 866 nm (57 dm3mol�1cm�1); 
m


(CH3CN)� 398 mol�1 cm2��1 (cf. 340 to 420 for a 3:1 electrolyte in
CH3CN);[23] MS (ES): m/z : 769 [Ni(L2)(H2O)(BF4)4]� , 549
[Ni(L2)(H2O)(CH3CN)(BF4)]� ; magnetic moment �eff� 2.89 �B per Ni at
298 K.


[CoII2(L2)2Y2](ClO4)4 (X�CH3CN, Y�H2O 6a; X�Y�H2O 6b): Co-
(ClO4)2 ¥ 6H2O (0.107 g, 0.292 mmol) was added as a solid to a stirred
lemon yellow suspension of L2 (0.102 g, 0.294 mmol) in acetonitrile
(30 cm3). Immediately the mixture turned dark red. After 20 min of
stirring, the ligand L2 had completely dissolved to form a clear dark red
solution. The resulting intense red solution was allowed to stir at room
temperature for 2 h, after which time the solution was reduced to half of the
original volume. Dark red crystals of 6a ¥ (H2O)(CH3CN)0.5 were obtained
by diethyl ether vapour diffusion into the reaction solution. The crystals
were isolated and dried in vacuo to yield 6b (0.165 g, 88%). Elemental
analysis calcd (%) for C40H36N8Co2Cl4O20 ¥ 4H2O (6b): C 37.52, H 3.46, N
8.75; found: C 37.42, H 3.56, N 8.72; IR (KBr disk, inter alia): �	 � 3415 (m),
1617 (m), 1598 (s), 1506 (s), 1442 (w), 1303 (m), 1259 (m), 1169 (s), 1145 (s),
1115 (s), 1080 (s), 1028 (m), 924 (w), 833 (w), 625 cm�1 (m); UV/Vis
(CH3CN): �max (�)� 244 nm (sh), 406 (50100), 921 nm (29 dm3mol�1 cm�1);

m (CH3CN)� 411 mol�1 cm2��1 (cf. 340 to 420 for a 3:1 electrolyte in


CH3CN);[23] MS (FAB): m/z : 850 [Co(L2)2(ClO4)]� , 751 [Co(L2)2]� , 405
[Co(L2)]� ; magnetic moment �eff� 4.54 �B per Co at 298 K. The cobalt(��)
complex showed no oxidation instability in acetonitrile solution, so no
precaution was taken to exclude air during the preparation of complex 6.


[FeII(L2)3][FeIIICl3OCl3FeIII] (7): Ligand L2 (0.1039 g, 0.30 mmol) was
suspended in freshly distilled acetonitrile (50 cm3) and degassed by
nitrogen for 15 min. Solid FeCl2 ¥ 4H2O (0.0597 g, 0.30 mmol) was added
to this lemon yellow suspension under a nitrogen atmosphere. Immediately
the mixture turned dark green. The resulting mixture was stirred at room
temperature for 4 h during which time an intense green powder precipi-
tated. Green crystals of 7 ¥CH3CN were obtained by diethyl ether vapour
diffusion into an acetonitrile reaction filtrate. The resulting green
precipitate was filtered off, washed with dry acetonitrile (5 cm3) and dried
in vacuo to yield 7 ¥H2O (0.1113 g, 77%). Elemental analysis calcd (%) for
C60H54N12Fe3Cl6O7 ¥H2O (7 ¥H2O): C 49.58, H 3.88, N 11.56, Cl 14.64;
found: C 49.83, H 3.71, N 11.68, Cl 14.61; IR (KBr disk, inter alia): �	 � 3417
(brw), 1604 (m), 1570 (m), 1502 (s), 1300 (w), 1253 (s), 1163 (s), 1026 (m),
833 cm�1 (m); UV/Vis (CH3NO2): �max (�)� 419 (66700), 599 nm
(10800 dm3mol�1 cm�1); 
m (CH3NO2)� 30 mol�1 cm2��1 (cf. 75 to 95
for a 1:1 electrolyte in CH3NO2);[23] MS in CH3NO2 (ES): m/z : 547
[Fe(L2)3]2� ; magnetic moment �eff� 2.90 �B per Fe3 at 298 K.
[FeII(L2)3](BF4)2 ¥ 2H2O (8): Ligand L2 (0.1038 g, 0.30 mmol) was sus-
pended in freshly distilled acetonitrile (30 cm3) and degassed by nitrogen
for 15 min. Solid Fe(BF4)2 ¥ 6H2O (0.0338 g, 0.10 mmol) was added to this
yellow suspension under a nitrogen atmosphere, causing an immediate
colour change to dark brown. Over about 1 min, the dark brown mixture
turned intense green. The mixture was stirred at room temperature
overnight. A small amount of yellow precipitate was filtered off, washed
with acetonitrile (5 cm3) and dried in vacuo (0.4 mg). Infrared spectroscopy
showed that the precipitate was recovered ligand L2. The filtrate was
reduced in volume (ca. 10 cm3) and the vapour diffusion of diethyl ether
vapour into this solution gave 8 as a dark green crystalline solid, which was
filtered off and dried in vacuo (0.1028 g, 79%); Elemental analysis calcd
(%) for C60H54N12O6FeB2F8 ¥ 2H2O (8): C 55.24, H 4.48, N 12.88; found: C
55.51, H 4.28, N 13.03; IR (KBr disk, inter alia): �	 � 3413 (brw), 1604 (m),
1571 (m), 1503 (s), 1463 (w), 1295 (m), 1249 (s), 1163 (s), 1083 (s), 1026 (s),
835 (m), 533 (w), 521 cm�1 (w); 1H NMR (500 MHz, solvent CD3CN,
reference CH3CN@1.94 ppm): �� 9.10, 9.03, 8.93, 8.83, 8.69, 8.46 (s, 6H;
H6); 8.63, 8.56, 8.47, 8.40, 8.21, 8.13 (d, 6H; H3); 7.62, 7.43, 7.40, 7.11, 7.01,
6.97 (d, 6H; H9); 6.96, 6.89, 6.85, 6.67, 6.56, 6.29 (d, 6H; H10); 3.88, 3.82,
3.79, 3.73, 3.72, 3.65 ppm (s, 6H; H14); 13C NMR (125 MHz, solvent
CD3CN, reference CH3CN@1.32 ppm): �� 170.42, 170.16, 167.85, 167.57,
166.96, 166.68, 163.63, 163.00, 162.88, 161.68, 161.53, 161.49, 161.30, 161.21,
160.58, 160.52, 160.22, 153.93, 153.79, 153.64, 153.16, 152.90, 145.74, 142.95,
141.91, 141.06, 133.20, 132.97, 125.98, 125.26, 125.16, 124.95, 124.84, 124.71,
124.60, 124.39, 115.76, 115.59, 115.53, 115.36, 115.27, 115.16, 56.50, 56.42,
56.31, 56.28, 56.25, 56.19 ppm; UV/Vis (CH3CN): �max (�)� 416 (80100),
599 nm (12200 dm3mol�1 cm�1); 
m (CH3CN)� 273 mol�1 cm2��1 (cf. 220
to 300 for a 2:1 electrolyte in CH3CN);[23] MS (ES): m/z : 547 [Fe(L2)3]2�,
785 [Fe(L2)2(H2O)2]� , 767 [Fe(L2)2(H2O)]� ; magnetic moment �eff� 0 �B
per Fe at 298 K.


[MnII2(L2)2Cl4] ¥ 3H2O (9): MnCl2 ¥ 4H2O (0.0198 g, 0.10 mmol) was added
as a pink solid to a stirred lemon yellow suspension of L2 (0.0346 g,
0.10 mmol) in acetonitrile (20 cm3). The resulting orange-yellow mixture
was stirred at room temperature for 6 h, during which time 9 precipitated as
an orange powder. The precipitate was filtered off and dried in vacuo
(0.0388 g, 78%). Elemental analysis calcd (%) for C40H36N8Mn2Cl4O4 ¥
3H2O (9): C 48.12, H 4.24, N 11.22, Cl 14.20; found: C 48.28, H 3.90, N
11.36, Cl 14.51; IR (KBr disk, inter alia): �	 � 3445 (brm), 1623 (m), 1588
(w), 1505 (s), 1442 (w), 1300 (m), 1246 (s), 1164 (m), 1107 (w), 1028 (m),
833 cm�1 (m); UV/Vis (DMF): �max (�)� 293 (23600), 383 nm
(60300 dm3mol�1 cm�1); 
m(DMF)� 50 mol�1 cm2��1 (cf. 65 to 90 for a
1:1 electrolyte in DMF);[23] MS in DMF (ES):m/z : 907 [Mn2(L2)2Cl3]� , 782
[Mn(L2)2Cl]� , 546 [Mn(L2)Cl2(DMF)]� , 509 [Mn(L2)Cl(DMF)]� , 435
[Mn(L2)Cl]� , 347 [L2�H]� ; magnetic moment �eff� 5.49 �B per Mn at
298 K.


Crystal data for 1 ¥ CH3CN : Orange, T� 168 K, C46H49Cl4N11O22Zn2, Mr�
1380.50, monoclinic, C2/c, a� 12.560(10), b� 26.04(2), c� 17.388(13) ä,
�� 98.629(15)�, V� 5623(8) ä3, Z� 4, �� 1.13 mm�1, 36013 reflections
collected. R1� 0.0526 [for 1706 F� 4�(F); wR2� 0.2026 and goodness of
fit� 0.710 for all 5631 independent F 2 ; 416 parameters].
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Crystal data for 2 ¥ (CH3CN)(H2O)(CH3CH2OCH2CH3)0.25 : Red-black, T�
163 K, C83H79.5Cu4F24N17O9.25P4, Mr� 2297.18, triclinic, P1≈, a� 13.565(5),
b� 15.191(5), c� 27.295(9) ä, �� 77.952(4)�, �� 88.800(4)�, �
80.560(4)�, V� 5426(3) ä3, Z� 2, �� 0.93 mm�1, 51609 reflections collect-
ed. R1� 0.0804 [for 12028 F� 4�(F); wR2� 0.2991 and goodness of fit�
1.071 for all 20517 independent F 2 ; 1346 parameters].


Crystal data for 5a ¥ (CH3CH2OCH2CH3)0.25 : Red, T� 168 K,
C49H50.5B4F16N12Ni2O4.25, Mr� 1340.17, monoclinic, P21/n, a� 16.267(6),
b� 20.109(7), c� 18.546(7) ä, �� 96.008(6)�, V� 6034(4) ä3, Z� 4, ��
0.727 mm�1, 76301 reflections collected. R1� 0.0912 [for 7000 F� 4�(F);
wR2� 0.1659 and goodness of fit� 1.042 for all 12130 independent F 2 ; 818
parameters].


Crystal data for 6a ¥ (H2O)(CH3CN)0.5 : Red, T� 163 K, C45H49.5Cl4Co2-
N10.5O23, Mr� 1365.11, triclinic, P1≈, a� 10.590(3), b� 18.060(6),
c� 18.568(6) ä, �� 64.907(4)�, �� 85.981(4)�, � 76.493(4)�, V�
3125.6(17) ä3, Z� 2, �� 0.783 mm�1, 39480 reflections collected. R1�
0.0774 [for 8896 F� 4�(F); wR2� 0.2730 and goodness of fit� 1.075 for
all 12504 independent F 2 ; 838 parameters].


Crystal data for 7 ¥ CH3CN : Green, T� 163 K, C62H57Cl16Fe3N13O7, Mr�
1476.46, triclinic, P1≈, a� 13.072(13), b� 14.483(14), c� 20.094(18) ä, ��
74.231(16)�, �� 82.912(14)�, � 66.200(13)�, V� 3349(5) ä3, Z� 2, ��
0.942 mm�1, 43681 reflections collected. R1� 0.0587 [for 1512 F� 4�(F);
wR2� 0.1094 and goodness of fit� 0.691 for all 13402 independent F 2; 532
parameters].
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Chemistry of Bridging Phosphanes: PdI Dimers Bearing
2,5-Dipyridylphosphole Ligands


FranÁois Leca,[a] Mathieu Sauthier,[a] Vale¬rie Deborde,[a] LoÔc Toupet,[b] and Re¬gis Re¬au*[a]


Abstract: Two synthetic routes to PdI


dimers that feature a bridging 1-phe-
nyl- and 1-cyclohexyl-2,5-di(2-pyridyl)-
phosphole ligand, 3a and 3b, respec-
tively, are described. The first involves a
conproportionation process between
PdII and Pd0 complexes, while the second
involves ligand displacement from a
preformed PdI dimer. Both routes are
operable for 1-phenylphosphole 1a,
whereas the former failed with 1-cyclo-
hexylphosphole 1b. A mechanistic study
revealed that the conproportionation


pathway implies a reversible oxidative
addition of the P�C(phenyl) bond of
PdII-coordinated 1a to Pd0 leading to a
bimetallic PdII complex 5. The structures
of complexes 3a and 3b were studied by
means of X-ray diffraction. The similar-
ity of these solid-state structures sug-
gests that the bridging mode of the P


atom is due to �-1�N :1,2�P :2�N coor-
dination of ligands 1a, b. The electro-
chemical behaviour and UV/Vis absorp-
tion properties of complexes 3a, b are
reported. Complex 3a is inert towards
CO, PPh3 and 1,3-dipoles. It reacted with
dimethylacetylene dicarboxylate to give
complex 6 as a result of insertion of the
alkyne into the Pd�Pd bond. X-ray
diffraction studies of complexes 5 and 6
are also presented.


Keywords: bridging ligands ¥ co-
ordination mode ¥ palladium ¥
phosphorus heterocycles ¥ P ligands


Introduction


Tertiary phosphanes are probably the most common ligands
associated with late transition metals in coordination chem-
istry and homogeneous catalysis.[1] In contrast to other
classical ligands (e.g. CO, carbenes, hydrides, alkyl groups,
etc.), their coordination chemistry was thought to be quite
invariant: they act as terminal ligands. The possibility that
these sp3-hybridised donors can adopt a bridging bonding
mode was, however, predicted in 1989.[2a] Shortly thereafter, a
semi-bridging bonding mode was described for secondary and
tertiary phosphanes (complexes A[3a] and B,[4a] Scheme 1).
Note that in both cases, this bonding mode is enforced by an
agostic interaction involving a P ±H or a P ±C(sp2) moiety.
Although several more examples of this coordination mode
have been described,[3b±d, 4b] it remains rare. A breakthrough in
phosphane coordination chemistry was recently achieved by
Werner et al. who employed rhodium dimers as templates.
The seminal discovery was the synthesis of rhodium dimers


featuring a bridging stibane ligand.[5a] Following an elegant
tailoring of the Rh ligands, stibane ± phosphane exchange
became possible; this allowed access to complex C (Scheme
1).[5b] This derivative features a symmetrically bridging PMe3
ligand, the first example of this type of coordination mode for
a tertiary phosphane.[2b] It is noteworthy that bridging arsanes
have recently been obtained by means of the same strategy.[5c]


The only other example of a bridging phosphane known to
date, is found in the dimetallic complex D of 1-phenylphos-
phole (Scheme 1).[6] Herein, we report the full, detailed
chemistry of derivatives of typeD including different method-
ologies for their preparation, crystal structures, physical
properties and reactivity towards alkynes.


Results and Discussion


Synthesis of a PdI dimer bearing a bridging 1-phenylphos-
phole ligand : The discovery that 1-phenylphosphole 1a
(Scheme 2) can adopt a bridging coordination mode was
made serendipitously during the evaluation of 2-(2-pyridyl)-
phospholes as ligands for Pd-catalysed olefin ±CO copoly-
merisation.[7a] With the cationic PdII precursor 2a, no catalytic
activity was observed owing to the formation of the inactive
dimer 3a (Scheme 2).[7a] This new species was isolated as an
air-stable red powder in 95% yield by precipitation from the
reaction media. The 31P{1H} NMR spectrum of 3a exhibits a
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Scheme 2. Serendipitous discovery of a PdI dimer bearing a bridging
phosphole ligand. cod� 1,5-cyclooctadiene, L�CH3CN, X� SbF6.


sharp singlet at �� 69.9 ppm, which is at a relatively low field
for a Pd-coordinated 1-phenylphosphole (for comparison: 2a,
� � 55.2 ppm). No signal corresponding to a Pd-CH3


fragment nor a coordinated acetonitrile was observed in
either the 1H or 13C{1H} NMR spectra. The 13C NMR{1H}{31P}
spectrum of 3a is extremely simple with one set of signals
assignable to a 1-phenyl-2,5-di(2-pyridyl)phosphole moiety
(Figure 1, Table 1). These spectroscopic data are indicative of


Figure 1. 13C{1H}{31P} NMR spectra of complex 3a in CD2Cl2.


a highly symmetric structure. Notably, these spectra remain
unchanged over the temperature regime �80 �C to room
temperature (solution in CD2Cl2), suggesting that the NPN
ligand 1a is strongly bonded and not fluxional in complex 3a.


High-resolution mass spectrom-
etry and elemental analyses are
consistent with the general for-
mula [Pd2(1a)2][(SbF6)2].


The exact structure of 3a was
established by an X-ray diffrac-
tion study[6] (Tables 2 and 3).
The pseudo-centrosymmetric di-
cation of 3a consists of two
planar Pd atoms capped by two


2,5-bis(2-pyridyl)phospholes (1a) acting as six-electron �-
1�N :1,2�P :2�N donors. The structure will be discussed in
detail below, but it is noteworthy that the two Pd�P bond
lengths are almost equal (2.349(2), 2.358(2) ä). This solid-
state structure, which is consistent with the spectroscopic data
obtained in solution, revealed that the �3-phosphorus atom of
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Scheme 1. Complexes bearing semi-bridging phosphane ligands (derivatives A and B) and bridging phosphane
ligands (derivatives C and D). R� tBu,; L�HPtBu2; X�CPh2.


Table 1. Selected NMR Data for complexes 3a, b and 4a, b.[a]


�31P �13C{1H}{31P}
PC�


�C� PC�
�C� C3/C5 Py C4 Py C2/C6 Py


3a 69.9 149.0 150.2 124.1, 124.2 140.6 151.7, 151.8
4a 55.2 136.1 151.9 122.7, 123.7 136.8 149.1, 150.2


137.0 151.5 123.5, 127.6 139.4 153.6, 156.3
3b 87.2 146.1 149.4 123.8, 124.5 141.1 151.8, 152.8
4b 73.6 133.3 152.2 122.7, 122.9 136.7 149.4, 150.2


135.1 152.4 123.6, 125.2 139.8 153.2, 154.7


[a] Measured in CD2Cl2 at 298 K.


Table 2. Selected bond lengths [ä] and angles [�] for phosphole 1a,[7c]


complexes 3a (X� SbF6
[7a] and PF6) and 3b.


1a 3a (X� SbF6) 3a (X�PF6) 3b


Pd1�Pd2 ± 2.787(1) 2.767(1) 2.781(1)[b]


P1�Pd1 ± 2.358(2) 2.363(2) 2.349(1)
P1�Pd2 ± 2.349(2) 2.330(2) 2.349(1)[b]


Pd1�N1 ± 2.177(6) 2.155(7) 2.165(4)
Pd2�N2 ± 2.162(6) 2.153(7) 2.165(4)[b]


P1�C1 1.806(6) 1.830(8) 1.841(8) 1.844(5)
C1�C2 1.365(9) 1.36(1) 1.36(1) 1.354(7)
C2�C7 1.478(9) 1.48(1) 1.46(1) 1.480(7)
C7�C8 1.354(8) 1.33(1) 1.35(1) 1.357(7)
C8�P1 1.806(6) 1.833(7) 1.826(8) 1.842(5)
P1�C19 1.831(4) 1.816(8)[a] 1.839(8)[b] 1.857(5)
C1�C14 1.467(5) 1.45(1) 1.48(1) 1.453(7)
C8�C9 1.464(5) 1.44(1) 1.465(1) 1.456(7)
N1-Pd1-P1 ± 81.5(1) 81.3(2) 80.05(1)
P1-Pd1-P2 ± 107.40(6) 107.72(6) 107.43(4)[b]


N1-Pd1-N3 ± 91.02(2) 91.2(3) 91.21(16)[b]


N3-Pd1-P2 ± 80.5(1) 80.3(1) 80.0(1)[b]


C19-P1-C1 103.3(1) 103.8(3)[a] 103.7(4)[b] 108.1(3)
C19-P1-C8 103.3(2) 104.8(3)[a] 105.9(4)[b] 104.2(2)
C1-P1-C8 90.5(3) 88.8(8) 88.0(4) 87.8(2)
C19-P1-Pd1 ± 111.3(3)[a] 110.1(3)[b] 106.6(1)
C19-P1-Pd2 ± 109.7(2)[a] 111.1(3)[b] 113.1(2)[b]


Pd1-P1-Pd2 ± 72.60(6) 72.28(6) 72.57(4)
P1-C1-C2 110.7(3) 111.8(6) 111.9(7) 112.4(4)
C1-C2-C7 113.7(3) 113.0(7) 113.0(7) 113.3(5)
C2-C7-C8 113.4(4) 114.3(7) 114.0(7) 113.5(4)
C7-C8-P1 110.5(3) 111.7(5) 112.4(6) 112.3(4)


[a] C19 is the ipso-carbon atom of the P�Ph moiety in complexes 3a.
[b] Because of the centrosymmetry of the cation of 3b, Pd2�Pd1�, P2�
P1�, N3�N2�.
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1-phenylphosphole 1a can adopt a bridging coordination
mode to give a very stable complex.


Since complex 3a is amongst the very few examples to
present this particular phosphane binding mode, it was of
primary importance to develop straightforward synthetic
routes for its preparation. Dimer 3a contain two formal PdI


centres, hence its formation implies the reduction of PdII


complex 2a (Scheme 2). The formation of PdI dimers from
the reaction of monocationic alkyl PdII complexes with CO is
known.[8a] This process is believed to involve a reduction of a
PdII salt leading to a Pd0 complex, followed by a conpropor-
tionation process [Eq. (1)].


This proposal is entirely reasonable, since the reduction of
PdII precursors to give PdI dimers according to Equation (1) is
well documented.[4a, 8]


Thus, we investigated a conproportionation route to 3a
from the readily accessible precursor 4a (Scheme 3). This
latter air-stable complex was obtained in near quantitative
yield by reacting one equivalent of 2,5-di(2-pyridyl)phosphole
1a[7b] with [PdCl2(CH3CN)2] (Scheme 3). The large downfield
chemical shift (�� 40 ppm) observed by 31P{1H} NMR
spectroscopy confirms the formation of a five-membered
palladacycle.[7a] In the 1H NMR spectrum, the chemical shift
of H6 of the pyridyl group is also sensitive to coordination and
has a downfield shift of �� 0.6 ppm. As expected for an
unsymmetrical complex, two sets of signals are observed at
low field in the 13C{1H} NMR spectrum for the pyridyl and the
phosphole P-C�-C� moieties (Table 1). Under classical reduc-
ing conditions (20 bar H2, 25 �C, trimethylorthoformate),[4a] in
the presence of two equivalents of NaPF6 or NaSbF6, 2a
afforded the target dication 3a as either the PF6


� or the SbF6
�


salt in high yields (Scheme 3, route A). It is noteworthy that
the multinuclear NMR spectroscopic data for the dication of
3a are insensitive to the nature of the counter-anion.
Similarly, the geometric data obtained by X-ray diffraction
studies for the PF6


� and SbF6
� salts are very similar, although


they crystallise in different space groups (Tables 2 and 3).
Therefore, the symmetrically bridging bonding mode of the
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Table 3. Structure determination summary of 3a (X�PF6 and SbF6), 3b, 5b and 6.


3a 3a 3b 5b 6


formula C48H42N4P2Pd2 ¥ 2SbF6 ¥
2CH3CN ¥ 2C6H12


C48H42N4P2Pd2 ¥ 2PF6 ¥
2CH2Cl2


C48H54N4P2Pd2, ¥ 2BF4 ¥
3CH2Cl2


C42H36Cl2Pd2N2P2 C54H48N4P2Pd2O4 ¥ 2PF6 ¥
4C2H4Cl2


Mr 793.69 647.69 1390.09 914.37 1777.45
T [K] 293(2) 110(2) 110(2) 110(2) 120(2)
crystal system triclinic orthorhombic monoclinic monoclinic monoclinic
space group P≈1 Pbca C2/c P21/c P21/c
a [ä] 9.389(2) 14.809(5) 23.3370(4) 17.820(4) 16.1111(1)
b [ä] 11.793(6) 15.689(5) 10.3080(2) 11.533(2) 30.3561(3)
c [ä] 14.079(4) 21.536(8) 23.9710(5) 19.6334(5) 16.3044(1)
� [�] 70.33(3) 90 90 90 90
� [�] 88.03(2) 90 95.4400(6) 112.238(1) 118.929(1)
� [�] 79.50(3) 90 90 90 90
V [ä3] 1442.8(11) 5003.9(3) 5740.44(19) 3734.9(11) 6978.99(9)
Z 1 4 4 4 4
colour red red red yellow yellow
crystal size [mm] 0.38� 0.21� 0.18 0.24� 0.23� 0.21 0.34� 0.22� 0.22 0.35� 0.28� 0.20 0.32� 0.32� 0.18
�calcd [Mgm�3] 1.827 1.720 1.608 1.626 1.692
F(000) 782 2592 2800 1832 3568
� (MoK�) [cm�1] 16.79 11.24 10.27 12.25 9.95
� [ä] 0.71073 0.71073 0.71073 0.71073 0.71073
diffractometer NONIUS CAD4 NONIUS Kappa CCD NONIUS Kappa


CCD
NONIUS CAD4 NONIUS Kappa CCD


hkl range 0/7, �14/15,
�17/17


� 19/� 18, �20/� 21,
�25/� 27


0/30, 0/13, �31/30 0/23, 0/14, �25/23 0/20; 0/39, �21/18


scan range (2	) [�] 54 60 60 54 55
reflns collected/unique 4710 5756 6530 8569 15884
R(int) 0.161 0.135 0.170 0.092 0.118
data with I� 2�(I) 3468 3584 5323 6147 12884
data/restrains/parameters 4710/0/620 5756/0/334 6530/0/344 8569/0/452 15884/0/873
goodness-of-fit on F 2 1.037 1.043 1.042 1.064 0.971
final R indices
[I� 2�(I)]; R1/wR2


0.0556/0.1429 0.0842/0.2246 0.0646/0.1702 0.0418/0.0921 0.0501/0.1178


R indices (all data)
R1/wR2


0.0882/0.1640 0.1353/0.2564 0.0763/0.1802 0.0740/0.1058 0.0674/0.1294


largest diff. peak/hole
[eä�3]


1.241/� 1.535 1.416/� 1.144 2.697/� 1.132 0.677/� 0.680 1.788/� 1.513
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phosphorus centre in 3a is clearly not imposed by packing
effects in the solid state.


A more convenient preparation of 3a that avoids the use of
high H2 pressures, consists of the addition of FeCl2 to 4a
followed by anion exchange (Scheme 3, route B). Alterna-
tively, 3a can be isolated following consecutive addition of
0.5 equivalents of [Pd2(dba)3], 1-phenylphosphole 1a and two
equivalents of NaPF6 (72% yield) or NaSbF6 (78% yield) to
the PdII complex 4a (Scheme 3, route C). Hence, little doubt
remains that routes A and B (Scheme 3) involve a first
reduction of PdII to Pd0, followed by a conproportionation
process illustrated by route C.


Synthesis of a PdI dimer bearing bridging 1-cyclohexylphos-
phole ligands : Three efficient and reliable routes to complexes
3a bearing a bridging 1-phenylphosphole were available to us.
The next step was to apply these methods to other P-sub-
stituted phospholes in order to evaluate the impact of the
steric and electronic properties of the P donor on the
characteristics of bridging phospholes. Therefore, we inves-
tigated the preparation of complex 3b bearing 1-cyclohex-
ylphosphole ligand 1b[7a] (Scheme 4). The PdII complex 4b
was isolated in excellent yield as an air-stable powder. This
complex decomposed both under an atmosphere of H2


(route A) or in the presence of FeCl2 (route B) and proved
to be inert towards [Pd2(dba)3] (route C). These failures are
very surprising; the synthetic route A±C that work with
1-phenylphosphole complexes (Scheme 3) appear inoperative
for their 1-cyclohexyl analogues. Initially, this failure was
tentatively attributed to the instability of the PdI dimer 3b. In
order to check this hypothesis, we envisaged a new route to 3b
that involved the substitution of labile acetonitrile ligands of a
preformed PdI dimer, namely [Pd2(CH3CN)6]2�.[4b, 8c±e] This
pathway (route D, Scheme 4) afforded derivative 3b as an air-
stable solid in 92% yield after
crystallisation from a CH2Cl2/
Et2O solution. This route ap-
pears to be the most simple and
convenient route to PdI dimers
bearing phosphole ligands since
1-phenylphosphole 1a reacted
with [Pd2(CH3CN)6]2� to give
complex 3a in 92% yield.


As observed for the corre-
sponding dichloropalladium
complexes 4a and 4b, the 31P
NMR chemical shift of the P-al-


kyl complex 3b is more de-
shielded than that of its P-aryl
analogue 3a (Table 1). The 1H
and 13C NMR data of the 2,5-
di(2-pyridyl)phosphole moiety
of the new complex 3b compare
well with those of 3a (Table 1)
and support a highly symmetric
structure. Finally, the proposed
structure was confirmed by an
X-ray diffraction study (Table 2
and Table 3, Figure 2). The
bridging coordination mode of


the P atom is clearly demonstrated by the equivalence of the
Pd�P bond lengths (2.349(1) ä). In this case, the dicationic
core is centrosymmetric.


Figure 2. Molecular structure of the dication of complex 3b in the solid
state (hydrogen atoms and solvent molecules have been omitted for
clarity).


Study of the mechanism of the formation of 3a by means of a
conproportionation processes : At this point, the question of
why conproportionation methods A±C (Scheme 3) work
with P-arylphosphole 1a, but fail with its P-alkyl analogue
1b, still remained. Therefore, we investigated the pathway of
route C step-by-step. This pathway can be regarded as a
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Scheme 3. Synthesis of a PdI dimer bearing bridging 1-phenylphosphole ligand by means of a conproportionation
process. X� SbF6 or PF6.


Scheme 4. Synthesis of a PdI dimer bearing bridging 1-cyclohexylphosphole ligand by means of ligand exchange.
L�CH3CN,; X��BF4.
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model reaction for the conproportionation process. Com-
pound 4a reacted rapidly with 0.5 equivalents of [Pd2(dba)3]
in acetonitrile to afford, quantitatively, a unique P-containing
species 5a (Scheme 5) that presented a sharp 31P{1H} NMR
signal at �� 115 ppm. This chemical shift appears at an
unusually low field for a Pd-coordinated phosphole (see
Table 1) and suggests a profound modification of the P
ring.[9, 10a,b] Subsequent addition of one equiv of 1-phenyl-
phosphole 1a and two equivalents of NaPF6 to the solution of
5a in CH3CN gave rise to the PdI dimer 3a in 76% overall
yield (Scheme 5). Thus, it appears that derivative 5a is a key
intermediate in the conproportionation route C. Disappoint-
ingly, all attempts to isolate compound 5a failed; nevertheless,
addition of one equiv of PPh3 to an acetonitrile solution of
5a afforded the new complex 5b, isolated in 91% yield
(Scheme 5). Its 31P{1H} NMR spectrum shows a pair of
doublets at � � 99.0 ppm and 25.9 (J(P,P)� 15.0 Hz). The
doublet at high field has been assigned to the PPh3 ligand
while the phosphole signal of 5b appears at a low field, similar
to that observed for compound 5a. This data indicates that the
two complexes have a similar structure: a labile acetonitrile
ligand has been simply substituted by PPh3. The small
magnitude of the J(P,P) coupling constant (15.0 Hz) favours
a cis arrangement of the two P ligands. The 13C NMR{1H}
spectrum for 5b showed two sets of signals for the pyridyl
groups indicating an unsymmetrical structure. Remarkably,
three singlets assignable to CH groups of a phenyl ring are
observed (� � 128.5, 128.6, 131.0 ppm). The absence of P ±C
coupling constants suggests that this phenyl ring is not bound
to a P atom.


An X-ray diffraction study (Table 3 and Table 4) revealed
that complex 5b is a bimetallic complex in which two
palladium centres are bridged by a phospholyl ligand (Fig-
ure 3). The coordination spheres of the metal centres are
completed by a pyridyl group and either a triphenylphosphine
(Pd2) or a phenyl (Pd1) ligand. This solid-state structure is
consistent with the spectroscopic data. The two five-mem-
bered metallacycles adopt a slightly distorted envelope
conformation with the P atoms out of the Pd-N-C-C planes
(C-N-Pd-P 10.5 ± 35.0� ; N-C-C-P 21.1 ± 29.5�). The N-Pd-P
bite angles (81.8(1)�, 83.4(1)�) are acute, but similar to those
recorded for PdII complexes bearing 2-pyridylphosphole
ligands.[7a] The two Pd�N bond lengths are different (Pd1�N2
2.204(3), Pd2�N1 2.138(3)). This is probably the consequence


of different trans influences of the phenyl and triphenylphos-
phine ligands. The two Pd�P bond lengths are also different
(Pd1�P 2.197(1), Pd2�P 2.285(1) ä), but lie in the range
observed for phosphole ± PdII complexes.[7a, 10d] The phosphole
ring is almost planar (C7-C2-C1-P1 0.4�, C2-C7-C8-P1 6.3�),
the P�C and C�C bond lengths of the P ring being
unremarkable and close to those recorded for the free
phosphole 1a[7b,c] (Table 2). The two square-planar palladium
centres are formally in oxidation state II since the complex is
both diamagnetic and the Pd�Pd separation (3.880(1) ä) is
long, discounting any intermetal interaction.[11] These data
strongly suggest that the phosphorus atom of the phosphole
ring behaves as a 3-electron phosphido ligand, formally
donating two electrons to Pd1 and one electron to Pd2. Note
that complexes 5a, b are exceptions to the empirical rule that
phosphorus nuclei in R2P groups bridging nonbonding metal
centres generally give signals at low field.[12]


The phospholyl anion exhibits a rich coordination chem-
istry with varied coordination modes, including the bridging
phosphido arrangement.[10] However, it is noteworthy that the
tetracoordinate P1 atom exhibits a highly distorted tetrahe-
dral geometry. The C-P1-C and C-P1-Pd angles ranging from
89.5(1)� to 100.5(1)� (Table 4) are typical,[7a] while the Pd1-P1-
Pd2 angle is unusually large (119.90(5)�). The severely
distorted geometry about P1 is clear from the value of the
angle between the planes containing the C1-P1-C8 and the
Pd1-P1-Pd2 fragments (64.3(2)�) that differs notably from the


ideal value of 90� (Figure 3b).
The strain in the metallacycles is
reflected in the fact that the C1
atom does not possess the ex-
pected planar trigonal geometry
(C7-C2-C1-C(9), 157.4(1)�, Fig-
ure 3b). These structural fea-
tures result from the formation
of two five-membered metalla-
cycles upon coordination, and
the rigidity of the 1,4-P,N chelate
backbones which contain sp2


atoms. Hence, the phosphorus
atom of a bridging phospholyl
ligand can accommodate severe
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Scheme 5. Stepwise formation of complex 3a by conproportionation route C.


Table 4. Selected bond lengths [ä] and angles [�] for complex 5b.


P1�Pd1 2.197(1) N2-Pd1-P1 83.44(9)
P1�Pd2 2.285(1) N2-Pd1-Cl2 96.2(1)
Pd1�N2 2.204(3) P1-Pd1-C19 88.2(1)
Pd1�C19 2.014(4) C19-Pd1-Cl2 92.2(1)
Pd1�Cl2 2.376(1) N1-Pd2-P1 81.80(9)
Pd2�N1 2.138(3) N1-Pd2-Cl1 89.7(1)
Pd2�P2 2.253(1) P1-Pd2-P2 94.53(4)
Pd2�Cl1 2.374(1) P2-Pd2-Cl1 94.02(4)
P1�C1 1.791(4) C1-P1-Pd1 100.5(1)
C1�C2 1.362(5) C1-P1-Pd2 125.8(1)
C2�C7 1.473(6) C1-P1-C8 90.8(2)
C7�C8 1.351(6) Pd1-P1-Pd2 119.90(5)
C8�P1 1.793(4) Pd1-P1-C8 129.6(1)
C1�C14 1.475(5) Pd2-P1-C8 89.4(1)
C8�C9 1.454(6)







FULL PAPER R. Reau et al.


Figure 3. Molecular structure of complex 5b in the solid state (hydrogen
atoms have been omitted for clarity). a) General view. b) View showing the
geometry about the phosphorus atom of the phosphole ring.


deviation from an optimal tetrahedral geometry, probably
because of the high s character of the lone pair on P.[9, 10a, 13]


From a mechanistic point of view, the key feature associ-
ated with the generation of 5b is that it results formally from
an oxidative addition of the phosphole P�C(phenyl) bond of
1a to a Pd0 centre. This process is followed by a classical Cl
exchange.[14] Although this oxidative addition has been
observed on a number of occasions with arylphosphines,[12a, 15]


it is unprecedented in phosphole chemistry.[9, 10a,b] It is
interesting to note that this oxidative addition process is
probably a key step in the thermal reaction of P-arylphos-
pholes with low-valent transition metals leading to phospha-
metallocenes.[10a,b, 16] The discovery that an oxidative addition
occurs in route C (Scheme 3) holds the clue to rationalising
why this method is not operative for the P-alkylphosphole 1b,
since P ±C(alkyl) bonds are more reluctant to undergo
oxidative addition than P ±C(aryl) bonds.[15a] Furthermore,
the fact that 5a reacted with an equivalent of free 1a affording
palladium dimer 3a (Scheme 5) clearly shows that the P ±Ph


oxidative addition is reversible! The pathway depicted in
Scheme 5 reveals a series of reactions that break and remake
P�C(Ar) bonds under very mild reaction conditions. Since the
phosphido ligand formally donates two electrons to the Pd1
centre, the transformation of 5a into 3a implies a migratory
insertion of the �2-coordinated phosphido ligand into the
Pd�C(phenyl) bond. To the best of our knowledge, such a
mechanism involving a �2-phosphido ligand has never been
proposed.[17] It is very likely that this new fundamental step
could provide insight into other reaction mechanisms, espe-
cially phosphine degradation during catalytic reactions[15] or
chemical vapour deposition experiments,[11b] and aryl ex-
change that occurs between P ± aryl ligands and Pd-bound aryl
or alkyl groups during cross-coupling reactions.[18]


Solid-state structure of complexes 3a and 3b : A comparison
of the solid-state structures of complexes 3a[6] and 3b is of
particular interest since the bridging P atoms possess very
different electronic and steric properties. Each palladium
atom has a slightly distorted square-planar geometry and the
intermetal Pd ±Pd bond lengths lie in the same range (3a,
2.787(2) ä; 3b, 2.780(1) ä). For both complexes, the coordi-
nation planes about the palladium atoms are nearly coplanar.
The angles and the bond lengths of the metallacycles are
similar to values reported for PdII complexes bearing (2-
pyridyl)phosphole ligands.[7a] The five-membered metalla-
cycles of complexes 3a and 3b have a slightly distorted
envelope conformation, with the Pd, N and the two inter-ring
C atoms being almost coplanar (maximum deviation: 3a,
0.068; 3b, 0.075 ä), and the P atoms lying out of these planes
(dihedral NCCP and CNPdP angles: 3a, 25.6 ± 25.2� ; 3b,
22.6 ± 38.7�). The geometric data of the coordinated phos-
phole rings are comparable to those observed for the free
phosphole 1a (Table 2). These solid state-studies revealed
that the symmetric �2-bridging coordination mode of the P
atoms does not dramatically perturb the structure of the
ligands nor the coordination sphere of the Pd centres. The
most remarkable feature is the similarity of the geometric
parameters for complexes 3a and 3b (Table 2) in spite of the
different electronic and steric properties of the P ligands.
Hence, the structural parameters associated with this type of
bridging phosphanes are imposed by the tridentate coordina-
tion mode of the rigid and symmetric 2,5-di(2-pyridyl)phos-
phole moiety.


Structural features of the Pd2P2 core observed in the solid
state merit some discussion. The geometry about the bridging
P atoms cannot be regarded as a trigonal bipyramid, since the
endocyclic carbon atoms and palladium atoms linked to the P
centres lie in the same plane (maximum deviation from the
best plane: 3a, 0.006 ä; 3b, 0.031 ä; Figure 4). At a first
glance, the molecular geometry about the bridging P atoms
can be described as square-pyramidal (SP), with the P atom
lying 0.68 ä (3a) and 0.79 ä (3b) out of the plane defined by
the palladium and the endocyclic C1 and C8 carbon atoms
(Figure 4). However, the C19-P-Pd and Pd-P-Pd angles
deviate notably from the values predicted for an SP geom-
etry,[19] with average values at 110� (ideal value, 105�) and
72.5� (ideal value, 86�), respectively. These angular distortions
suggest that the geometry about the P atoms can be best


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3785 ± 37953790







Bridging Phosphanes 3785±3795


Figure 4. Simplified views of the molecular structure of the dication of
complex 3b in the solid state showing the geometry about the P atoms.


described as a distorted tetrahedron if the midpoint of the
Pd�Pd bond is considered as the coordination centre (Fig-
ure 4). This view is supported by a theoretical study revealing
that the Pd�Pd and Pd�P bonding of derivative 3a is highly
delocalised.[6] In fact, the lines connecting the P and Pd atoms
in complexes 3a and 3b are topologic lines and not bonds in
the Lewis sense. In accordance with this model, the P�Pd
bond lengths (3a, 2.349(2), 2.358(2) ä; 3b, 2.349(1) ä) are
longer than those measured when phospholes act as classical
two-electron donors (�2.20 ± 2.25 ä),[7a,c] whereas the metal ±
metal bonds (3a, 2.787(2) ä; 3b, 2.780(1) ä) are rather long
compared to those usually observed in a PdI dimer.[8b] For
comparison, the Pd�Pd bond lengths in complexes A and B
(Scheme 1) are 2.611(1)[3b,c] and 2.701(3) ä,[4a] respectively.


These results demonstrate the ability of 2,5-di(2-pyridyl)-
phospholes to act as �-1�N :1,2�P :2�N ligands. The symmetri-
cally bridging bonding mode of the P atom is very probably
dictated by the ability of these ligands to act as tridentate
pincers toward a bimetallic fragment.


Electrochemical behaviour, electronic absorption spectra and
reactivity of complexes 3a and 3b : Complexes 3a and 3b
exhibit similar electrochemical behaviour. Cyclic voltamme-
try performed in CH2Cl2 (10�3�) at 200 mVs�1 showed three
irreversible reduction waves for both derivatives (Table 5).
The waves are still irreversible at scan rates of 600 mVs�1


suggesting that electrochemical-chemical processes take
place. The reductive cleavage of the exocyclic P�C(phenyl)
bond of phosphole is a favoured process on account of the
highly aromatic character of the resulting phospholyl an-
ion.[9, 10a] However, this process can be excluded in the case of
3a since it showed the same electrochemical behaviour as its
P-alkyl analogue 3b. Considering that the LUMO of these


complexes is antibonding with respect to the Pd ±Pd unit,[6] it
is very likely that the primary electron-transfer steps involve
metal ±metal bond cleavage followed by fast chemical
reactions.


The UV/Vis spectra of complexes 3a and 3b are also very
similar, exhibiting several maxima between �� 300 and
500 nm (Figure 5). PdI dimers generally give an ultraviolet


Figure 5. UV/Vis spectra of complexes 3a and 3b in CH2Cl2.


absorption assigned to �(Pd ±Pd)� �*(Pd ±Pd) excitation.[20]


The energy of these bands varies in a large range (�� 300 ±
450 nm) depending on the nature of the ligands. In the case of
3a and 3b, it is very difficult to assign one of the low-energy
UV/Vis absorptions to a �(Pd ± Pd)� �*(Pd ±Pd) transition
since coordination of 2-pyridyl ligands to Pd centres results in
low-energy UV/Vis absorptions assigned to charge transfer
from the metal or the phosphorus-metal fragments to the
pyridine ligands.[21]


Complexes 3a, b are air-stable, moisture-insensitive deriv-
atives. They can be stored for months without degradation.
Complexes 3a, b do not exhibit the typical reaction pattern of
PdI dimers.[8b] For example, 3a is inert towards classical two-
electron donors (CO, PPh3) and 1,3-dipoles (trimethylsilyl-
azide, trimethylsilyldiazomethane). Note that 3a decomposed
rapidly in the presence of organic bases (Et3N, pyridine, etc.).
It is known that acetylenes bearing electron-withdrawing
substituents insert into PdI ± PdI bonds to give �-
1;
1-alkyne
complexes with an A-frame structure.[22] Indeed, when a
solution of 3a in CH2Cl2 was reacted with dimethylacetylene
dicarboxylate (DMAD), the original deep red colour of the
solution changed to orange over a period of 15 h at 45 �C. The
31P{1H} spectrum showed a sharp singlet at � � 54.3 ppm,
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Table 5. Reduction peak potentials for complexes 3a (X�PF6) and 3b.[a]


E1 [V] E2 [V] E3 [V]


3a � 0.82 � 1.13 � 1.60
3b � 0.83 � 1.20 � 1.41


[a] All potentials were obtained during cyclic voltammetric investigations
in 0.2� Bu4NPF6 in CH2Cl2. Platinum electrode diameter 1 mm, sweep rate
:200 mVs�1. Oxidation potential (V versus SCE), measured versus
ferrocene as the internal standard (Ep1/2� 0.5 V vs SCE, �Ep� 70 mV).
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suggesting the formation of a single product. Evaporation of
the solvent and precipitation of the residue from a CH2Cl2/
Et2O solution afforded the new complex 6 in 73% yield
(Scheme 6). The high-resolution mass spectrum confirms that


Scheme 6. Reaction of 3a with dimethylacetylene dicarboxylate.


6 is the stoichiometric (3a ¥ DMAD). Two sets of signals are
recorded for the pyridyl groups in the 13C{1H} NMR spectra
and a single resonance was observed for the OCH3 moieties in
the 1H (�� 3.81 ppm) and 13C{1H} NMR spectra (��
51.0 ppm). These spectroscopic data fit with an expected
basic A-frame structure.[19] Single crystals of 6 were grown
from a CH2Cl2/pentane solution. They were subjected to an
X-ray diffraction study that confirmed the proposed structure
and clearly showed that complex 6 possesses an A-frame
structure (Figure 6, Table 3 and Table 6). The coordination at
each palladium centre is distorted square-planar with acute
chelating N-Pd-P angles (82.7(3) ± 84.5(3)�), and a cis orien-
tation of the carbon and the phosphorus atoms. The Pd�Pd
separation (3.6 ä) falls well outside the range considered
typical of a Pd�Pd single bond.[8b, 11] The geometric data for
the �-
1;
1-alkyne-Pd2 moiety are typical.[22] The Pd�C bond
lengths are similar (1.994(14) ± 2.004(12) ä). The C55�C56


bond lengths of 1.34(2) ä with angles around 120�
(119.2(11) ± 125.8(10)�) indicate an hybridisation close to sp2


for the two carbons bridging the palladium metal centres.
Compound 1a adopts a bridged position, acting as a bidentate
ligand toward one palladium centre and monodentate donor
toward the other. A similar coordination was proposed for a
PdI dimer bearing triphosphine ligands; however, no crystallo-
graphic study of this complex has been carried out.[23]


It is worth noting that no alkyne oligomerisation was
observed on heating 3a in neat DMAD at 100 �C, and that 3a
is inert toward other acetylenes which lack electron-with-
drawing substituents such as phenylacetylene.


Conclusion


In summary, this study showed that phospholes bearing
2-pyridyl substituents can adopt a bridging coordination
mode. This behaviour is probably be attributed to ability of
these derivatives to act as tightly bonded tridentate ligands
toward the Pd�Pd fragment. The analysis of the solid-state
structures of the PdI dimers bearing bridging phosphanes
shows no destabilising constraints caused by this unusual
coordination mode. On the one hand, we believe that these
results give the clue to a rational extension of this very rare
coordination mode. It is expected that other symmetrically
bridging phosphanes should be readily obtained using triden-
tate �-1� :1,2�P :2� donors able to form five-membered
metallacycles. PdI dimers are valuable templates in this quest
on account of the availability of several different synthetic
routes to the target complexes (conproportionation, ligand
exchange). On the other hand, the ability of di(2-pyridyl)-
phospholes to act as assembling ligands can probably be
exploited to prepare dimetallic complexes with unusual
metal ±metal bonds.


Experimental Section


General : All experiments were performed under an atmosphere of dry
argon with standard Schlenk techniques. Commercially available reagents
were used as received without further purification. Solvents were freshly
distilled under argon from sodium/benzophenone (tetrahydrofuran, diethyl
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Table 6. Selected bond lengths [ä] and angles [�] for complex 6


Pd1�P1 2.221(4) N1-Pd1-P1 84.5(3)
Pd1�N1 2.115(11) P1-Pd1-C56 93.0(4)
Pd1�N4 2.124(11) C56-Pd1-N4 88.8(5)
Pd1�C56 1.994(14) N1-Pd1-N4 94.2(4)
Pd2�P2 2.229(5) N3-Pd2-P2 82.7(4)
Pd2�N2 2.129(12) P2-Pd2-C55 98.9(4)
Pd2�N4 2.176(14) C55-Pd2-N2 88.3(5)
Pd2�C55 2.004(12) N2-Pd2-N3 93.6(5)
C55�C56 1.34(2) C1-P1-N8 92.5(7)
P1�C1 1.834(14) C55-C56-C57 124.3(13)
C1�C2 1.38(2) C55-C56-Pd1 125.8(10)
C2�C7 1.46(2) C57-C56-Pd1 119.8(9)
C7�C8 1.37(2) C56-C55-C59 119.7(11)
C8�P1 1.802(16) C56-C55-Pd2 121.0(11)
C1�C19 1.793(15) C59-C55-Pd2) 119.2(11)


Figure 6. View of the molecular structure of complex 6 in the solid state (hydrogen
atoms and solvent molecules have been omitted for clarity).
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ether) or from phosphorus pentoxide (pentane, dichloromethane, aceto-
nitrile). 1H, 13C and 31P NMR spectra were recorded on Bruker AM300,
DPX200 or ARX400 spectrometers. 1H and 13C NMR chemical shifts are
reported relative to Me4Si as the external standard. 31P NMR downfield
chemical shifts are report relative to external 85% H3PO4. The assignment
of carbon atoms was based on HMBC and HMQC experiments. High-
resolution mass spectra were obtained on a Varian MAT311 or ZabSpec -
TOF Micromass at CRMPO, University of Rennes. Elemental analyses
were performed by the CRMPO or the Centre de Microanalyse du CNRS
at Vernaison (France).


Determination of optical data and cyclic voltammetry measurements : UV/
Vis spectra were recorded at room temperature on a UVIKON942
spectrophotometer in freshly distilled solvents at room temperature.
Electrochemical measurements were performed in dichloromethane (Pur-
an No. 02910E21) from SDS with less than 100 ppm of water. Tetra-N-
butylammonium hexafluorophosphate from Fluka was used as received.
All the electrochemical investigations were carried out in a conventional
three-compartment cell: in all cases, the anode, the cathode and the
reference electrode were separated by a glass frit. The working electrode
was of polished platinum while the counter-electrode was a glassy carbon
rod. The reference electrode was composed of a silver wire in contact with
10�1� AgNO3. Ferrocene was added to each electrolytic solution at the end
of a series of experiments. The ferrocene/ferrocenium (Fc/Fc .�) couple
served as an internal standard and all reported potentials are referenced to
its reversible formal potential.


[Bis{1-phenyl-2,5-di(2-pyridyl)phosphole}2Pd2]X2 (3a):


Route A, X� SbF6
� : A solution of 4a (0.50 g, 0.92 mmol), NaSbF6 (0.49 g,


1.90 mmol) and trimethylorthoformate (1.00 mL, 9.14 mmol) in CH2Cl2
(20 mL) and MeOH (10 mL) were placed into a 150-mL stainless steel
autoclave equipped with a magnetic stirrer. The autoclave was pressurised
with H2 (10 bar) and the solution was stirred for 12 h at room temperature.
The autoclave was vented, and the volatile components were removed in a
vacuum. The brown residue was extracted with CH2Cl2 (2� 25 mL) and the
solution was concentrated to�5 ± 10 mL. After addition of CHCl3 (40 mL),
complex 3a precipitated at room temperature as an air-stable red solid
(0.53 g, 82%).


Route A, X� SbF6
� : Following this procedure, 3a (X�PF6


�) was obtained
in 85% yield.


Route B, X�PF6
� : To a solution of 4a (0.50 g, 0.92 mmol) in CH2Cl2


(10 mL) was added, at room temperature, solid [FeCl2 ¥ 4H2O] (0.18 g,
0.92 mmol). The solution was stirred for 48 h at 45 �C, then KPF6 (0.80 g,
4.34 mmol) and distilled water (20 mL) were added. The solution was
stirred for 1 h at room temperature. After extraction, the organic layer was
washed with distilled water (2� 10 mL), dried over MgSO4 and the solvent
was evaporated. The residue was washed with CHCl3 (2� 10 mL) and dried
in a vacuum. Complex 3a was obtained as a red solid (0.50 g, 88%).


Route B,X� SbF6
� : Following this procedure, 3a (X� SbF6


�) was obtained
in 85% yield.


Route C,X�PF6
� : A solution of [Pd2(dba)3] (0.21 g, 0.23 mmol) in CH3CN


(5 mL) was added to a solution of complex 4a (0.25 g, 0.46 mmol) in
CH2Cl2 (10 mL). The solution was stirred for 0.5 h at room temperature,
then neat 1-phenyl-2,5-di(2-pyridyl)phosphole (1a, 0.17 g, 0.46 mmol) and
NaPF6 (0.15 g, 0.92 mmol) were added. The solution was stirred for 2 h at
room temperature and the solvent was removed in vacuo. The residue was
washed with CHCl3 (2� 10 mL) and dried in a vacuum. Complex 3a was
obtained as a red solid (0.41 g, 72%).


Route C, X�PF6
� : Following this procedure, 3a (X�SbF6


�) was obtained
in 88% yield.


3a (X�SbF6
�): 1H{31P} NMR (400 MHz, CD2Cl2): �� 1.55 ± 2.20 (m, 8H;


C�CCH2CH2), 3.20 (m, 6H; C�CCH2), 3.60 (m, 2H; C�CCH2), 7.11 (dd,
3J(H,H)� 7.4 Hz, 3J(H,H)� 7.4 Hz, 4H;m-H Ph), 7.22 (t, 3J(H,H)� 7.4 Hz,
2H; p-H Ph), 7.30 (m, 8H; o-HO Ph and H5 Py), 7.92 (d, 3J(H,H)� 5.5 Hz,
4H; H3 Py), 8.00 ppm (m, 8H; H6 and H4 Py); 13C{1H}{31P} NMR
(100.622 MHz, CD2Cl2): �� 21.9 (s, C�CCH2CH2), 28.3 (s, C�CCH2), 124.1
(s, C5 Py or C3 Py), 124.2 (s, C5 Py or C3 Py), 127.2 (s, ipso-C Ph), 129.3 (s,
m-C Ph), 132.3 (s, P,C Ph), 133.4 (s, o-C Ph), 140.6 (s, C4 Py), 149.0 (s,
PC��C), 150.2 (s, PC�C�), 151.7 (s, C2 Py or C6 Py), 151.8 ppm (s, C2 Py or
C6 Py); 31P{1H}NMR (81.014 MHz, CD2Cl2): �� 69.9 ppm; HR-MS (FAB-
mNBA): m/z : 1184.9933 [M� SbF6]� ; calcd for C48H42N4P2SbF6Pd2:


1184.9923; elemental analysis calcd (%) for C48H42N4P2Sb2F12Pd2


(1421.167): C 40.57, H 2.98, N 3.94; found: C 40.18, H 2.79, N 3.75.


3a (X�PF6
�): 31P{1H}NMR (81.014 MHz, CD2Cl2): �� 69.8 (P-Ph),


�141.7 ppm (sept., 1J(P,F)� 712.7 Hz); HR-MS (FAB-mNBA): m/z :
1095.0694 [M�PF6]� ; calcd for C48H42N4P3F6Pd2: 1095.0621; elemental
analysis calcd (%) for C48H42N4P4F12Pd2 (1239.598): C 46.51, H 3.42, N 4.52;
found: C 46.18, H 3.49, N 4.45.


[{1-Phenyl-2,5-di(2-pyridyl)phosphole}PdCl2] (4a): A solution of 1-phenyl-
phosphole 1a (0.30 g, 0.81 mmol) in CH2Cl2 (5 mL) was added to a solution
of [(CH3CN)2PdCl2] (0.21 g, 0.81 mmol) in CH2Cl2 (10 mL) at room
temperature. The solution was stirred for 1 h at room temperature, and the
volatile materials were removed under vacuum. The residue was washed
with diethyl ether (3� 10 mL) and dried under vacuum. Complex 4a was
obtained as an air-stable orange solid (0.42 g, 95%). 1H NMR (200 MHz,
CD2Cl2): �� 1.65 ± 2.00 (m, 4H; C�CCH2CH2), 2.72 (m, 1H; C�CCH2),
3.02 (m, 2H; C�CCH2), 3.48 (m, 1H; C�CCH2), 7.08 (ddd, 3J(H,H)�
7.8 Hz, 3J(H,H)� 4.6 Hz, 4J(H,H)� 0.9 Hz, 1H; H5 Py), 7.21 ± 7.42 (m,
4H; m-/p-H Ph and H5 Py), 7.51 (dd, 3J(H,H)� 7.9 Hz, 4J(H,H)� 0.9 Hz,
1H; H3 Py), 7.61 (ddd, 3J(H,H)� 7.9 Hz, 3J(H,H)� 7.8 Hz, 4J(H,H)�
1.7 Hz, 1H; H4 Py), 7.80 ± 7.93 (m, 3H; o-H Ph and H4 Py), 8.20 (d,
3J(H,H)� 7.9 Hz, 1H; H3 Py), 8.56 (dd, 3J(H,H)� 4.6 Hz, 4J(H,H)�
1.7 Hz, 1H; H6 Py), 9.64 ppm (dd, 3J(H,H)� 5.0 Hz, 3J(H,H)� 1.7 Hz,
1H; H6 Py); 13C{1H} NMR (50.323 MHz, CD2Cl2): �� 21.1 (s,
C�CCH2CH2), 22.3 (s, C�CCH2CH2), 27.7 (d, 3J(P,C)� 8.8 Hz, C�CCH2),
30.2 (d, 3J(P,C)� 9.8 Hz, C�CCH2), 122.7 (s, C5 Py), 123.7 (s, C5 Py), 123.5
(d, 3J(P,C)� 10.8 Hz, C3 Py), 123.6 (d, 1J(P,C)� 49.1 Hz, ipso-C), 127.6 (d,
3J(P,C)� 2.5 Hz, C3 Py), 129.3 (d, 3J(P,C)� 12.0 Hz, m-C Ph), 132.8 (d,
4J(P,C)� 2.8 Hz, p-C Ph), 133.9 (d, 2J(P,C)� 13.0 Hz, o-C Ph), 136.1 (d,
1J(P,C)� 48.9 Hz, PC�


�C), 136.8 (s, C4 Py), 137.0 (d, 1J(P,C)� 55.0 Hz,
PC�


�C), 139.4 (s, C4 Py), 149.1 (s, C6 Py), 150.2 (d, 2J(P,C)� 13.0 Hz, C2
Py), 151.5 (d, 2J(P,C)� 19.5 Hz, PC�C�), 151.9 (d, 2J(P,C)� 20.4 Hz,
PC�C�), 153.6 (s, C6 Py), 156.3 ppm (d, 2J(P,C)� 13.3 Hz, C2 Py);
31P{1H}NMR (81.014 MHz, CD2Cl2): �� 55.2 ppm; HR-MS (FAB-mNBA):
m/z : 509.0177 [M�Cl]� ; calcd for C24H21N2PCl2Pd: 509.0172; elemental
analysis calcd (%) for C24H21N2PCl2Pd (545.74): C 52.82, H 3.88, N 5.13;
found: C 52.76, H 3.79, N 5.21.


[{1-cyclohexyl-2,5-di(2-pyridyl)phosphole}PdCl2] (4b): Following the pro-
cedure described for the compound 4a, reaction of 1-cyclohexylphosphole
1b (0.33 g, 0.90 mmol) and [(CH3CN)2PdCl2] (0.23 g, 0.90 mmol) afforded
4b as an air-stable orange solid (0.48 g, 96%). 1H NMR (200 MHz,
CD2Cl2): �� 0.65 ± 1.9 (m, 14H; CH2), 2.30 (m, 1H; CH2), 2.55 ± 3.15 (m,
4H; CH2), 7.22 (dd, 3J(H,H)� 7.3 Hz, 3J(H,H)� 4.5 Hz, 1H; H5 Py), 7.32
(ddd, 3J(H,H)� 7.4 Hz, 3J(H,H)� 5.7 Hz, 4J(H,H)� 1.4 Hz, 1H; H5 Py),
7.58 (brd, 1H, 3J(H,H)� 7.6 Hz; H3 Py), 7.76 (ddd, 3J(H,H)� 7.8 Hz,
3J(H,H)� 7.3 Hz, 4J(H,H)� 1.8 Hz, 1H; H4 Py), 7.95 (brd, 3J(H,H)�
7.8 Hz, 1H; H3 Py), 8.00 (ddd, 3J(H,H)� 7.6 Hz, 3J(H,H)� 7.4 Hz,
4J(H,H)� 1.4 Hz, 1H; H4 Py), 8.63 (brd, 3J(H,H)� 4.5 Hz, 1H; H6 Py),
9.49 ppm (brd, 3J(H,H)� 5.7 Hz, 1H; H6 Py); 13C{1H} NMR (50.323 MHz,
CD2Cl2): �� 21.6 (s, C�CCH2CH2), 22.2 (s, C�CCH2CH2), 25.5 (d, J(P,C)�
2.3 Hz, CH2), 26.6 (d, J(P,C)� 11.7 Hz, CH2), 26.9 (d, J(P,C)� 16.3 Hz,
CH2), 27.4 (d, J(P,C)� 8.6 Hz, CH2), 27.5 (d, J(P,C)� 10.1 Hz, CH2), 29.6 (d,
J(P,C)� 9.4 Hz, C�CCH2), 30.3 (s, CH2), 39.3 (d, 1J(P,C)� 21.1 Hz, CH),
122.7 (s, C5 Py), 122.9 (d, 3J(P,C)� 10.2 Hz, C3 Py), 123.6 (s, C5 Py), 125.2
(d, 3J(P,C)� 4.7 Hz, C3 Py), 133.3 (d, 1J(P,C)� 44.4 Hz, PC��C), 135.1 (d,
1J(P,C)� 46.7 Hz, PC��C), 136.7 (s, C4 Py), 139.8 (s, C4 Py), 149.4 (s, C6
Py), 150.2 (d, 2J(P,C)� 10.2 Hz, C2 Py), 152.2 (d, 2J(P,C)� 16.0 Hz,
PC�C�), 152.4 (d, 2J(P,C)� 19.4 Hz, PC�C�), 153.2 (s, C6 Py), 154.70 ppm
(d, 2J(P,C)� 10.9 Hz, C2 Py); 31P{1H}NMR (81.014 MHZ, CD2Cl2): ��
73.6 ppm; HR-MS (FAB-mNBA): m/z : 517.0630 [M�Cl]� ; calcd for
C24H27N2PPdCl: 517.0639; elemental analysis calcd (%) for
C24H27N2PPdCl2 (551.788): C 52.24, H 4.93, N 5.08; found: C 52.06, H
4.95, N 5.15.


[{1-cyclohexyl-2,5-di(2-pyridyl)phosphole}2Pd2][BF4]2 (3b): A solution of
[(CH3CN)6Pd2][BF4]2 (0.29 g, 0.46 mmol) in CH2Cl2 (10 mL) was added to a
solution of 1-cyclohexylphosphole 1b (0.34 g, 0.92 mmol) in CH2Cl2 (5 mL)
at room temperature. The solution was stirred for 0.5 h at room temper-
ature, filtered, and the volatile materials were removed under vacuum. The
residue was crystallised from a CH2Cl2/Et2O mixture at room temperature.
Complex 3b was obtained as air-stable red crystals (0.48 g, 92%). 1H NMR
(300 MHz, CD2Cl2): �� 0.35 ± 0.85 (m, 8H; CH2), 1.20 ± 2.10 (m, 22H;
CH2), 2.95 ± 3.3 (m, 8H; CH2), 7.48 ± 7.78 (m, 8H; H5 Py and H3 Py), 8.03
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(d, 3J(H,H)� 5.8 Hz, 4H; H6 Py), 8.18 ppm (d, 3J(H,H)� 7.2 Hz,
3J(H,H)� 7.3 Hz, 4H; H4 Py); 13C{1H} NMR (75.469 MHz, CD2Cl2): ��
21.9 (s, C�CCH2CH2), 25.8 (s, CH2), 27.3 (m, CH2), 28.1 (m, CH2), 31.0 (s,
C�CCH2), 41.0 (d, 1J(P,C)� 22.5 Hz, CH), 123.8 (m, C3 Py), 124.5 (s, C5
Py), 141.1 (s, C4 Py), 146.1 (dd, 1J(P,C)� 47.2 Hz, 3J(P,C)� 3.5 Hz, PC��C),
149.4 (m, PC�C�), 151.8 (s, C6 Py), 152.8 ppm (m, C2 Py); 31P{1H} NMR
(81.014 MHz, CD2Cl2): �� 87.2 ppm; HR-MS (FAB-mNBA): m/z :
1049.1962 [M�BF4]� ; calcd for C48H54N4P2F4Pd2B: 1049.1955; elemental
analysis calcd (%) for C48H54N4P2F8Pd2B2(1135.37): C 50.78, H 4.79, N 4.93;
found: C 50.62, H 4.36, N 4.72.


Bimetallic complex (5b): Neat [Pd2(dba)3] (0.25 g, 0.27 mmol) was added
to a solution of complex 4a (0.29 g, 0.54 mmol) in CH2Cl2 (10 mL). The
solution was stirred for 0.5 h at room temperature before PPh3 (0.14 g,
0.54 mmol) was added as a solid to the solution. The orange solution was
stirred for 1 h at room temperature, and concentrated �5 ± 10 mL. After
addition of diethyl ether (20 mL), complex 5b precipitated as an orange
solid (0.41 g, 83%). 1H NMR (200 MHz, CD2Cl2 MHz): �� 1.40 (m, 4H;
CH2), 2.40 (m, 2H; CH2), 2.90 (m, 2H; CH2), 6.40 (d, 3J(H,H)� 6.4 Hz,
1H; H arom), 6.56 (m, 2H; H arom), 6.94 (dd, 3J(H,H)� 7.0 Hz, 3J(H,H)�
6.0 Hz, 1H; H5 Py); 7.07 (dd, 3J(H,H)� 7.6 Hz, 3J(H,H)� 6.0 Hz, 1H; H5
Py), 7.13 (m, 2H; H arom), 7.30 ± 7.55 (m, 18H; H arom), 7.81 (ddd,
3J(H,H)� 7.6 Hz, 3J(H,H)� 6.0 Hz, 1H; H arom), 8.54 (d large, 3J(H,H)�
6.0 Hz, 1H; H6 Py), 8.63 ppm (s large, 1H; H6 Py); 13C{1H} NMR
(50.323 MHz, CD2Cl2): �� 22.8 (s,�CCH2CH2), 23.2 (s,�CCH2CH2), 28.1
(s,�CCH2), 28.7 (s,�CCH2), 121.7 (s, C5 Py), 121.7 (d, 1J(P,C)� 74.2 Hz,
ipso-C PPh3), 122.9 (s, C5 Py), 128.5 (s,m or p-C Ph), 128.6 (s,m or p-C Ph),
128.7 (d, 3J(P,C)� 8.1 Hz, m-C PPh3), 128.9 (d, 3J(P,C)� 11.6 Hz, C3 Py),
131.0 (s, o-C Ph), 131.7 (d, 3J(P,C)� 2.8 Hz, C3 Py), 134.9 (s, C4 Py), 135.2
(d, 2J(P,C)� 11.6 Hz, o-C PPh3), 135.5 (s, p-C PPh3), 135.6 (s, C4 Py), 137.3
(d, 1J(P,C)� 55.9 Hz, PC��C); 138.2 (d, 1J(P,C)� 41.72 Hz, PC��C), 151.4
(s, C6 Py), 152.1 ppm (s, C6 Py); the Pd-ipso-C carbon atom is not
observed; 31P{1H} NMR (81.014 MHz, CD2Cl2): �� 29.5 (d, 2J(P,P)�
15.0 Hz, PPh3), 99.0 ppm (d, 2J(P,P)� 15.0 Hz, phospholyl); HR-MS
(FAB-mNBA): m/z : 915.9839 [M]� ; calcd for C42H36N2P2Pd2Cl2:
915.9808; elemental analysis calcd (%) for C42H36N2P2Pd2Cl2(914.448): C
55.17, H 3.97, N 3.06; found: C 55.11, H 3.90, N 3.12.


Complex 6 : To a solution of complex 3a (X�PF6
�), (0.42 g, 0.34 mmol) in


CH2Cl2 (5 mL) was added an excess of dimethylacetylene dicarboxylate
(0.05 mL). The solution was stirred for 15 h at 40 �C and diethyl ether
(40 mL) was added. The solution was filtered and the precipitate was
washed with pentane (2� 10 mL). Complex 6 was obtained by crystal-
lisation from a CH2Cl2/pentane solution at room temperature (0.34 g,
73%). 1H NMR (200 MHz, CD2Cl2): �� 1.40 ± 1.90 (m, 8H; C�CCH2CH2),
2.20 ± 2.5 (m, 4H; C�CCH2CH2), 2.90 (m, 4H; C�CCH2), 3.81 (s, 6H;
OCH3), 7.38 ± 7.6 (m, 10H, H arom), 7.70 ± 7.87 (m, 8H, H arom), 8.02 ± 8.18
(m, 4H; H arom), 8.95 ppm (d large, 3J(H,H)� 5.5 Hz, 4H; H6 Py);
13C{1H} NMR (75.469 MHz, CD2Cl2): �� 20.1 (s, C�CCH2CH2), 20.7 (s,
C�CCH2CH2), 26.4 (m, C�CCH2), 27.6 (m, C�CCH2), 51.0 (s, OCH3), 120.9
(s, C�C-Pd), 124.1 (d, 1J(P,C)� 37.4 Hz, ipso-C),124.5 (d, 3J(P,C)� 4.6 Hz,
C3 Py), 125.8 (s, C5 Py),129.1 (m, m-C Ph), 132.7 (m, o-C Ph), 132.8 (s, p-C
Ph), 140.2 (s, C4 Py), 149.2 (s, C6 Py), 149.8 (d, 2J(P,C)� 18.7 Hz, C2 Py),
164.6 ppm (s, C�O); 31P{1H}NMR (81.014 MHz, CD2Cl2): �� 54.3 ppm;
HR-MS (FAB-mNBA):m/z 1235.0890 [M�PF6]� calcd for C54H48N4P4F12-
Pd2O4: 1235.0890; elemental analysis calcd (%) for C54H48N4P4F12Pd2O4


(1381.710): C 46.94, H 3.50, N 4.05; found: C 46.93, H 3.54, N 4.10.


X-ray crystal structure analysis : Single crystals suitable for X-ray crystal
analysis were obtained by crystallisation from a CH2Cl2/CH3CN/heptane
solution at�20 �C for 3a (X� SbF6), from a CH2Cl2/Et2O solution at room
temperature for 3a (X�PF6), from a CH2Cl2/Et2O solution at room
temperature for 3b (X�BF4), from a CH2Cl2 solution at room temperature
for 5b, from a CH2Cl2/pentane solution at room temperature for 6. The unit
cell constant, space group determination and the data collection were
carried out on an automatic NONIUSCAD4 diffractometer (compound 3a
(X� SbF6)) or a NONIUS KappaCCD (compounds 3a (X�PF6), 5b, 6)
with graphite-monochromated MoK� radiation.[24a] The cell parameters
were obtained by fitting a set of 25 high-theta reflections. After Lorentz
and polarization corrections, absorption corrections with � scan,[24b] the
structures were solved with SIR-97[24c] which reveals the non-hydrogen
atoms of the structure. After anisotropic refinement, all hydrogen atoms
may be found with a Fourier difference. The whole structures were refined
with SHELXL97[24d] by the full-matrix least-squares techniques (use of F


magnitude; x, y, z, �ij for C, O, N, P, Cl, F, Sb and Pd atoms), x, y, z in riding
mode for the H atoms. Atomic scattering factors were obtained from
International Tables for X-ray Crystallography.[24e] ORTEP views were
prepared with PLATON98.[24f] All calculations were performed on a
Silicon Graphics Indy computer. Crystal refinement parameters are given
in Table 3. The carbon atoms of the ethyl bridges of 3a (X�SbF6 or PF6)
and 3b appear as disordered. Further studies in space group P1 for 3a and
Cc for 3b unambiguously showed that there is no disorder but a difference
in the conformation of the six-membered ring. In the space group P1, the
pseudo-symmetry of all the other atoms of 3a leads to important
correlations giving unsatisfactory geometry and e.s.d.s.


CCDC-149074 (3a (X�SbF6)), CCDC-203511 (3a (X�PF6)), CCDC-
195446 (3b), CCDC-195447 (5b) and CCDC-204729 (6) 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)1223-336033; or deposit@ccdc.cam.uk).
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Galactose Oxidase Models: Tuning the Properties of CuII ± Phenoxyl Radicals


Aure¬ lie Philibert,[a] Fabrice Thomas,*[a] Christian Philouze,[a] Sylvain Hamman,[a]


Eric Saint-Aman,[b] and Jean-Louis Pierre[a]


Abstract: Four tripodal ligands with an
N3O coordination sphere were synthe-
sized: (2-hydroxy-3-tert-butyl-5-nitro-
benzyl)bis(2-pyridylmethyl)amine
(LNO2H), (2-hydroxy-3-tert-butyl-5-
fluorobenzyl)bis(2-pyridylmethyl)amine
(LFH), (2-hydroxy-3,5-di-tert-butylben-
zyl)bis(2-pyridylmethyl)amine (LtBuH)
and (2-hydroxy-3-tert-butyl-5-methoxy-
benzyl)bis(2-pyridylmethyl)amine (LO-
MeH). Their square-pyramidal cop-
per(��) complexes, in which the phenol
subunit occupies an axial position, were
prepared and characterized by X-ray
crystallography and UV/Vis and EPR
spectroscopy. The phenolate moieties of
the copper(��) complexes of LtBuH and
LOMeH were electrochemically oxi-


dized to phenoxyl radicals. These
complexes are EPR-active (S� 1),
highly stable (kdecay� 0.008min�1 for
[CuII(LOMe .)(CH3CN)]2�) and stoi-
chiometrically oxidise benzyl alcohol.
Two additional tripodal ligands provid-
ing an N2O2 coordination sphere were
also studied: (2-pyridylmethyl)(2-hy-
droxy-3-tert-butyl-5-methoxybenzyl)-
(2-hydroxy-3-tert-butyl-5-nitrobenzyl)-
amine (L�OMeNO2H2) and (2-pyridyl-
methyl)bis(2-hydroxy-3-tert-butyl-5-
methoxy)benzylamine (L�OMe2H2).


Their copper(��) complexes were
isolated as dimers ([CuII2 (L�OMe2)2],
[CuII2 (L�OMeNO2)2]) that are converted
to monomers on addition of pyridine.
The complexes were investigated by
X-ray crystallography and UV/Vis and
EPR spectroscopy. Their one-electron
electrochemical oxidation leads to cop-
per(��) ± phenoxyl systems that are less
stable than those of the N3O complexes.
The N2O2 complexes are more reactive
than the N3O analogues: they aerobi-
cally oxidize benzyl alcohol to benzal-
dehyde at a higher rate, as well as
ethanol to acetaldehyde (40 ± 80 turn-
overs).


Keywords: enzyme models ¥ copper
¥ oxidation ¥ tripodal ligands ¥
radicals


Introduction


Various strategies are used by metalloenzymes to store
oxidizing equivalents required for multi-electron transfers.
A fascinating class of metalloenzymes use an organic redox
center (free radical) on their own polypeptide chain to
provide or abstract electrons and complete metal-driven
electron transfer in the catalytic process.[1] Galactose oxidase
(GOase), an enzyme typical of this class, is an extracellular
type II copper protein (68 kDa) of fungal origin that catalyzes
the oxidation of a broad range of primary alcohols to
aldehydes with concomitant reduction of molecular oxygen.[2]


The crystal structure of GOase contains a square-pyramidal


copper ion with a tyrosinate or protonated tyrosinate ligand
weakly bound in the axial position, two histidine imidazole
units, a second tyrosinate and either H2O or acetate (replacing
the substrate) in the equatorial sites (Scheme 1).[3] The
equatorial tyrosinate group is linked to a nearby cysteine
residue by an ortho C�S bond. The enzyme exists in three
well-defined and stable oxidation states [Eq. (1)]: the EPR-
silent active oxidized form, in which a copper(��� ion is
antiferromagnetically coupled to an equatorial tyrosyl radical
responsible for hydrogen atom abstraction from the substrate;
the intermediate copper(��� form; and the reduced form, which
contains a copper(�) center.


CuII�O.�Tyr�CuII�OTyr�CuI�OTyr (1)


The axial tyrosine residue is involved in a protonation ±
deprotonation process during the catalytic cycle (Scheme 1).
Recent theoretical studies[4] showed that, prior to proton
transfer from substrate to enzyme, the radical is located at the
axial tyrosinate site. The radical is shifted to the equatorial
tyrosinate group simultaneously with proton transfer.
Several models of the active site of GOase have been


prepared in the last few years to give an insight into the
structure and properties of its reactive center.[5] Tripodal
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Scheme 1. The galactose oxidase active site and adaptation of the catalytic
pathway proposed by F. Himo et al.[4a]


ligands have been commonly used to provide a coordination
sphere similar to that of the enzyme. Some involve an N3O
coordination sphere[6] (usually two pyridine nitrogen atoms,
one tertiary amine nitrogen atom and one phenolic oxygen
atom), and others an N2O2 coordination sphere[7] (usually one
pyridine nitrogen atom, one tertiary amine nitrogen atom and
two phenolic oxygen atoms). However, very few of these
models exhibit catalytic activity. One of the trickiest problems
encountered in the design of biomimetic models for the CuII ±
phenoxyl radical active form is the control of the radical
center. This control, which involves stability, magnetic proper-
ties and reactivity, depends on interdependent factors such as
protonation of the phenolic moieties, geometry (axial versus
equatorial binding to copper) and electronic properties.
Here we compare the solution chemistry, the stability of the


phenoxyl radicals and the catalytic properties of copper(��)
complexes prepared from N2O2 and N3O ligands (Scheme 2).
The four N3O ligands have a phenolic arm that is substituted
in the para position by electron-donating or electron-with-
drawing groups. In a complex of a related non-tert-butylated
ligand the nitrophenolate group occupies an axial position,[8]


and this suggests that the phenolate group of the correspond-
ing tert-butylated ligand will also occupy an axial position in
its copper complex. In a preliminary report, we described a


N


N
N


OH


Z1


N
N
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Z1= OMe (LOMeH), tBu (LtBuH), F 
(LFH), NO2 (LNO2H)


Z2= OMe (L'OMe2H2),
NO2 (L'OMeNO2H2)


Scheme 2. Chemical structures of the ligands.


functional model involving two different phenolic arms in a
tripodal N2O2 ligand and obtained a radical center located on
the equatorial phenolic arm.[9]


Results and Discussion


Preparation of the ligands : LtBuH has been previously
described.[6f] We improved the synthesis by using a Mannich
reaction: in a one-pot synthesis LtBuH was obtained by
mixing bis(2-pyridylmethyl)amine and 2,4-di-tert-butyl-4-phe-
nol in the presence of one equivalent of formaldehyde. The
Mannich reaction was also used to prepare LOMeH and LFH.
Alkylation of bis(2-pyridylmethyl)amine with 2-bromometh-
yl-6-tert-butyl-4-nitrophenyl acetate was the preferred meth-
od for obtaining LNO2H. Synthesis of the N2O2 ligands
L�OMeNO2H2 and L�OMe2H2 has been previously de-
scribed.[10]


Copper complexes : N2O2 ligands : On mixing Cu(ClO4)2 ¥
6H2O and the N2O2 ligands in acetonitrile in the presence
of NEt3, a dimeric species was obtained (Scheme 3). Single
crystals of [CuII2 (L�OMe2)2] suitable for X-ray diffraction


CH2Cl2 CH3CN


CH3CN + N(Et)3


<[(CuII)2(L')2]>


1 L'H2 + 1 Cu(ClO4)2


[(CuII)2(L')2]
[CuII(L'OMeNO2)(CH3CN)]


or [(CuII)2(L'OMe2)2]


[CuII(L')(Pyr)]


PyrPyr


(i)


Scheme 3. Solution chemistry of the N2O2 ligands, where L� represents
L�OMe2 or L�OMeNO2 (i: [L]� 0.05�).


studies were obtained by recrystallization from acetonitrile
after 12 h at 277 K (Table 1). The crystal structure of
[CuII2 (L�OMe2)2] is depicted in Figure 1, and selected bond
angles and lengths are reported in Table 2. The two copper
atoms have similar pentacoordinate environments that share
two oxygen atoms from two ligands. The geometry around the
copper(��) center is intermediate between trigonal-bipyrami-
dal and square-pyramidal, as reflected by a � value[11] of 0.35.
Each copper atom is coordinated to two nitrogen and three
oxygen atoms: the pyridine nitrogen atom (N2), the tertiary
amino nitrogen atom (N1), one phenolate oxygen atom (O2)
and two �-phenoxo oxygen atoms (O1, O1�). The Cu�O2
bond length (1.895(3) ä) is shorter than Cu�O1� (1.984(3) ä
or Cu�O1 2.045(2) ä); the O1-Cu-O1� angle (73.8�) is
significantly different from the Cu-O1-Cu angle (90.8�).
Consequently, the CuOCuO unit is not flattened, but shows
a butterfly structure with a dihedral angle of 126.5� and a short
copper ± copper distance of 2.869 ä.
In [CuII2 (L�OMeNO2)2], which was previously reported but


not described,[9] the same geometry was observed (�� 0.34
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and 0.39 for the two copper(��� centers) with a bridging
methoxyphenolate and a nonbridging nitrophenolate group:
the electron-donating methoxyl group compensates more
efficiently than the nitro group for the electron deficiency on
the bridging oxygen atom. The substitution thus orientates the
position of the phenolate groups in these dimers according to
their electronic properties.
[CuII2 (L�OMeNO2)2] and [CuII2 (L�OMe2)2] are EPR-silent in


the noncoordinating solvent CH2Cl2 due to strong coupling
between the two CuII centers mediated by the phenolato
bridge.[7d) ] Dissolving [CuII2 (L�OMeNO2)2] in acetonitrile
results in the appearance of an EPR signal typical for a


mononuclear copper complex. However, no EPR signal was
observed after dissolution of [CuII2 (L�OMe2)2] in acetonitrile.
The dimeric complex [CuII2 (L�OMe2)2] can be converted to the
monomeric species by addition of a coordinating base such as
pyridine (Pyr). Titration of the dimers with pyridine was
monitored by UV/Vis spectroscopy: the intensity of the ligand
to metal charge-transfer (LMCT) band in the dimers was
higher than in the monomers, while a shift in �max was
observed (Table 3). From the equilibrium of Equation (2)


L�2Cu2� 2Pyr ��
KPyr


2L�CuPyr (2)


Table 1. Crystallographic data for [CuII(LtBuH)(CH3CN)](ClO4)2, [CuII(LOMeH)(CH3CN)](ClO4)2, [CuII(LFH)(CH3CN)](ClO4)2, [CuII(LNO2H)-
(CH3CN)](ClO4)2, [CuII(LNO2)(Cl)] and [CuII2 (L�OMe2)2].


[CuII2 (L�OMe2)2] [CuII(LtBuH)(CH3CN)] (ClO4)2 [CuII(LNO2)(Cl)]


formula C60H76Cu2N4O8 C29H38Cl2CuN4O9 C23H25ClCuN4O3


M 1108.37 721.09 504.47
symmetry monoclinic monoclinic triclinic
morphology brown prism blue platelet dark green platelet
crystal dimensions [mm] 0.41� 0.37� 0.25 0.48� 0.45� 0.25 0.39� 0.35� 0.17
a [ä] 28.49(3) 13.2504(6) 8.2328(6)
b [ä] 9.690(4) 11.745(1) 11.9330(9)
c [ä] 27.72(3) 22.804(3) 12.3562(6)
� [�] 90 90 70.5(3)
� [�] 131.1(1) 97.7(4) 80.7(3)
� [�] 90 90 73.9(3)
V [ä3] 5770(10) 3517(2) 1097(2)
T [K] 293.0 293.0 150.0
space group C2/c P21/a P1≈


Z 4 4 2
monochromator graphite graphite graphite
�(MoK�) [ä] 0.71073 0.71073 0.71073
� [mm�1] 0.793 0.826 1.152
no. of reflections (measured) 12727 46219 12569
no. of reflections (unique) 6433 8150 4481
no. of reflections 3090 (I� 2�) 3398 (I� 1.5�) 3262 (I� 3�)
Rint 0.148 0.211 0.039
R 0.073 0.063 0.036
R(w) 0.060 0.068 0.042


[CuII(LFH)(CH3CN)](ClO4)2 [CuII(LOMeH)(CH3CN)](ClO4)2 [CuII(LNO2H)(CH3CN)](ClO4)2


formula C25H29Cl2CuFN4O9 C26H32Cl2CuN4O10 C28H33Cl2CuN5O11


M 682.98 726.30 764.56
symmetry triclinic triclinic triclinic
morphology blue prism blue block blue-green prism
crystal dimensions [mm] 0.48� 0.28� 0.15 0.28� 0.18� 0.16 0.76� 0.61� 0.58
a [ä] 8.2493(3) 8.2869(2) 9.9996(5)
b [ä] 9.5464(4) 9.4031(4) 11.0806(9)
c [ä] 19.0287(9) 20.3281(8) 15.6455(9)
� [�] 93.8(2) 80.9(2) 99.4(4)
� [�] 99.1(2) 78.8(1) 98.0(2)
� [�] 100.9(2) 80.3(1) 98.7(3)
V [ä3] 1446(1) 1518.8(9) 1666(3)
T [K] 293.0 293.0 150.0
space group P1≈ P1≈ P1≈


Z 2 2 2
monochromator graphite graphite graphite
�(MoK�) [ä] 0.71073 0.71073 0.71073
� [mm�1] 1.005 0.955 0.883
no. of reflections (measured) 21596 18879 13014
no. of reflections (unique) 8029 8693 7110
no. of reflections 4387 (I� 3�) 5170 (I� 2�) 5904 (I� 2�)
Rint 0.081 0.074 0.040
R 0.059 0.057 0.052
R(w) 0.093 0.076 0.086
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Figure 1. ORTEP plot showing 25% displacement ellipsoids and partial
atomic labeling for [CuII2 (L�OMe2)2]. Hydrogen atoms have been omitted
for clarity; selected distances and angles are reported in Table 2.


where L�� ligand and Kpyr� [CuII(L�)(Pyr)]2/([CuII2 (L�)2]-
[Pyr]2), we obtained Kpyr[CuII2 (L�OMeNO2)2]� 103.7��1 and
Kpyr[CuII2 (L�OMe2)2]� 102.3��1.
This confirmed the easier cleavage of the dimeric structure


[CuII2 (L�OMeNO2)2]. These results cannot be explained on the
basis of the X-ray analysis, which shows a butterfly structure
for both dimers and similar interatomic distances. However,
nitro as opposed to methoxyl substitution makes the coordi-
nated CuII atom more electrophilic and thus favors nucleo-
philic attack by pyridine. The solution chemistry of the N2O2


ligands in the presence of copper(��) is summarized in
Scheme 3.


N3O ligands : The solution chemistry of the copper(��)
complexes of the N3O ligands differs notably from that of
their N2O2 analogues (Scheme 4). Monomeric complexes
were obtained on mixing stoichiometric amounts of the N3O
ligands and Cu(ClO4)2 ¥ 6H2O in acetonitrile in the presence
of NEt3. Under these conditions the complexes were isolated
in their protonated form, in which the phenolic subunit
remains protonated and only d ± d transitions are observed in
the visible spectrum. The ligand LNO2H was an exception:
[CuII(LNO2H)(CH3CN)]2� was obtained in the absence of
base.
Blue single crystals of [CuII(LOMeH)(CH3CN)]2�,


[CuII(LtBuH)(CH3CN)]2� and [CuII(LFH)(CH3CN)]2� were
obtained on slow diffusion of di-n-butyl ether into solutions of
the complexes in acetonitrile. For [CuII(LNO2H)(CH3CN)]2�


toluene was used instead of di-n-butyl ether. The ORTEP
plots of their structures are depicted in Figure 2; selected
bond lengths and angles are listed in Table 2.
The geometry around the metal centers is square-pyramidal


with a phenolic unit that weakly coordinates the copper atom
in an axial position.
In [CuII(LOMeH)(CH3CN)]2� the copper atom is coordi-


nated in the square plane by one tertiary nitrogen atom N1,


Table 2. Selected bond lengths [ä] and angles [�] of the complexes
[CuII(LtBuH)(CH3CN)](ClO4)2, [CuII(LOMeH)(CH3CN)](ClO4)2,
[CuII(LFH)(CH3CN)](ClO4)2, [CuII(LNO2H)(CH3CN)](ClO4)2, [CuII-
(LNO2)(Cl)] and [CuII2 (L�OMe2)2].


[CuII(LtBuH)(CH3CN)]
Cu�O1 2.456(3) Cu�N1 2.037(4) Cu�N2 1.987(4)
Cu�N3 1.977(4) Cu�N4 1.974(6)
O1-Cu-N1 90.5(1) O1-Cu-N2 97.2(1) O1-Cu-N3 91.6(1)
O1-Cu-N4 90.5(2) N1-Cu-N2 83.4(2) N1-Cu-N3 83.6(2)
N1-Cu-N4 178.5(2) N2-Cu-N3 164.4(2) N2-Cu-N4 95.4(2)
N3-Cu-N4 97.4(2)


[CuII(LFH)(CH3CN)]
Cu�O1 2.404(3) Cu�N1 2.024(4) Cu�N2 1.976(4)
Cu�N3 1.975(3) Cu�N4 2.008(4)
O1-Cu-N1 89.8(1) O1-Cu-N2 98.0(1) O1-Cu-N3 92.6(1)
O1-Cu-N4 92.6(1) N1-Cu-N2 83.7(2) N1-Cu-N3 84.0(1)
N1-Cu-N4 177.4(2) N2-Cu-N3 163.6(1) N2-Cu-N4 95.0(2)
N3-Cu-N4 96.9(2)


[CuII(LOMeH)(CH3CN)]
Cu�O1 2.411(2) Cu�N1 2.028(3) Cu�N2 1.983(3)
Cu�N3 1.974(3) Cu�N4 2.002(3)
O1-Cu-N1 89.9(1) O1-Cu-N2 98.2(1) O1-Cu-N3 91.1(1)
O1-Cu-N4 93.3(1) N1-Cu-N2 83.3(1) N1-Cu-N3 84.3(1)
N1-Cu-N4 176.4(1) N2-Cu-N3 164.4(1) N2-Cu-N4 94.6(1)
N3-Cu-N4 97.3(1)


[CuII(LNO2H)(CH3CN)]
Cu�O1 2.430(2) Cu�N1 2.014(2) Cu�N2 1.989(2)
Cu�N3 1.988(2) Cu�N4 1.962(2)
O1-Cu-N1 87.14(7) O1-Cu-N2 88.23(8) O1-Cu-N3 92.87(8)
O1-Cu-N4 95.03(8) N1-Cu-N2 83.84(8) N1-Cu-N3 82.18(9)
N1-Cu-N4 177.46(9) N2-Cu-N3 165.91(9) N2-Cu-N4 97.52(9)
N3-Cu-N4 96.4(1)


[CuII(LNO2)(Cl)]
Cu�Cl 2.2651(7) Cu�O1 2.190(2) Cu�N1 2.057(2)
Cu�N2 1.994(2) Cu�N3 1.996(2)
Cl-Cu-O1 97.38(5) Cl-Cu-N1 170.33(6) Cl-Cu-N2 95.53(6)
Cl-Cu-N3 95.81(6) O1-Cu-N1 92.29(7) O1-Cu-N2 102.44(8)
O1-Cu-N3 95.66(8) N1-Cu-N2 82.35(8) N1-Cu-N3 83.16(8)
N2-Cu-N3 157.18(9)


[CuII2 (L�OMe2)2]
Cu�O1� 1.984(3) Cu�O1 2.045(2) Cu�O2 1.895(3)
Cu�N1 2.126(3) Cu�N2 2.284(3) Cu�Cu 2.869(3)
O1-Cu-O1� 73.8(1) O1�-Cu-O2 165.1(1) O1�-Cu-N1 93.7(1)
O1�-Cu-N2 92.0(1) O1-Cu-O2 93.1(1) O1-Cu-N1 144.5(1)
O1-Cu-N2 132.4(1) O2-Cu-N1 93.2(1) O2-Cu-N2 102.2(1)
N1-Cu-N2 79.8(1) Cu-O1-Cu 90.8(1)


Table 3. Electronic properties of the copper(��) complexes in acetonitrile solution
(UV/Vis spectra recorded at 298 K).


Complex �max [nm] (� [��1 cm�1])


[CuII(LOMeH)(CH3CN)]2� 400 (320),[a] 590 (230)[a]


[CuII(LOMe)(CH3CN)]� 565 (1040)
[CuII(LOMe)(Pyr)]� 546 (950)
[CuII(LtBuH)(CH3CN)]2� 600 (180)[a]


[CuII(LtBu)(CH3CN)]� 553 (935), 950 (180)[a]


[CuII(LtBu)(Pyr)]� 531 (750), 850 (180)[a]


[CuII(LFH)(CH3CN)]2� 550 (240)
[CuII(LF)(CH3CN)]� 305 (3400), 535 (920), 930 (130)[a]


[CuII(LF)(Pyr)]� 309 (3800), 514 (780), 870 (140)[a]


[CuII(LNO2H)(CH3CN)]2� 388 (14830), 606 (90)
[CuII(LNO2)(CH3CN)]� 390 (11200), 517 (636)
[CuII(LNO2)(Pyr)]� 396 (17280), 500 (401),[b] 644 (139), 868 (130)
[CuII(L�OMeNO2H)(OAc)] 298 (10300), 393 (20000), 500 (760),[b] 600 (510)[a]


[CuII2 (L�OMeNO2)2] 296 (11400), 391 (28100), 500 (5100)[b]


[CuII(L�OMeNO2)(Pyr)] 305 (6300), 401 (15000), 500 (1210),[b] 700 (300)[a]


[CuII2 (L�OMe)2] 302 (16700), 445 (4330), 650 (1600)[a]


[CuII(L�OMe2)(Pyr)] 310 (20000), 488 (1400)


[a] Broad absorption. [b] Shoulder.
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CH3CN
CH3CN 
+ NEt3


CH3CN CH3CN + NEt3


CH3CN


CH3CN CH3CN + NEt3


CH3CN + NEt3


1 LNO2H + 1 Cu(ClO4)2


PyrPyr


(i)


<[CuII(LNO2H)(CH3CN)]>


[CuII(LNO2H)(CH3CN)] [CuII(LNO2)(CH3CN)]


[CuII(LNO2)(Pyr)]


<[CuII(LNO2)(CH3CN)]>


(i)


<[CuII(LH)(CH3CN)]>


1 LH + 1 Cu(ClO4)2


[CuII(LH)(CH3CN)] [CuII(L)(CH3CN)]


[CuII(L)(Pyr)]


PyrPyr


(i)


with L = LOMe, LtBu, LF


Scheme 4. Solution chemistry of the N3O ligands (i: [L]� 0.05�).


Figure 2. ORTEP plots showing 25% (a, b, c) or 50% (d, e) displacement
ellipsoids and partial atomic labeling for [CuII(LOMeH)(CH3CN)]2� (a),
CuII(LtBuH)(CH3CN)]2� (b), [CuII(LFH)(CH3CN)]2� (c), [CuII(LNO2H)-
(CH3CN)]2� (d) and [CuII(LNO2)(Cl)] (e). Hydrogen atoms have been
omitted for clarity; selected distances and angles are reported in Table 3.


two pyridine nitrogen atoms N2 and N3 and one acetonitrile
nitrogen atom N4, with copper ± nitrogen bond lengths of
2.028(3) (N1), 1.983(3) (N2), 1.974(3) (N3) and 2.002(3) ä
(N4). The Cu�O1 distance of 2.411(2) ä is significantly longer
than those reported for axially coordinated phenolates.[8] It is
within the range of that (2.567 ä) reported for the protonated
complex [CuII(LtBuH)(Cl)]� bearing a chloride ion as an
exogenous ligand in place of acetonitrile.[6f] The protonated
phenolic unit thus binds weakly to the copper atom, which lies
0.120(3) ä above the basal plane and towards the axial O1
atom. The coordination modes of [CuII(LtBuH)(CH3CN)]2�,
[CuII(LFH)(CH3CN)]2� and [CuII(LNO2H)(CH3CN)]2� are
similar to that of [CuII(LOMeH)(CH3CN)]2�, with Cu�O1
distances of 2.456(3), 2.404(3) and 2.430(2) ä, respectively.
The Cu�N2 and Cu�N3 distances range between 1.975(3) and
1.989(2) ä, the Cu�N1 distances between 2.014(2) and
2.037(4) ä and the Cu�N4 distances between 1.962(2) and
2.008(4) ä.
The copper(��) complex of LNO2H could also be prepared in


its deprotonated form [CuII(LNO2)(CH3CN)]� by mixing
stoichiometric amounts of Cu(ClO4)2 ¥ 6H2O and HLNO2 in
acetonitrile in the presence of one equivalent of NEt3. Slow
diffusion of diethyl ether into this solution afforded dark
green crystals of [CuII(LNO2)(CH3CN)]� , which, however,
were not suitable for X-ray analysis. To obtain single crystals
suitable for a X-ray analysis, CuCl must be used instead of
Cu(ClO4)2 ¥ 6H2O to prepare the complex.[12] Based on the
structural similarity between [CuII(LtBuH)(CH3CN)]2� and
[CuII(LtBuH)(Cl)]� ,[6f] no significant geometrical changes are
expected when acetonitrile is replaced by a chloro ligand. The
geometry around the copper atom in [CuII(LNO2)(Cl)] can be
described as square-pyramidal. The Cu�O1 distance in
[CuII(LNO2)(Cl)] differs from those of [CuII(LNO2H)-
(CH3CN)]2� and [CuII(LOMeH)(CH3CN)]2�. It is significant-
ly shorter (2.190(2) ä) and within the range of those reported
for axially coordinated phenolates.[8] The copper atom is
displaced 0.235(2) ä above the basal plane towards the axial
oxygen atom, as expected for a stronger Cu�O1 bond
(0.036(2) ä in [CuII(LNO2H)(CH3CN)]2�). The bond lengths
between the copper atom and the donor nitrogen atoms are
Cu�N1 2.057(2), Cu�N2 1.994(2) and Cu�N3 1.996(2) ä, and
the Cu�Cl bond length is 2.2651(7) ä. An axial position of the
nitrophenolate moiety was already observed in a related
complex[8] and explained[5a] in terms of the short methylene
spacer between the pyridine and tertiary amino groups: the
two five-membered chelate rings are preferentially located in
the basal plane. The deprotonated complexes of the other
N3O ligands bearing electron-donating substituents could not
be isolated in the solid state, even in the presence of NEt3, due
to their higher pKa .
After dissolution of the protonated complexes in acetoni-


trile (Scheme 4), only d ± d transitions were observed in the
visible region of the electronic spectrum (Table 3); this
suggests that the phenolic subunit remains protonated in
solution. The EPR spectrum reveals a mononuclear CuII


complex. On addition of one equivalent of NEt3 the solution
turns violet; the UV/Vis spectrum shows emergence of an
LMCT transition (the electron-withdrawing NO2 group
induces a hypsochromic shift, while the electron-donating
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groups tBu and OMe induce a bathochromic shift); this
indicates that the weakly coordinating phenolic arm is
deprotonated on addition of NEt3 and coordinates to the
copper atom. Use of excess pyridine (50 equiv) in place of
NEt3 also results in the appearance of phenolate to copper
charge-transfer band at a somewhat shorter wavelength,
which indicates that pyridine acts both as a base and as an
exogenous ligand. The solution chemistry of the copper
complexes of N3O ligands is summarized in Scheme 4.


Electrochemistry of the protonated ligands and complexes :
The electrochemical behaviour of the protonated ligands and
complexes was studied in acetonitrile by cyclic voltammetry
(CV). Only the results obtained with N3O ligands are
presented. The electrochemistry of the N2O2 ligands was
previously described.[10]


The CV curve of the free ligands displays irreversible
anodic signals, as expected for phenol-centered electron
transfer. Oxidation of the nitrophenol to its phenoxyl radical
occurs at the highest potential (�0.65 V versus Fc/Fc�); the
fluorine-substituted phenol has an oxidation potential
(�0.46 V) close to that of an unfluorinated parent com-
pound,[10] and the tBu- and OMe-substituted phenols have the
lowest oxidation potentials (�0.37 and �0.29 V, respective-
ly), in agreement with the electron-donating properties of
their substituents: A plot of Ea


p as a function of the Hammet
constants �� shows a linear dependence (Supporting Infor-
mation).
The CV curves of all the protonated complexes show


irreversible redox signals around �0.8 V. These values are
close to that previously reported by Shimazaki et al.[6f] for
[CuII(LtBuH)(Cl)]2�. Oxidation occurs at higher potentials
relative to the free ligands due to the positive charge on the
copper atom, which decreases the electron density on the
phenolic unit and thus makes it less easily oxidizable.


Radical generation in the deprotonated complexes : The
electrochemical behaviour of [CuII(LNO2)(CH3CN)]� and
[CuII(LNO2)(Pyr)]� is characterized by a signal at E1/2�
�0.70 V. It is not fully reversible (iPa/iPc� 1) even at low
temperature (233 K), which suggests a relatively low stability
of the oxidized species. Coulometric titration revealed a one-
electron process. Dramatic changes in the electronic spectrum
were observed during electrolysis : the 390 nm absorption (��
11200��1 cm�1), attributed to the � ±�* transition of the
nitrophenolate, is strongly modified (�max� 387 nm, ��
6400��1 cm�1; shoulder at 440 nm, �� 3900��1 cm�1), while
the LMCT transition at 517 nm disappears. These results
strongly suggest the formation of a transient nitrophenoxyl
species. Assuming that no isomerization occurs during
electrolysis, this is a good example of a phenoxyl radical
axially coordinated to a metal atom. Its low stability, however,
precluded further characterization.
The CV curves of [CuII(LF)(CH3CN)]� and [CuII(LF)-


(Pyr)]� at room temperature reveal a redox couple that is not
fully reversible (iPa/iPc� 1) at �0.20 V. When the temperature
is lowered to 233 K, a total loss of reversibility is observed,
and only the anodic peak is seen on the CV curve; this is likely
due to the formation of passivating ion pairs between the


oxidized complex (charge: �2) and the perchlorate anions of
the supporting electrolyte (TBAP). Under these conditions,
electrolysis could not be performed.[13]


The CV curves of [CuII(LOMe)(Pyr)]� , [CuII(LOMe)-
(CH3CN)]� , [CuII(LtBu)(Pyr)]� , [CuII(LtBu)(CH3CN)]� ,
[CuII(L�OMe2)(Pyr)] and [CuII(L�OMeNO2)(Pyr)] reveal re-
versible one-electron (as estimated by coulometric titration)
redox waves at �0.02, �0.01, �0.17, �0.15, �0.16, and
�0.08 V, respectively. No significant change in E1/2 was
observed for the N3O complexes when the exogenous
pyridine ligand was replaced by acetonitrile, as also observed
by Taki et al.[7a] As expected, oxidation occurs on the
methoxyphenolate moieties of [CuII(L�OMeNO2)(Pyr)], with
a E1/2 value close to that obtained for [CuII(L�OMe2)(Pyr)].
The EPR spectra of the electrogenerated species


[CuII(LOMe .)(Pyr)]2�, [CuII(LOMe .)(CH3CN)]2�, [CuII-
(LtBu .)(Pyr)]2�, [CuII(LtBu .)(CH3CN)]2�, [CuII(L�OMe2


.)-
(Pyr)]� and [CuII(L�OMeNO2


.)(Pyr)]� show a �MS�� 2
signal centred at 150 mT, associated with �MS�� 1 transi-
tions typical of an S� 1 system (Figure 3). The UV/Vis spectra


Figure 3. X-band EPR spectra of the electrochemically generated com-
plexes [CuII(LOMe .)(Pyr)]2� (a) and [CuII(L�OMeNO2


.)(Pyr)]� (b); a
contaminant with S� 1/2 (accounting for less than 5 (a) or 10% (b) of the
total copper(��) concentration) corresponding to a monomeric CuII complex
is also present; [CuII(LOMe .)(Pyr)]2�� [CuII(L�OMeNO2


.)(Pyr)]�� 2 m�,
T� 4 K, 9.44711 GHz, 0.25 mW; modulation 0.5 mT, 100 KHz.


of these oxidized species show sharp and intense absorptions
at around 420 nm (Figure 4, Table 4), as previously observed
for phenoxyl radicals,[14] and attributed to � ±�* transitions.
The LMCT transitions are no longer present in the 500 ±
600 nm region. Taken together, these results unambiguously
show evidence for the formation of a phenoxyl radical that is
ferromagnetically coupled to the copper(��) center.
Both [CuII(LOMe .)(CH3CN)]2� and [CuII(LOMe


.)(Pyr)]2�


were found to be highly stable at 298 K (kdecay� 0.008 and
0.0045min�1 respectively). To our knowledge, only
one CuII ± phenoxyl radical possessing such a stability has
been recently described in literature.[6d) ] The other radical
complexes are relatively stable at 298 K: kdecay� 0.155
([CuII(LOMeNO2


.)(Pyr)]�), 0.155 ([CuII(LtBu .)(CH3CN)]2�)
and 0.087min�1 ([CuII(LtBu .)(Pyr)]2�). The exogenous pyr-
idine ligand greatly stabilizes the radical. In the case of the
N3O complexes, the lower the redox potential, the longer the
half-life of the radical (Table 4), while an inverse correlation is
observed with N2O2 complexes. Moreover, the radical com-
plexes of the N3O ligands are more stable than those of the
N2O2 ligands. In [CuII(L�OMeNO2


.)(Pyr)]� , the presence of a
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nitrophenolate goup coordinated to the copper atom stabil-
izes the radical generated on the methoxyphenolate moiety.
This can be regarded as a captodative effect.


Degradation of the CuII ± phenoxyl radical complex : After
one week of aerobic incubation (253 K) of [CuII(LO-
Me)(CH3CN)] with one equivalent of the single-electron
chemical oxidant TPASbCl6, an unexpected degradation
product was isolated (formation of an transient
[CuII(LOMe .)(CH3CN)]� species was evidenced by EPR
and UV/Vis spectroscopy): the copper complex retained its
square-pyramidal structure and only modification of the
phenolic subunit was observed. The classical oxidative
cleavage of the tertiary amine does not occur.[7e) ] The X-ray
structure of [CuII2 (LO)2(Cl)2] ¥ CH2Cl2 ¥ Sb3Cl11, thus obtained
as light green single crystals, shows an ortho-tert-butylated
quinone moiety in place of the 2-hydroxy-3-tert-butyl-5-
methoxybenzyl group. The full description of the crystal
structure is given in the Supporting Information.


Reactivity of the radical species towards alcohol oxidation :
Under anaerobic conditions, addition of an excess of benzyl
alcohol to a solution of electrogenerated [CuII(LOMe .)-


(CH3CN)]2� or [CuII(LtBu .)-
(CH3CN)]2� increased the ob-
served rate constant kobs for the
comsumption of the radical, while
quantitative formation of benzal-
dehyde (relative to the catalyst)
was evidenced by GC. Monoex-
ponential decays were fitted to
obtain the pseudo-first-order rate
constants kobs. Plots of the ob-
served rate constant kobs� kdecay
versus benzyl alcohol concentra-
tion show a linear dependence
(Figure 5) for both complexes.
The rate constants kox for the
oxidation of benzyl alcohol ob-
tained from the slopes are
5.8��1min�1 and 13.6��1min�1


for [CuII(LOMe.)(CH3CN)]2� and
[CuII(LtBu.)(CH3CN)]2�, respec-
tively. One equivalent of benzyl
alcohol is oxidized by one equiv-
alent of complex, that is, one mole


of the catalyst formally stores two oxidative equivalents: the
phenoxyl radical and the CuII center. A kinetic deuterium
isotope effect kHox/kDox of 8 was obtained when PhCH2OH was
replaced by PhCD2OH, that is, the rate-limiting step is H
abstraction from the substrate, as for GOase and related
model compounds.[6b,9] Although [CuII(LOMe .)(CH3CN)]2�


Figure 5. Plot of kobs�kdecay versus the concentration of benzyl alcohol:
kdecay is the rate constant for the radical signal decay in acetonitrile
(degradation of the catalyst); the pseudo-first-order constant kox corre-
sponds to the radical signal decay in presence of an excess of benzyl
alcohol; catalysts: [CuII(LtBu .)(CH3CN)]� (a), [CuII(LOMe .)(CH3CN)]�


(b).


Figure 4. UV/Vis spectra of the copper complexes (dotted lines) and the corresponding electrogenerated
CuII ± phenoxyl radical complexes (solid lines): [CuII(LOMe .)(Pyr)]2� 0.11� 10�3� (a), [CuII(LtBu .)(Pyr)]2�


0.11� 10�3� (b), [CuII(L�OMeNO2
.)(Pyr)]� 0.05� 10�3� (c), [CuII(L�OMe2 .)(Pyr)]2� 0.11� 10�3� (d); spectra


recorded in acetonitrile (�0.01� TBAP) at 233 K in a 1 cm path length quartz cell; * denotes an
underestimated transient absorption due to instability of the complex, even at 233 K.


Table 4. Spectroscopic and electrochemical properties of copper(��) ± phenoxyl complexes in acetonitrile solution.[a]


Complex �max [nm](� [��1 cm�1]) EPR E1/2 [V][b] kdecay [min�1] t1/2 [min]


[CuII(HL�OMeNO2
.)(OAC)]� 410 (19000)[c] silent 0.08 1.05 0.66


[CuII(L�OMeNO2
.)(Pyr)]� 390 (15300) S� 1 � 0.08 0.155 5


[CuII(L�OMe2
.)(Pyr)]� 425(1000)[d] S� 1 � 0.16 0.71 1


[CuII(LOMe .)(CH3CN)]2� 426 (5100), 552 (560) S� 1 0.02 0.008 87
[CuII(LOMe .)(Pyr)]2� 406 (8200) S� 1 0.01 0.0045 154
[CuII(LtBu .)(CH3CN)]2� 416 (1900), 650 (500) S� 1 0.15 0.155 5
[CuII(LtBu .)(Pyr)]2� 417 (3500), 660 (800) S� 1 0.17 0.087 8
active GOase 444 (5200), 800 (3200) silent � 0.23 ± ±


[a] UV/Vis spectra recorded at 233 K, EPR spectra at 100 K. kdecay and t1/2 at 298 K. [b] Versus Fc/Fc�, 298 K in acetonitrile, 0.1� TBAP. [c] In CH3CN/CH2Cl2
(50/50). [d] Underestimated due to the low stability of this complex.
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and [CuII(LtBu .)(CH3CN)]2� oxidize benzyl alcohol more
slowly than [CuII(L�OMeNO2


.)], the ratio kox/kdecay is higher.
It is also 100 times higher than the value reported for a
previously described complex.[6b]


[CuII(LNO2
.)(CH3CN)]2� and [CuII(LF


.)(CH3CN)]2� were
not stable enough to study their reactivity at room temper-
ature in the presence of a substrate. Moreover, excess pyridine
competitively inhibits substrate binding.
Ethanol was oxidized aerobically to acetaldehyde by the


CuII ± phenoxyl radical complex of [CuII2 (L�OMe2)2]: 40� 5
turnovers were achieved in 30 min at 298 K.[15] On the
other hand, [CuII(LOMe .)(CH3CN)]2� and [CuII(LtBu .)-
(CH3CN)]2� oxidized ethanol to acetaldehyde only stoichio-
metrically, even in the presence of O2 and a base. However,
electrocatalysis in the presence of a catalytic amount of NEt3
allows 5� 1 turnovers to be achieved for the oxidation of
ethanol. In constrast to the reduced complexes of N2O2


ligands, the CuII ± phenoxyl complexes of N3O ligands after
oxidation of the substrate are not regenerated with O2. Proton
transfer from the substrate to O2 cannot be achieved
efficiently in the absence of a coordinating phenolate. This
unambiguously shows that the axial phenol/phenolate in the
copper complexes of the N2O2 ligands is involved in a
protonation ± deprotonation process during the catalytic cy-
cle, as in GOase.


Conclusion


The solution chemistry of the copper complexes of N2O2


ligands (2 phenol, 1 pyridine group) differs significantly from
that of N3O ligands (1 phenol, 2 pyridine groups): the former
afforded stable dimeric structures that can be converted to
monomers by addition of a coordinating base, while the latter
were isolated only as monomers. The properties of the
electrogenerated CuII ± phenoxyl radical species can be finely
tuned by changing 1) the number of phenolic arms, 2) the
electronic properties of the phenol p-substituent and 3) the
exogenous ligand. The monomeric copper complexes of the
N2O2 ligands have lower redox potentials that favor formation
of a radical species. The electrochemically generated N2O2


CuII ± phenoxyl species are highly reactive and much less
stable than their N3O analogues. All the CuII ± phenoxyl
complexes stoichiometrically oxidize benzyl alcohol to ben-
zaldehyde in the absence of O2 with a rate limiting step that is,
as for GOase, H abstraction from the substrate. The reaction
proceeds much more slowly when N3O ligands are used. The
aerobic oxidation of ethanol to acetaldehyde by the CuII ±
phenoxyl copper complexes of N3O ligands proceeds stoichio-
metrically, while 40 ± 80 turnovers are achieved with the N2O2


complexes: the acido-basic phenol is needed (and cannot be
replaced by acido-basic pyridine) for regeneration of the
catalyst.
Formation of a transient phenoxyl radical axially coordi-


nated to the copper atom has been evidenced; it constitutes a
model of the GOase active site in its CuII radical state prior to
proton transfer from the coordinated substrate to the axial
tyrosyl group according to the theoretical scheme proposed by
F. Himo et al.[4a] These results also support the recent


proposition that tyrosyl radicals axially coordinated to metal
atoms could be of major biological interest in enzymatic
catalysis.[16]


Experimental Section


General : All chemicals were of reagent grade and used without purifica-
tion. NMR spectra were recorded on a Bruker AM 300 (1H at 300 MHz, 13C
at 75 MHz). Chemical shifts are given relative to tetramethylsilane (TMS).
Mass spectra were recorded on a Thermofunnigen (EI/DCI) or a Nermag R
101 C (FAB� ) apparatus. Microanalyses were performed by the Service
Central d�Analyse du CNRS (Lyon, France).


UV/Vis spectroscopy: UV/Vis spectra were recorded on a Perkin Elmer
Lambda 2 spectrophotometer equiped with a temperature controller unit
set at 298 K. The quartz cell path length was 1.000 cm. Low-temperature
Vis spectra were recorded on an UVIKON spectrophotometer equipped
with a quartz Dewar (H.S. Martin Inc.) containing a quartz cell of 1.000 cm
path length.


Electrochemistry : Electrochemical measurements were carried out using a
PAR model 273 potentiostat equipped with a Kipp-Zonen x ± y recorder.
Experiments were performed in a standard three-electrode cell under
argon atmosphere. An Ag/AgNO3 (0.01�) reference electrode was used.
All the potentials given in the text are referred to the regular Fc/Fc� redox
couple used as an internal reference (�87 mV versus Ag/AgNO3). A
vitrous carbon disc electrode (5 mm diameter) was used as working
electrode and was polished with 1 �m diamond paste. The electrochemical
behaviour of the ligands and complexes was studied by cyclic voltammetry
(CV) in acetonitrile solutions containing 0.1� tetrabutylammonium
perchlorate (TBAP) as supporting electrolyte. Electrolysis was performed
at 233 K using the same apparatus and a carbon-felt working electrode.


EPR spectroscopy : X-band EPR spectra were recorded on a Bruker ESP
300E spectrometer equipped with a Bruker nitrogen flow cryostat, or a
Bruker EMX spectrometer equipped with an ESR 900 helium flow cryostat
(Oxford Instruments). Samples of the protonated copper complexes of the
N3O ligands were prepared in acetonitrile with a few drops of toluene and
CH2Cl2 to improve the resolution of the spectrum. Spectra were treated
with the WINEPR software and simulated using the Bruker SIMFONIA
software.


Crystal structure analysis : For all structures, collected reflections were
corrected for Lorentzian and polarization effects but not for absorption.
The structures were solved by direct methods and refined with TEXSAN
software. All non-hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were generated in idealized positions, riding
on the carrier atoms, with isotropic thermal parameters. CCDC-198361
([CuII2 (L�OMe2)2]), CCDC-199022 ([CuII(LtBuH)(CH3CN)](ClO4)2),
CCDC-198776 ([CuII(LNO2)(Cl)]), CCDC-198520 ([CuII(LFH)-
(CH3CN)](ClO4)2), CCDC-198701 ([CuII(LOMeH)(CH3CN)](ClO4)2),
CCDC-198860 ([CuII(LNO2H)(CH3CN)](ClO4)2), and CCDC-199566
([CuII2 (LO)2(Cl)2]) contain the supplementary crystallographic data for
this paper; these data can be obtained free of charge via http://
www.ccdc.cam.ac.uk/conts/retrieving.html.


Oxidation of ethanol : The nonradical N2O2 complex was dissolved in
ethanol (0.1�, TBAP) to give a 1 m� solution, and one-electron electro-
chemical oxidation was performed at low temperature (233 K). The base
was then added, and the temperature raised to 298 K. The solution was
stirred for 30 min at 298 K under ambient O2 pressure. Prior to analysis, the
aliquots were passed through a column containing the ion-exchange resin
Dowex 50X2-200. Acetaldehyde was titrated spectrophotometrically by
using the 3-methyl-2-benzothiazolone hydrazone test (E. Sawicki, T.R.
Hauser, T.W. Stanley, W. Elbert, Anal. Chem. 1961, 33, 93).


The electrocatalysis experiment was performed with the N3O catalysts:
Electrolysis of the nonradical complex (1 m� in ethanol) was conducted
directly in the presence of base at 298 K until a residual current
corresponding to 1% of the initial current was obtained. Coulometric
titration revealed five exchanged electrons at this time. The aliquots were
analyzed in a similar way as described above.
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Oxidation of benzyl alcohol : A 2 m� solution of [CuII(LtBu)(CH3CN]� or
[CuII(LOMe)(CH3CN]� was electrochemically oxidized at 233 K (CH3CN,
TBAP 0.1�). A 25 �L aliquot was quickly heated to 298 K and diluted in
475 �L of a solution of CH3CN containing benzyl alcohol (298 K). The
disappearance of the 410 nm absorption was monitored by UV/Vis
spectroscopy. The yield of benzaldehyde was determined by GC with
mesitylene as an internal standard (experimental error 10%).


(2-Hydroxy-3-tert-butyl-5-nitrobenzyl)bis(2-pyridylmethyl)amine
(LNO2H): 2-bromomethyl-6-tert-butyl-4-nitrophenyl acetate (3.36 g,
10 mmol), prepared according to a described method,[10] bis(2-pyridyl-
methyl)amine (1.99 g, 10 mmol), NaI (1.5 g, 10 mmol) and Na2CO3 (3.18 g,
30 mmol) in THF (90 mL) were stirred for 3 d at room temperature. The
solution was filtered and the solvent evaporated. The crude acetate salt was
hydrolyzed with sodium hydroxide (25 mL, 40% in water) and ethanol
(25 mL). Ethanol was removed and HCl was added to neutralization. The
solution was poured into water, and the mixture extracted with CH2Cl2.
Organic layers were dried (Na2SO4) and evaporated. Column chromatog-
raphy on silica gel (hexane/ethyl acetate 1/1) yielded LNO2H (4g, 60%) as
a white solid; 1H NMR (300 MHz, CDCl3, 298 K, TMS): 	� 1.49 (s, 9H;
tBu), 3.38 (s, 2H; H7), 3.91 (s, 4H; H8 and H9), 7.23 (ddd, 3J(H2,H1)�
4.98 Hz, 3J(H2,H3)� 7.41 Hz, 4J(H2,H4)� 1.08 Hz, 1H; H2), 7.28 (d,
3J(H4,H3)� 7.56 Hz, 1H; H4), 7.64 (ddd, 3J(H3,H2)� 3J(H3,H4)�
7.56 Hz, 4J(H3,H1)� 1.80 Hz, 1H; H3), 7.89 (d, 4J(H5,H6)� 2.82 Hz, 1H;
H5 or H6), 8.14 (d, 4J(H5,H6)� 2.82 Hz, 1H; H5 or H6), 8.57 ppm (d,
3J(H1,H2)� 4.98 Hz, 1H; H1); 13C NMR (75 MHz, CDCl3, 298 K, TMS):
	� 29.52 (q), 35.53 (s), 57.16 (t), 59.22 (t), 122.75 (d), 123.18 (d), 123.56 (s),
123.64 (d), 124.64 (d), 137.21 (d), 138.10 (s), 139.43 (s), 149.25 (d), 157.90 (s),
163.65 ppm (s); MS (DCI, NH3, isobutane): m/z : 407 (LNO2H); elemental
analysis (%) calcd for C23H26N4O3: C 67.96, H 6.45, N 13.78; found: C 68.22,
H 6.66, N 13.74.


(2-Hydroxy-3-tert-butyl-5-fluorobenzyl)bis(2-pyridylmethyl)amine (LFH):
2-tert-Butyl-4-fluorophenol (168 mg, 1 mmol), prepared according to
Vanholm et al.,[17] bis(2-pyridylmethyl)amine (238 mg, 1.2 mmol) and
formaldehyde (375 �L of a 37% aqueous solution) in EtOH/H2O (4/6,
10 mL) were heated for 24 h at 353 K. The reaction mixture was added to
water (50 mL) and extracted with CH2Cl2 (2� 50 mL). The organic layer
was dried (Na2SO4) and evaporated. The ligand was purified by column
chromatography on silica gel with hexane/ethyl acetate (9/1 to 5/5) as
eluent. LFH (342 mg, 90%) was obtained as a white solid; 1H NMR
(300 MHz, CDCl3, 298 K, TMS): 	� 1.43 (s, 9H; tBu), 3.76 (s, 2H; H7),
3.84 (s, 4H; H8 and H9), 6.58 (dd, 4J(H5,H6)� 3.10 Hz, 3J(H5,F) or
3J(H6,F)� 8.97 Hz, 1H; H5 or H6), 6.90 (dd, 4J(H5,H6)� 3.10 Hz,
3J(H5,F) or 3J(H6,F)� 8.97 Hz, 1H; H5 or H6), 7.14 (ddd, 3J(H2,H1)�
5.37, 3J(H2,H3)� 8.31, 4J(H2,H4)� 0.90 Hz, 1H; H2), 7.32 (d, 3J(H4,H3)�
8.31 Hz, 1H; H4), 7.61 (ddd, 3J(H3,H4)� 3J(H3,H2)� 8.31 Hz,
4J(H3,H1)� 1.77 Hz, 1H; H3), 8.52 (d, 3J(H1,H2)� 5.37 Hz, 1H; H1);
13C NMR (75 MHz, CDCl3, 298 K, TMS): 	� 29.38 (q), 35.02 (s), 57.51 (t),
59.25 (t), 112.88 (d), 113.18 (d), 113.58 (d), 113.89 (s), 122.43 (d), 123.61 (d),
136.85 (d), 148.99 (d), 152.31 (s), 152.33 (s), 157.88 ppm (s); 19F NMR
(282.54 MHz, CDCl3, 298 K): 	� 35.11 ppm (dd, 3J(H5,F)� 3J(H6,F)�
8.8 Hz); MS (DCI, NH3, isobutane): m/z : 380 (LFH); elemental analysis
(%) calcd for C23H26FN3O: C 72.80, H 6.91, N 11.07, F 5.01; found: C 73.09,
H 6.89, N 10.94, F 4.83.


(2-Hydroxy-3,5-di-tert-butylbenzyl)bis(2-pyridylmethyl)amine (LtBuH):
LtBuH was synthesized according to the procedure used for LFH using
2,4-di-tert-butyl-4-phenol instead of 2-tert-butyl-4-fluorophenol. LtBuH
was previously described.[6f]


(2-Hydroxy-3-tert-butyl-5-methoxybenzyl)bis(2-pyridylmethyl)amine
(LOMeH): LOMeH was synthesized according to the procedure used for
HLF using 2-tert-butyl-4-methoxyphenol instead of 2-tert-butyl-4-fluoro-
phenol. LOMeH (1.028 g, 55%) was obtained as a pale orange solid;
1H NMR (300 MHz, CDCl3, 298 K, TMS): 	� 1.44 (s, 9H; tBu), 3.73 (s,
3H; OCH3), 3.79 (s, 2H; H7), 3.86 (s, 4H; H8 and H9), 6.48 (d,
4J(H5,H6)� 2.94 Hz, 1H; H5 or H6), 6.80 (d, 4J(H5,H6)� 3.06 Hz, 1H;
H5 or H6), 7.16 (ddd, 3J(H2,H1)� 4.99 Hz, 3J(H2,H3)� 7.55 Hz,
4J(H2,H4)� 1.15 Hz, 1H, H2), 7.34 (d, 3J(H4,H3)� 7.94 Hz, 1H; H4),
7.61 (ddd, 3J(H3,H4)� 3J(H3,H2)� 7.68 Hz, 4J(H3,H1)� 1.79 Hz, 1H;
H3), 8.70 ppm (d, 3J(H1,H2)� 4.08 Hz, 1H; H1); 13C NMR (75 MHz,
CDCl3, 298 K, TMS): 	� 29.83 (q), 35.33 (s), 56.12 (q), 58.47 (t), 112.57 (d),
113.49 (d), 116.71 (s), 122.66 (d), 123.40 (s), 123.99 (d), 137.08 (d), 138.29
(s), 149.33 (d), 150.62 (s), 152.00 (s), 158.39 ppm (s); MS (DCI, NH3,


isobutane): m/z : 392 (LOMeH); elemental analysis (%) calcd for
C24H29N3O2: C 73.63, H 7.47, N 10.73; found: C 73.65, H 7.64, N 10.74.


[CuII
2 (L�OMe2)2]: L�OMe2H2 (200 mg, 0.407 mmol) was treated with two


equivalents of NEt3 in acetonitrile (10 mL) prior to addition of Cu(ClO4)2 ¥
6H2O (152 mg, 0.407 mmol). After 12 h at 277 K, the dark brown single
crystals of [CuII2 (L�OMe2)2] that had formed were collected by filtration.
Elemental analysis (%) calcd for C60H76N4Cu2O8 ¥ 1H2O: C 63.98, H 6.98, N
4.97, Cu 11.28; found: C 63.94, H 6.92, N 4.95, Cu 11.20; FAB� MS: m/z :
1107 ([CuII2 (L�OMe2)2]); UV/Vis (CH3CN): �max [nm] (� [Lmol�1 cm�1]):
302 (16.7� 103), 445 (4.3� 103), 650 (1.6� 103).


[CuII(LNO2)(CH3CN)](ClO4): LNO2H (100 mg, 0.246 mmol) and Cu-
(ClO4)2 ¥ 6H2O (92 mg, 0.246 mmol) were dissolved in CH3CN/CH2Cl2 (3/1,
18 mL) in the presence of one equivalent of NEt3. The solution was stirred
for 3 h. Dark green hygroscopic microcrystals of [CuII(LNO2)(CH3CN)]-
(ClO4) were obtained by slow diffusion of diethyl ether into the CH3CN/
CH2Cl2 solution. Elemental analysis (%) calcd for C25H28N5CuClO7 ¥
2H2O ¥ 0.25CH2Cl2: C 45.48, H 4.91, N 10.50, Cu 9.53; found: C 45.96, H
4.76, N 10.61, Cu 9.54; EPR (9.41 GHz, 100 K, CH3CN): gxx� 2.050, gyy�
2.074, gzz� 2.247, Axx� 0.5 mT, Ayy� 1.5 mT, Azz� 17.2 mT; FAB� MS:
m/z : 469 ([CuII(LNO2)]); UV/Vis (CH3CN): �max [nm] (� [Lmol�1 cm�1]):
390 (11.2� 103), 517 (6.4� 103).


[CuII(LNO2H)(CH3CN)](ClO4)2 : LNO2H (200 mg, 0.492 mmol) and Cu-
(ClO4)2 ¥ 6H2O (184 mg, 0.492 mmol) were dissolved in acetonitrile (4 mL),
and the solution was stirred for one day. Blue microcrystals of [CuII(L-
NO2H)(CH3CN)](ClO4)2 were obtained by slow diffusion of toluene into a
solution of the complex in CH3CN/CH2Cl2 (3/1). Elemental analysis (%)
calcd for C25H29N5CuCl2O11: C 42.29, H 4.12, N 9.86, Cu 8.95, Cl 9.99;
found: C 42.08, H 4.24, N 10.16, Cu 8.91, Cl 10.13; EPR (9.41 GHz, 100 K,
CH3CN): gxx� 2.066, gyy� 2.066, gzz� 2.230, Axx� 0.5 mT, Ayy� 1.5 mT,
Azz� 18.0 mT; FAB� MS: m/z : 470 ([CuII(LNO2H)]); UV/Vis (CH3CN):
�max [nm] (�� [Lmol�1 cm�1]): 255 (12.8� 103); 388 (14.8� 103); 606
(0.09� 103). Caution: on exposure to air, the blue crystals rapidly
decompose to a green powder.


[CuII(LtBuH)(CH3CN)](ClO4)2 : LtBuH (200 mg, 0.478 mmol) and Cu-
(ClO4)2 ¥ 6H2O (179 mg, 0.478 mmol) were dissolved in acetonitrile (8 mL)
in the presence of one equivalent of NEt3. The solution was stirred for three
days. Blue hygroscopic microcrystals of [CuII(LtBuH)(CH3CN)](ClO4)2
were obtained by slow diffusion of diethyl ether into a solution of the
complex in acetonitrile. Elemental analysis (%) calcd for
C29H38N4Cl2CuO9 ¥ 0.5H2O: C 47.71, H 5.38, N 7.67, Cu 8.70, Cl 9.71; found:
C 47.99, H 5.31, N 7.64, Cu 8.68, Cl 10.01; EPR (9.41 GHz, 100 K, CH3CN):
gxx� 2.048, gyy� 2.079, gzz� 2.233, Axx� 1 mT, Ayy� 1 mT; Azz� 18.0 mT;
ESI MS: m/z : 481 ([CuII(LtBuH)]); UV/Vis (CH3CN): �max [nm]
(� [Lmol�1 cm�1]): 600 (0.18� 103).


[CuII(LOMeH)(CH3CN)](ClO4)2 : LOMeH (200 mg, 0.512 mmol) and
Cu(ClO4)2 ¥ 6H2O (190 mg, 0.512 mmol) were dissolved in acetonitrile
(8 mL) in the presence of one equivalent of NEt3. The solution was stirred
for three days. [CuII(LOMeH)(CH3CN)](ClO4)2 was obtained as blue
crystals by slow diffusion of di-n-butyl ether into the acetonitrile solution.
Elemental analysis (%) calcd for C26H32N4CuCl2O10: C 44.93, H 4.64, N
8.06, Cu 9.14; found: C 45.05, H 4.61, N 8.14, Cu 8.98; EPR (9.41 GHz,
100 K, CH3CN): gxx� 2.066, gyy� 2.066, gzz� 2.233, Axx� 0.5 mT, Ayy�
1.5 mT, Azz� 18 mT; FAB� MS: m/z : 454 ([CuII(LOMeH)]); UV/Vis
(CH3CN): �max [nm] (� [Lmol�1 cm�1]): 400 (0.32� 103); 590 (0.23� 103).


[CuII(LFH)(CH3CN)](ClO4)2 : LFH (200 mg, 0.528 mmol) and Cu(ClO4)2 ¥
6H2O (197 mg, 0.528 mmol) were dissolved in CH3CN/CH2Cl2 (3/1, 8 mL)
in the presence of one equivalent of NEt3. The solution was stirred for three
days. Blue, hygroscopic microcrystals of [CuII(LFH)(CH3CN)](ClO4)2 were
obtained by slow diffusion of diethyl ether (2 mL) into the solution of the
complex in acetonitrile. Elemental analysis (%) calcd for C25H29N4CuF-
Cl2O9 ¥ 0.5H2O: C 43.39, H 4.37, N 8.10, Cu 9.18, Cl 10.25; found: C 42.78, H
4.27, N 7.71, Cu 9.07, Cl 10.69; EPR (9.41 GHz, 100 K, CH3CN): gxx� 2.064,
gyy� 2.064, gzz� 2.233, Axx� 0.5 mT, Ayy� 1.5 mT, Azz� 18.0 mT; ESI MS:
m/z : 442 ([CuII(LFH)]); UV/Vis (CH3CN): �max [nm] (� [Lmol�1 cm�1]):
550 (0.24� 103).


Caution: Perchlorates are potentially explosive and should be handled with
special care.
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Preparative and Electrochemical Investigations on the Electron Sponge
Behavior of Cobalt Telluride Clusters: CO Substitution in [Co11Te7(CO)10]n�
Ions (n� 1, 2) by PMe2Ph and Crystal Structure of [Co11Te7(CO)5(PMe2Ph)5]


Henri Brunner,[a] He¬ le¡ne Cattey,[b] Walter Meier,[a] Yves Mugnier,[b] A. Claudia St¸ckl,[c]
Joachim Wachter,*[a] Robert Wanninger,[a] and Manfred Zabel[a]


Abstract: The reaction of the cluster
salts [Cp*2 Nb(CO)2]n[Co11Te7(CO)10]
(Cp*�C5Me5; n� 1, 2) with excess
PMe2Ph gave the neutral, dark brown
clusters [Co11Te7(CO)6(PMe2Ph)4] (5)
and [Co11Te7(CO)5(PMe2Ph)5] (6) with
147 metal valence electrons. The new
compounds were characterized by IR
spectroscopy, elemental analyses, and
mass spectrometry. The molecular struc-
ture of 6 was determined by X-ray
crystallography. Like its precursor


anion, it consists of a pentagonal-pris-
matic [Co11Te7] core, but with a ligand
sphere composed of five CO and five
PMe2Ph ligands. Detailed electro-
chemical studies of both reactions reveal
that a stepwise substitution of CO
ligands in the initial cluster anions


takes place leading to intermediate
[Co11Te7(CO)10�m(PMe2Ph)m]n� ions
(m� 1 ± 5; n� 1, 2). Each of these inter-
mediates is distinguished by at least one
oxidation and two reduction waves, giv-
ing rise to a total of 21 redox couples and
27 electroactive species. The electron
sponge character of the new compounds
is particularly pronounced in 5, which
exhibits charges n between �1 and �4
corresponding to metal valence electron
counts of between 146 and 151.


Keywords: carbonyl ligands ¥
cluster compounds ¥ cobalt ¥
electrochemistry ¥ tellurium


Introduction


Recent developments in the coordination chemistry of
tellurium-derived ligands[1] focus on their ability for cluster
aggregation.[2] In this context transition-metal telluride clus-
ters are important links between molecular and solid-state
compounds.[3] Comparatively little effort has been made to
investigate the reactivity of metal-rich telluride clusters
bearing additional ligands such as CO groups. Little is known
about the redox chemistry of such metal carbonyl telluride
clusters.[4] In these compounds a polymetallic core is held
together by comparatively few telluride ligands, thus one may


expect electron-sink features similar to those in homoleptic
metal carbonyl clusters.[5]


The cluster anions [Co11Te7(CO)10]n� (n� 1: [1]� ; n� 2:
[1]2�) are metal telluride clusters with considerable metallic
interactions within the cluster core.[6] They are part of the
saltlike compounds [Cp*2 Nb(CO)2]n[Co11Te7(CO)10] (Cp*�
C5Me5; n� 1, 2), which form in the reaction of
[Cp*2 Nb(Te2H)] with [Co2(CO)8].[6] Their structures are
characterized by a body-centered pentagonal-prismatic Co11


skeleton (Figure 1);[6, 7] the seven faces of the prism are


Figure 1. Structure of [Co11Te7(CO)10]� ([1]�) (view down the C5 axis).[6]
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bridged by five �4- and two �5-Te ligands, respectively. Both
cluster anions are in a redox relationship to each other and
two further derivatives with n� 0 (1) and n� 3 ([1]3�) have
been established by electrochemical methods and density
functional theory (DFT) studies.[6] Herein we report on the
consecutive substitution of up to five CO groups by PMe2Ph in
the cluster skeleton. Electrochemical studies reveal a series of
potential intermediates and electron transfer processes.


Results


Syntheses, properties and structural characterization : The
reaction of [Cp*2 Nb(CO)2][Co11Te7(CO)10] with an excess of
PMe2Ph in CH2Cl2 or THF at room temperature gave, after
chromatography on silica gel, the neutral, dark brown
compound [Co11Te7(CO)6(PMe2Ph)4] (5) in good yield
[Eq. (1)]. Starting from [Cp*2 Nb(CO)2]2[Co11Te7(CO)10],
compound 5 was obtained along with another dark brown
cluster, which, which was isolated by fractional crystallization
and analyzed as [Co11Te7(CO)5(PMe2Ph)5] (6) [Eq. (1)].


Electrochemical investigations on the system
[Cp*2 Nb(CO)2][Co11Te7(CO)10]/PMe2Ph (see below) have
shown that potential intermediates may be derived by a
consecutive substitution of CO ligands by PMe2Ph ligands in
the anionic cluster skeleton [Eq. (2)]. Unfortunately, it has
been impossible to separate and crystallize the corresponding
salts. Instead, chromatography of the resulting mixtures
allowed the isolation of neutral compounds relatively rich in
phosphane ligands. Attempts to control the formation of
intermediate clusters such as [Co11Te7(CO)9(PMe2Ph)] (2)
and [Co11Te7(CO)8(PMe2Ph)2] (3) by employing the corre-
sponding stoichiometric amounts of PMe2Ph failed. Acciden-
tally, it was possible in one case to isolate [Co11Te7(CO)7(P-
Me2Ph)3] (4), which was identified by its mass spectrum and
then subjected to electrochemical investigations (see below).


Compounds 5 and 6 are soluble in toluene, dichloro-
methane, and acetone and give correct elemental analyses.
The field desorption mass spectra of 5 and 6 exhibit the parent
ions. This is consistent with the substitution of four and five
CO groups, respectively, by PMe2Ph. This behavior is in
striking contrast to that of the parent cluster anions, which do
not exhibit any mass spectra at all. The observed and
simulated isotope patterns for the parent ion of [Co11Te7-
(CO)6(PMe2Ph)4] (5) are shown in Figure 2.


Figure 2. Molecular peak in the FD mass spectrum of 5 (left) and
simulated spectrum (right).


The IR spectrum of 5 exhibits one strong and relatively
broad absorption between 1942 and 1930 cm�1, whereas two
absorptions at 1909 and 1931 cm�1 are observed for 6. These
bands are typical of terminal CO ligands, which are distrib-
uted over the pentagonal-prismatic Co11Te7 core of the
respective compounds. Compared to the parent cluster anions
[Co11Te7(CO)10]n� (n� 1, 2) they are slightly shifted towards
lower wavenumbers indicating an increase of electron density
in the cluster core by the incoming substituents. Each
compound also contains absorptions typical of the phosphine
ligands, whereas the weak but characteristic CH absorptions
of the [Cp*2 Nb(CO)2]� ions have disappeared.


Although recrystallization of 5 from different solvents gave
dark brown prisms of well-defined shape they did not diffract
X-ray radiation at all. For compound 6, however, flat prisms
were obtained which were suitable for an X-ray structure
analysis. Although the structure solution was handicapped by
intergrowth problems leading to relatively high Rint values, the
result is reliable as far as the heavy-atom skeleton is
concerned. The structure makes also sense if it is compared
with the structure of the precursor anion [Co11Te7(CO)10]�


(Figure 1).
The molecular structure of 6 contains a pentagonal prism of


ten cobalt atoms, and a further Co atom resides in the center
of this prism (Figure 3 and Figure 4). While the five square
faces are capped by �4-Te ligands, both pentagonal faces are
capped by �5-Te ligands. The Co10 prism bears five CO and


Figure 3. Molecular structure of 6 (top view).
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Figure 4. Co11Te7(CO)5P5 core of 6 in side view with labeling scheme.


five PMe2Ph ligands. The phosphane ligands ™P1∫ and ™P4∫ as
well as ™P2∫ and ™P5∫ are found in an eclipsed conformation
with respect to the five-membered Co faces. The existence of
further positional isomers may be possible, but this cannot be
verified by NMR spectroscopy because of the paramagnetic
nature of the compound.


The bond parameters of the four structural units [�5-Te�Co,
�4-Te�Co, Co�Co, Co�Co11] are comparable to those in the
parent cluster ion [1]� (Table 1). All Co�Te and Co�Co bond
lengths are approximately of equal order so that nearly
perfectly edge-sharing octahedra are arranged around the
central Te6-Co11-Te7 axis. This means that the loss of fivefold
symmetry during the reaction and the replacement of five �-
acceptor CO ligands by phosphane donors does not affect the
cluster geometry in a significant manner. A comparison of the
bond parameters of 6 with those of [Co11Te7(CO)10]�[6] and


[Co11Te7(CO)10]2�[7] shows that deviations are at the limit of
accuracy of the crystal structure determinations (Table 2).
This may indicate that oxidation of the cluster core may be
sufficiently compensated by delocalization of the skeletal
electrons and by an increase of electron density from the new
�-donor ligands.


The metal valence electron (MVE) count for 6 is 147 MVE,
whereas the cluster cores of the [1]n� ions either contain 149
(n� 2) or 148 MVE (n� 1). The relative stability of these
anions has been calculated by density functional theory
(DFT) methods.[6] Thus, from bonding energy calculations
they are by about 2 kcal mol�1 more stable than the unsub-
stituted 147 MVE species [Co11Te7(CO)10]0 (1). First hints for
the possible existence of 1 have been obtained by electro-
chemical oxidation of [1]� .[6] From the actual results one may
conclude that PMe2Ph is able to stabilize neutral clusters of
the type [Co11Te7(CO)10�m(PMe2Ph)m] (m� 4, 5) by CO
substitution and electron transfer.


Preliminary results obtained with L�PMe3, P(OMe)3, and
PPh3 show that this reaction type may be extended to the
formation of other [Co11Te7(CO)6L4] clusters.[8] However,


detailed investigations, particu-
larly concerning electrochemical
behavior of these products, are
still in progress.


Electrochemical investigations :
To understand both the succes-
sive substitution of CO by
PMe2Ph and the participating
electron transfer reactions, elec-
trochemical investigations were
carried out. The reactions of
[Cp*2 Nb(CO)2]n[Co11Te7(CO)10]
(n� 1, 2) with PMe2Ph were
studied in different stoichiome-
tries. In agreement with our
previous work the rotating disk
electrode (RDE) voltammo-
gram of [Cp*2 Nb(CO)2][Co11-
Te7(CO)10] exhibits one oxida-
tion wave E�1 and four reduction
waves A1, B1, C1, and D1.[6] In
this study only the reduction
waves A1 and B1 are considered
(Figure 5), for C1 and D1, which
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Table 1. Selected bond lengths [ä] and angles [�] for [Co11Te7(CO)5(PMe2Ph)5] (6).


P1�Co1 2.1770(19) P2�Co3 2.215(2) P3�Co4 2.206(3)
P4�Co6 2.180(2) P5�Co8 2.182(2) Co1�Te1 2.5297(11)
Co1�Te5 2.5137(9) Co1�Te6 2.5580(11) Co1�Co2 2.5769(12)
Co1�Co5 2.5769(13) Co1�Co6 2.5676(14) Co1�Co11 2.5432(12)
Co2�Te1 2.5062(11) Co2�Te2 2.5232(10) Co2�Co3 2.5531(13)
Co2�Co11 2.5673(12) Co2�Te6 2.5751(12) Co2�Co7 2.6159(14)
Co3�Te3 2.5121(10) Co3�Te2 2.5156(12) Co3�Te6 2.5812(10)
Co3�Co11 2.5831(12) Co3�Co8 2.6084(14) Co3�Co4 2.6402(13)
Co4�Te3 2.5138(10) Co4�Te4 2.5223(10) Co4�Co11 2.5576(15)
Co4�Te6 2.5592(10) Co4�Co5 2.5847(13) Co4�Co9 2.6547(15)
Co5�Te4 2.5143(10) Co5�Te5 2.5190(12) Co5�Co11 2.5609(13)
Co5�Te6 2.5868(10) Co5�Co10 2.6447(14) Co6�Te5 2.5069(10)
Co6�Te1 2.5075(9) Co6�Co11 2.5387(14) Co6�Co10 2.5517(13)
Co6�Co7 2.5615(12) Co6�Te7 2.5934(9) Co7�Te2 2.5021(10)
Co7�Te1 2.5119(9) Co7�Te7 2.5496(9) Co7�Co11 2.5658(14)
Co7�Co8 2.5741(13) Co8�Te2 2.5002(10) Co8�Co11 2.5315(12)
Co8�Te3 2.5354(12) Co8�Co9 2.5462(13) Co8�Te7 2.5798(10)
Co9�Te4 2.4989(11) Co9�Te3 2.5453(11) Co9�Co11 2.5472(12)
Co9�Te7 2.5992(12) Co9�Co10 2.6122(13) Co10�Te4 2.5086(12)
Co10�Te5 2.5330(10) Co10�Co11 2.5425(12) Co10�Te7 2.5688(11)
Co11�Te6 2.6458(11) Co11�Te7 2.6729(11) Co�Cmean 1.75(1)
P1-Co1-Te1 102.16(7) Te1-Co1-Te5 109.78(4) P1-Co1-Co11 164.00(8)
Te1-Co1-Co11 87.75(4) Te1-Co1-Te6 118.97(3) P1-Co1-Co6 136.39(8)
Te6-Co1-Co6 122.05(4) P1-Co1-Co2 114.33(6) Te1-Co1-Co5 144.86(4)
Te1-Co1-Co2 58.78(3) Co2-Co1-Co5 108.98(4)


Table 2. Comparison of important distances [ä] of [1]�,[6] [1]2�,[7] and 6.


6 [1]� [1]2�


�4-Te�Co 2.499(2) ± 2.545(2) 2.498(3) ± 2.523(3) 2.510(2)[b]


�5-Te�Co 2.550(2) ± 2.599(2) 2.552(3) ± 2.581(3) 2.569(2)[b]


Te�Cobc
[a] 2.646(2), 2.673(2) 2.631(3), 2.649(3) 2.642(2), 2.647(2)


Co�Co 2.546(2) ± 2.655(2) 2.522(4) ± 2.612(4) 2.602(4)[b]


Co�Cobc
[a] 2.532(2) ± 2.583(2) 2.544(4) ± 2.572(3) 2.558(3)[b]


Co�C[b] 1.75(1) 1.75(2) 1.76(1)


[a] Body-centered Co. [b] Average values.
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Figure 5. Part of the RDE voltammogram of [Cp*2 Nb(CO)2][Co11Te7-
(CO)10] on a carbon electrode in THF (0.2� NBu4PF6): initial (�±�±); after
adding 7 equivalents of PMe2Ph (± ±±), 14 equivalents of PMe2Ph (����)
and after 2 h (––).


are not shown, correspond to the reduction of the cation
[Cp*2 Nb(CO)2]� .


After the addition of seven equivalents of PMe2Ph to the
solution of [Cp*2 Nb(CO)2][Co11Te7(CO)10] in THF, which
contains [1]� as the electrochemically relevant species, an
immediate evolution is observed (Figure 5). Reduction waves
A1 and B1 disappear to the profit of new oxidation waves E�4
(E1/2 ��0.36 V) and E�3 (E1/2 ��0.12 V) and new reduction
waves A3 (E1/2 ��0.76 V) and A4 (E1/2��0.98 V). The
heights of E�3 and A3 as well as of E�4 and A4 are equal. After
addition of a large excess of PMe2Ph (14 equiv), the heights of
waves E�3 and A3 decrease, whereas waves E�4 and A4 increase.
After two hours, two additional weak waves E�5 (oxidation)
and A5 (reduction) appear. The potential difference between
waves A1 and A3 (�� 0.44 V) is about twice as high as the
difference between A3 and A4 (�� 0.22 V) and between A4


and A5 (�� 0.18 V).
These results are tentatively interpreted in terms of a


stepwise CO substitution in initial [1]� by PMe2Ph. Thus, in a
first step the monosubstituted anion
[Co11Te7(CO)9(PMe2Ph)]� ([2]�) may form in a fast reaction.
Under the given reaction conditions (excess phosphane) this
species may be converted rapidly into disubstituted
[Co11Te7(CO)8(PMe2Ph)2]� ([3]�), which is characterized by
the waves E�3 and A3. The new couples A4/E�4 and A5/E�5,
which may be assigned to the tri- and tetrasubstituted
derivatives [Co11Te7(CO)7(PMe2Ph)3]� ([4]�)[9] and
[Co11Te7(CO)6(PMe2Ph)4]� ([5]�), respectively, appear after
2 h [Eq. (2)].


From Figure 5 one may also conclude that the substitution
of one CO group by PMe2Ph renders the substitution products
more difficult to be reduced (and consequently more easily
oxidizable). On the other hand, an excess of PMe2Ph
provoques slow formation of the waves A5 and E�5, which
may be assigned to the tetrasubstituted [5]� (see below).
Whereas waves A5 and E�5 are only of low intensity after 2 h, a
continuous decrease of waves A4 and E�4 in favor of A5 and E�5
has been observed after 17 h. Additionally, a new couple A6/
E�6, characteristic of pentasubstituted [6]� , appears at E1/2 �
�0.74 and �1.36 V.


Our hypotheses have been verified by the electrochemical
study of chemically prepared 5 [Eq. (1)]. Its voltammogram
(Figure 6) shows one oxidation wave at F�5 (E1/2� 0.10 V) and
four reduction waves E5, A5, B5, and C5 at E1/2��0.54,
�1.16, �1.71, and �2.05 V, respectively. The heights of all


Figure 6. RDE voltammogram of 5 on carbon electrode in THF (0.2�
NBu4PF6): initial (––) and after electrolysis at �0.7 V (����).


these waves are nearly equal, and each corresponds to a one-
electron transfer. By cyclic voltammetry, five reversible
systems were obtained. Half-wave potentials were found to
increase independently of scan rate and peak current and
linearly with v1/2. For each reduction step, the potential gap
between the anodic and cathodic peaks is close to 50 mV at
scan rates up to 0.2 V s�1. The values are in agreement with the
theoretical values for diffusion-controlled one-electron trans-
fer and this was verified by controlled potential electrolysis at
�0.7 V (E5 plateau), which gave 1.0� 0.1 electrons for the
reduction step. The resulting cluster anion [5]� , which is
obtained quantitatively, is characterized by the oxidation
wave E�5 and three reduction waves A5, B5, and C5 (Figure 6).
These systems are reversible. Of particular interest is the wave
C5/C�5 (E1/2 ��2.05 V), which may indicate the possible
existence of the highly charged anion [5]4�.


A crystalline sample of [Co11Te7(CO)5(PMe2Ph)5] (6) was
also subjected to electrochemical studies. One oxidation wave
F�6 and three reduction waves E6, A6, B6 have been obtained
by RDE (Figure 7 a). The heights of all these waves are nearly


Figure 7. a) RDE voltammogram of 6 on a carbon electrode in THF (0.2�
NBu4PF6): initial (�±�±); after electrolysis at �1 V (����); after a new
electrolysis at �1.5 V (––). b) Cyclic voltammogram of 6 (THF/0.2�
NBu4PF6; scan rate 0.1 V s�1).
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equal and each correspond to a one-electron transfer. By
cyclic voltammetry, three reversible systems F�6/F6, E6/E�6 and
A6/A�6 were observed. These systems exhibit the usual
characteristics of one-electron transfer steps as described
above. Figure 7 b shows the cyclovoltammograms of the
systems E6/E�6 and A6/A�6. The reversibility of the systems
E6/E�6 and A6/A�6 was also verified by controlled potential
electrolysis. After reduction at �1 V (E6 plateau), one
electron is consumed (nexp� 0.84 e�), giving rise to the
formation of the anionic cluster [6]� . The resulting RDE
voltammogram exhibits two oxidation waves F�6 and E�6 and
two reduction waves A6 and B6. By electrolysis at �1.5 V (A6


plateau) and consumption of one further electron (nexp �
1.1 e�) [6]2� may have been formed, which shows the
oxidation waves A�6, E�6, F�6 and the reduction wave B6


(Figure 7 a). In contrast, the system B6/B�6 shows partial
irreversibility, due to apparent instability of the electrogen-
erated species [6]3�.


It has already been demonstrated in Figure 5 that the
system [1]�/PMe2Ph shows a continuous evolution towards
higher substituted clusters. This fact makes it very difficult to
isolate the pure mono- or disubstituted clusters on the
preparative scale even if a 1:1 stoichiometry is employed.
Instead, the formation of a mixture was observed consisting of
mono-, di-, and trisubstituted clusters along with unreacted
starting material.


To get information on the influence of the charge of the
initial cluster anion on the reaction rates the system
[Cp*2 Nb(CO)2]2[Co11Te7(CO)10]/PMe2Ph was electrochemi-
cally studied. The RDE voltammogramm of the part corre-
sponding to [1]2� reveals two oxidation waves E�1 (not
considered here) and A�1 and one reduction wave B1 at
E1/2 ��1.04 V (Figure 8).[6] Addition of dimethylphenylphos-
phane to the solution results in a slow diminution of the two


Figure 8. Part of the RDE voltammogram of [Cp*2 Nb(CO)2]2[Co11Te7-
(CO)10] on a carbon electrode in THF (0.2� NBu4PF6): initial (± ±±); after
adding 14 equivalents of PMe2Ph (����) and after 2 h (––).


waves A�1 and B1. In contrast to the system [1]�/PMe2Ph
(Figure 5), the two waves A�2 and B2 are observed after 2 h.
These waves with E1/2 ��0.53 V (A�2� and �1.16 V (B2) may
be typical of a slow monosubstitution of [Co11Te7(CO)10]2�


and the subsequent redox processes of the resulting
[Co11Te7(CO)9(PMe2Ph)]2� ([2]2�).


Finally, the overall reactivity of the investigated system may
be summarized in Scheme 1, in which 21 redox couples and 27
electroactive species are specified. The electron transfer
reactions are written horizontally and the substitution reac-


tions (CO by PMe2Ph) vertically. The potential difference
between Ep/E�p and Ap/A�p systems (p� 1 ± 6) is equal to about
0.6 V, and the difference between Ap/A�p and Bp/B�p systems
(p� 1 ± 6) is equal to 0.7 V. This reflects the fact that all the
clusters have rather similar redox properties. The CO
substitution by a PMe2Ph group, which is a better � donor
ligand than CO, renders reduction more difficult and oxida-
tion easier. Additionally, each CO substitution step causes a
shift of about 200 mV towards negative potential.


Discussion


This study focuses on the substitution of CO ligands from a
cobalt telluride framework of the rare pentagonal-prismatic
structure type. The cluster salts [Cp*2 Nb(CO)2]n[Co11Te7-
(CO)10] (n� 1, 2) form with PMe2Ph neutral clusters of
composition [Co11Te7(CO)10�m(PMe2Ph)m] (m� 4, 5), regard-
less of the charge of the initial cluster anions. The substitution
reaction is accompanied by an oxidation of the cluster core,
for example from 149 metal valence electrons (MVE) in
[Co11Te7(CO)10]2� to 147 MVE in 5. The substitution of CO
ligands in the negatively charged cluster core is somewhat
unexpected if one considers that in the [Cp*2 Nb(CO)2]� ion
the substitution of at least one CO group should be facilitated
by the positive charge at the metal center. However, there is
still no proof for a substitution of a CO ligand in this cation
and its fate is unknown. In a control experiment we have
shown that [Cp*2 Nb(CO)2][Co(CO)4],[6] dissolved in CH2Cl2,
does not react with PMe2Ph under analogous conditions.


Electrochemical studies of the reaction reveal that the
substitution of CO groups is a stepwise process, in
which differently substituted cluster anions [Co11Te7-
(CO)10�m(PMe2Ph)m]n� (m� 1 ± 5, n� 1, 2) are formed as
intermediate products. Each of these intermediates exhibits at
least three electron transfer processes, leading to a total of 21
redox couples with 27 electroactive species. A further
characteristic within the substitution row from low to high
m is a systematic shift of the respective potentials towards
more negative values by the incoming PMe2Ph ligand.


In DFT calculations on [1]n� (n� 1, 2) it has been argued
that the interactions between the Co atoms are close to
metallic.[6] The redox behavior of the unsubstituted cluster
anions may also be influenced by this quasi-metallic behavior
of the cluster entity with respect to the electron distribution.
Among other reasons, in the new compounds the increasing
number of phosphane ligands with �-donor capacities pro-
vokes an increase of electron density in the cluster core.
Additionally, the stabilization of the Co11 cage orbitals is due
to the significant loss in symmetry by substitution: the
idealized neutral model cluster [Co11Te7(CO)9(PH3)] is of Cs


symmetry compared to D5h in the unsubstituted case. Pre-
liminary calculations show that even though this symmetry
reduction is not reflected by the Co and Te positions of the
X-ray diffraction study of 6, a very different picture of the
node planes is found by an analysis of the MO coefficients. As
far as the highest occupied molecular orbital (HOMO) is
concerned, a relatively strong orbital mixing was obtained for
this singly occupied MO. The contribution of the d states of


¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3796 ± 38023800







Cobalt Telluride Clusters 3796 ± 3802


the ten cluster cage Co atoms to the HOMO is significantly
increased, and the body-centered Co mainly participates by a
distorted dx2�y2 orbital. The characteristics of the LUMO
resemble those of the LUMO of [1]� . These properties may
even be more pronounced in the case of larger degrees of
substitution, for example the electron sponge behavior of the
highly substituted cluster 5. Thus, the distinct charges of the
Co11Te7 cluster core of 5 range between n��1 and n��4,
corresponding to numbers of MVEs of between 146 in [5]�


and 151 in [5]4�.
Whereas the electrochemical pathways seem to be clear,


the bulk synthesis of the neutral clusters 5 and 6 raises the
question of the origin of the final oxidizing step. Each
replacement of a CO ligand by PMe2Ph in [1]� causes a shift of
about 200 mV towards negative potentials for the resulting
[Co11Te7(CO)10�m(PMe2Ph)m]� ions (m� 1 ± 5). As a conse-
quence, reduction gets more difficult and oxidation easier. For
these reasons traces of oxygen or water (from SiO2) may be
responsible for an oxidation, giving rise to the formation of 4,
5, and 6 in not very well defined ratios. Attempts to control
the final oxidation by the addition of [(C5H5)2Fe]PF6 to the
original reaction mixture did not significantly improve the
yield of neutral products.


Different reaction mechanisms have been established for
the substitution of CO in mononuclear metal complexes such


as dissociative, associative, or interchange processes.[10] Mech-
anistic investigations in metal cluster compounds are difficult
and therefore scarce.[10] For the same reasons it was not
possible to monitor kinetically the reactions implied in the
successive substitution reactions by electrochemistry. From
DFT calculations on the anions [1]n� (n� 1, 2) a more
pronounced reactivity was predicted for the monoanion,[6] and
this has been confirmed by the electrochemical studies. The
difference in reactivity was attributed to an increased electron
density at the �5-Te bridges in [1]� , which should facilitate
electron transfer and chemical reactions. Our preliminary
calculations on the neutral [Co11Te7(CO)9(PH3)] species have
also shown that the �5-Te bridges contribute with large s and p
orbital coefficients to the HOMO.


Experimental Section


All manipulations were carried out under nitrogen by using Schlenk
techniques. Further information and synthetic procedures for
[Cp*2 Nb(CO)2]n[Co11Te7(CO)10] are given in reference [6].


Electrochemistry: Voltammetric analyses were carried out in a standard
three-electrode cell with a Tacussel UAP4 unit cell. The reference electrode
was a saturated calomel electrode (SCE) separated from the solution by a
sintered glass disk. The auxiliary electrode was a platinum wire. For all
voltammetric measurements, the working electrode was a vitreous carbon
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Scheme 1. Global presentation of the reaction of [Cp*2 Nb(CO)2][Co11Te7(CO)10] with L�PMe2Ph: Verified redox couples (horizontal) and CO substitution
steps (vertical).
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electrode. The controlled potential electrolysis was performed with an
Amel 552 potentiostat coupled to an Amel 721 electronic integrator.
Electrolyses were performed in a cell with three compartments separated
with fritted glasses of medium porosity. A carbon gauze was used as the
cathode, a platinum plate was used as the anode, and a saturated calomel
electrode was used as the reference electrode.


Synthesis of [Co11Te7(CO)6(PMe2Ph)4] (5): PMe2Ph (140 �L, 135 mg,
0.978 mmol) was added to a brown solution of [Cp*2 Nb(CO)2][Co11Te7-
(CO)10] (450 mg, 0.200 mmol) in CH2Cl2 (70 mL). After the mixture was
stirred at 20 �C for 20 h, the solvent was evaporated and the dark brown
residue was washed twice with pentane. Chromatography on SiO2 (column
10 cm, �3 cm) gave a broad brown band upon elution with CH2Cl2/toluene
1:1 which contained 5 (290 mg, 0.128 mmol, 64 %). Analytically pure brown
prisms were obtained by repeated recrystallization from toluene/pentane
2:1 at �20 �C. Complex 5 : elemental analysis calcd (%) for
C38H44Co11O6P4Te7 (2262.1): C 20.18, H 1.96, P 5.47; found: C 19.85, H
2.29, P 5.70; FD-MS (from toluene): 2263 (center); IR (KBr): �� � 1923s
(�(CO), br) cm�1.


Reaction of [Cp*2 Nb(CO)2]2[Co11Te7(CO)10] with PMe2Ph : PMe2Ph
(140 �L, 135 mg, 0.978 mmol) was added to a brown solution of recrystal-
lized [Cp*2 Nb(CO)2]2[Co11Te7(CO)10] (250 mg, 0.09 mmol) in CH2Cl2


(70 mL). Reaction conditions and workup followed the procedure given
for the reaction of [Cp*2 Nb(CO)2][Co11Te7(CO)10] with PMe2Ph. Fractional
crystallization of the chromatographed material (yield 180 mg, 87%) from
toluene/pentane 2:1 first gave brown prisms of 5 and then a small crop of
brown needles of [Co11Te7(CO)5(PMe2Ph)5] (6). Complex 6 : elemental
analysis calcd (%) for C45H55Co11O5P5Te7 (2372.1): C 22.78, H 2.34; found:
C 23.23, H 3.00; FD-MS (from toluene): 2374 (center); IR (KBr, cm�1): �� �
1931s, 1909vs (�(CO)) cm�1.


Attempted reaction of [Cp*2 Nb(CO)2][Co(CO)4] with PMe2Ph : The
yellow mixture of [Cp*2 Nb(CO)2][Co(CO)4] (120 mg, 0.200 mmol),[6]


PMe2Ph (140 �L, 135 mg, 0.978 mmol) and CH2Cl2 (50 mL) was stirred
for 20 h at room temperature. After evaporation of the solvent the yellow
residue was recrystallized from methanol. [Cp*2 Nb(CO)2][Co(CO)4] was
recovered nearly quantitatively.


Crystal structure determination for 6: Flat prisms, 0.32� 0.20� 0.14 mm,
monoclinic, P21/n, a� 11.542(1), b� 42.188(2), c� 15.013(1) ä, ��
103.25(1)�. V� 7115(1) ä3, Z� 4, �calcd � 2.332 g cm�3, �� 2.01 ± 25.21�,
�� 5.460 mm�1, 54747 measured reflections, 11846 independent reflections
(Rint � 0.125), 8566 observed reflections (I� 4�(I)), 702 refined parameters,
R1� 0.0363, wR2� 0.0837, residual electron density 0.952/� 1.004 e ä�3.
Data were collected at 173 K on a STOE imaging plate diffraction system.
All examined crystals consisted of at least two intergrown individuals,
which showed a slightly twisted orientation of the unit cells. Too much data
were lost due to overlapping of the reflections when the integration of the
intensities was carried out for two individuals simultaneously. Therefore
the integration was carried out only for the dominant individual with as low
mosaic spread and reflection width as possible. As expected, the merging R
value for those data was increased but not unreasonably high. Structure
solution with direct methods and the refinement of the structure were not


hindered. After the empirical absorption correction (DIFABS) only some
anisotropic thermal parameters were slightly enlarged, but estimated
standard deviations and R values showed clearly, that the result of this
structure determination was reliable.
CCDC-203183 (6) 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 Center,
12 Union Road, Cambridge CB2 1EZ, UK; Fax: (�44) 1223-336033; or
deposit@ccdc.cam.ac.uk).


Acknowledgement


We gratefully acknowledge financial support from the Deutsche For-
schungsgemeinschaft. Parts of this work were supported by Deutscher
Akademischer Auslandsdienst and the Ministe¡re des Affaires Etrange¡res
(program PROCOPE).


[1] a) J. W. Kolis, Coord. Chem. Rev. 1990, 105, 195–219; b) L. C. Roof,
J. W. Kolis, Chem. Rev. 1993, 93, 1037 ± 1080.


[2] a) J. F. Corrigan, D. Fenske, Chem. Commun. 1996, 943–944; b) J. F.
Corrigan, D. Fenske, W. P. Power, Angew. Chem. 1997, 109, 1224 ±
1227; Angew. Chem. Int. Ed. Engl. 1997, 36, 1176–1179; c) J. F.
Corrigan, D. Fenske, Angew. Chem. 1997, 109, 2070 ± 2072; Angew.
Chem. Int. Ed. Engl. 1997, 36, 1981 ± 1983; d) J. F. Corrigan, D. Fenske,
Chem. Commun. 1997, 1837–1838; e) M. L. Steigerwald, T. Siegrist,
S. M. Stuczynski, Inorg. Chem. 1991, 30, 4940 ± 4945.


[3] See for example: T. Saito, Adv. Inorg. Chem. 1997, 44, 45 ± 91.
[4] M. Brandl, H. Brunner, H. Cattey, Y. Mugnier, J. Wachter, M. Zabel, J.


Organomet. Chem. 2002, 659, 22 ± 28.
[5] a) G. Longoni, C. Femoni, M. C. Iapalucci, P. Zanello in Metal Clusters


in Chemistry, Vol. 3 (Eds.: P. Braunstein, L. A. Oro, P. R. Raithby),
Wiley-VCH, 1999, 1137–1158, and references therein; b) F. Calder-
oni, F. Demartin, F. F. de Biani, C. Femoni, M. C. Iapalucci, G.
Longoni, P. Zanello, Eur. J. Inorg. Chem. 1999, 663 ± 671.


[6] H. Brunner, D. Lucas, T. Monzon, Y. Mugnier, B. Nuber, B.
Stubenhofer, A. C. St¸ckl, J. Wachter, R. Wanninger, M. Zabel,
Chem. Eur. J. 2000, 6, 493 ± 530.


[7] R. Seidel, R. Kliss, S. Weissgr‰ber, G. Henkel, J. Chem. Soc. Chem.
Commun. 1994, 2791 ± 2792.


[8] R. Wanninger, Thesis, Universit‰t Regensburg, 2000.
[9] This assignment is supported by RDE electrolysis of neutral 4, which


exhibits three reduction waves at E4, A4 and B4, respectively, at E1/2 �
�0.36, �0.98, and �1.54 V.


[10] D. J. Darensbourg in The Chemistry of Metal Cluster Complexes (Eds.:
D. F. Shriver, H. D. Kaesz, R. D. Adams), VCH Publishers, 1990,
171 ± 200.


Received: February 11, 2003 [F4841]


¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3796 ± 38023802








An Efficient One-Pot Approach to Bridged Bicyclic Ring-Systems through
Consecutive Hetero-Domino Transformations: A Mechanistic Rationale and
Further Rearrangements


Laure Finet, Jose¬ I. Candela Lena, Talbi Kaoudi, Nicolas Birlirakis, and
Sime¬on Arseniyadis*[a]


Abstract: This article describes the design of olefin-generated/reagent-modulated
consecutive hetero-domino reactions of 1,2-unsaturated bicyclic diols, which are
potentially of great use, initiated by PhI(OAc)2, continued by [Pb(OAc)4], and
completed by use of a mild base (K2CO3). Inversion of a quaternary center has been
achieved through a three-reaction sequence: a domino transformation followed by an
m-CPBA-mediated Baeyer ±Villiger oxidation and subsequent reductive lactone ring
opening.


Keywords: Baeyer ±Villiger oxida-
tion ¥ configuration inversion ¥
domino reactions ¥ ring expansion
¥ ring-system interchange


Introduction


The importance of domino reactions[1] as a tool to attain high
diversity is well established. Earlier accounts from this
laboratory dealt with development of a ring-expansion
methodology for accessing optically homogeneous and con-
veniently functionalized six and seven-membered rings by
[Pb(OAc)4]-mediated hetero-domino reactions.[2] These stud-
ies established the feasibility of incorporating most of the
essential features of a taxoid C-ring precursor 2 in a ™one-pot∫
fashion; precursor 2 was then transformed into the isopropyl-
idene alcohol 3, which was subsequently taken into the highly
functionalized taxoid diterpene skeleton 4 (Scheme 1).[3] On
the other hand, mild base treatment of ring-expanded
intermediates 2 led to the bicyclo[2.2.2]octane derivatives 5
in high yields. The bridged bicyclic aldol frameworks 5 a,
which offer chemoselectivity owing to the threefold oxygen-
ation pattern, are of high synthetic value. Obtained both
efficiently and in high yield, they might serve either as a chiral
platform for the construction of asymmetric catalysts from
cheap achiral catalysts,[4] or be used as building blocks for
further selective transformations.
Recent studies in our laboratories focusing on rendering


our chemistry environmentally friendly revealed that several
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Scheme 1. a) 2.4 equiv [Pb(OAc)4], PhMe, 25 �C (85% for 2 a, 80% for
2b); b) LiAlH4, Et2O, 0 �C; c) acetone, p-TosH, 25 �C, 80% 2 steps;
d) K2CO3/MeOH, H2O, 25 �C (92% for 2a, 90% for 2 b); e) 2.4 equiv
[Pb(OAc)4], PhMe, then K2CO3/MeOH, H2O, 25 �C, (68% for 5 a and 5�a,
10:1; 61% for 5 b and 5�b, 8:1).


other oxidants could perform, at least partially, domino
transformations and, most importantly, that they could be
used in combination with [Pb(OAc)4]. This insight prompted
us to investigate consecutive domino reactions, which are
especially attractive because of their operational simplicity;
the need to use only half the amount of [Pb(OAc)4] compared
to the initial domino reactions and reduced workup. We
highlight herein a mechanistic rationale that accounts for the
™one-pot∫ transformation of 1 to 5, which can be carried out in
two distinct ways by the sequential use of either one oxidant
and one base (routes a and d, Scheme 1), or two oxidants and
one base (route b Scheme 2), as well as secondary reactions of
the bicyclic framework 5 thus obtained.
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Fax: (�33)1-69-82-30-29
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Results and Discussion


Since diol cleavage and the subsequent bis(hetero) intra-
molecular Diels ±Alder (IMDA) reaction is achievable in
various solvents (MeCN, AcOH, PhH, PhMe, CH2Cl2, CHCl3,
acetone, trifluorotoluene, anisole, and others) with a variety
of oxidants other than [Pb(OAc)4], such as Dess ±Martin
periodinane,[5] [Mn(OAc)3],[6] Ph3BiCO3, and PhI(OAc)2,[7] it
creates the opportunity for the design and execution of
consecutive domino transformations. Therefore, we focused
our efforts in order to achieve the highest diversity from an
unsaturated 1,2-diol by carefully tuning reaction conditions,
such as timing of reagent addition, functional compatibility,
and choice of solvent. Firstly, we envisioned that a short
sequence from unsaturated diols 1 to bicyclic[2.2.2]aldols 5
could be put into practice. This would consist of a one-pot
™ring expansion/fused to bridged-ring-system interchange∫,
which would render isolation of the ring-expanded inter-
mediates prior to the ring-system interchange unnecessary.
The question was whether we could go from the fused bicyclic
diol 1 to the bridged bicyclic aldol 5 in one-pot. To our
pleasure, we found that the sequential use of [Pb(OAc)4] and
potassium carbonate on a variety of unsaturated bicyclic diols
(only two of them, 1 a and 1 b, are selected for this paper)
resulted in formation of the anticipated bicyclic aldols in
yields that were comparable or superior to that of the stepwise
variant. Only one workup procedure was needed and no by-
products were detected (route e Scheme 1). However, these
time-resolved transformations, which can be modulated by
reagent,[5, 6] solvent,[8] and substitution pattern,[9] only partially
satisfy Tietze×s requirements (™the first stereogenic center must
be introduced catalytically, the process must be elegant,
efficient and non-polluting∫), because of the need to use a
twofold excess of the toxic [Pb(OAc)4].[10]


Therefore, we focused our attention on employing an
alternative reagent in place of the inexpensive but relatively
toxic [Pb(OAc)4]. To accomplish this task, we clearly needed
an oxidant that would be able to perform both the oxidative
cleavage and the ensuing intramolecular bis(hetero) Diels ±
Alder cycloaddition. This was best achieved by the use of
PhI(OAc)2, which offsets, in part, the disadvantage of
Pb(OAc)4-induced toxicity in these domino reactions
(Scheme 2).[7] In practice the reactions were slower but clean.


Control experiments in which [Pb(OAc)4] as the co-oxidant
was omitted from the reaction afforded only the first two
transformations, even when a threefold excess of the reagent
(iodobenzene diacetate) was used with prolonged reaction
times at room temperature. A procedure is thus available to
cleanly effect an unprecedented sequence of events, while
partially attenuating the problem of toxicity (Scheme 2).
This finding makes available a new process, namely, the


three-reagent consecutive domino reaction, which is initiated
by iodobenzene diacetate (oxidative/pericyclic transforma-
tion), continued by lead tetraacetate (oxyplumbation/ring
expansion), and completed by a mild base that consists of
solid K2CO3 in MeOH/H2O (ring-system interchange). Never-
theless, the overall yields are lower (around 50%, unopti-
mized) and the reaction is slower than when lead tetraacetate
is used as the oxidant (route e, Scheme 1). The examples
shown in Scheme 2 provide an illustration of the high diversity
generated by consecutive reactions. The transformation of 1
to 2 (route a) with PhI(OAc)2 and [Pb(OAc)4] can be effected
in acetonitrile, benzene, toluene, acetic acid, or (S)-O-
acetyllactic acid, while conversion of 1 to 5 (route b) is best
achieved in toluene or acetonitrile. The reaction can be
followed by TLC, with all intermediates possessing Rf values
substantially different from one another. The mechanistic
pathway involved in the one-pot transformation of 1 to 5 is
portrayed in Scheme 3.
A prerequisite for the domino process to occur is the


presence of an unsaturated �-position with respect to the 1,2-
diol system,[11] as olefins possess a high potential for being
involved in diverse chemistry due to their free energy
content.[12] Moreover, [Pb(OAc)4] has a high oxidation
potential and is a good electrophile. Consequently,
[Pb(OAc)4] can act as a multi-task reagent that behaves both
as the oxidant and as the Lewis-acid promoter in the same
reaction; the first equivalent of [Pb(OAc)4] is used for the
oxidative cleavage, while the second equivalent is used in the
oxyplumbation, which promotes ring expansion. Finally,
PhI(OAc)2 can efficiently replace [Pb(OAc)4] for the first
two transformations, whereas, the latter is essential for
effecting the ring expansion at room temperature. With
regard to the proposed mechanism, exposure of the unsatu-
rated diols 1 to PhI(OAc)2 results in glycol fission/intra-
molecular [4�2] cycloaddition to give the cyclic ene ± acetal 7
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in which the olefin at C4�C5 has been transferred � to the
oxygen atom at C3 and, thus, facilitates the metal attack to
afford the transient organolead intermediate 8. The strain
associated with the ring system and the geometry in 8 (ring
expansion requires alignment of C�Pb bond with the C10�C5
bond) then favors a ring expansion, with concomitant loss of a
Pb(OAc)2 unit, and acylation. Saponification of the resulting
bis(acetoxy) bis(acetal) 2 then initiates sequential transfor-
mations to afford 5. The process begins with acetate
hydrolysis of 2 to give the transient cyclic hemihydrate
intermediate 10. Once formed, 10 undergoes ring opening
with subsequent dehydration to afford 11 en route to the 1,3-
dicarbonyl species 12. Aldehyde 12 then deacylates through a
retro-Claisen process to generate the intramolecularly linked
aldol precursor 13. Finally, an enolate isomerization to 14
followed by an intramolecular aldol reaction ends the fused to
bridge ring-system interchange.
Undertaking experiments where we could isolate and


characterize intermediates, as portrayed in Scheme 4, we
investigated the mechanism of the transformation of 2 to 12.
Starting from 2 b, careful monitoring of the reaction by TLC


and NMR spectroscopy (aliquots) revealed a rapid initial
hydrolysis followed by a slower transformation requiring
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Scheme 4. a) K2CO3/MeOH, H2O, 0 �C, 20 min, 81%; b) Ac2O, py, DMAP,
0 �C, 30 min, 85%.


approximately 20 min at 0 �C. Alcohols 11 were identified as
the first occurring intermediates and provided insight into the
hydrolysis mechanism. Compound 11 b was fully character-
ized as its corresponding acetylated counterpart 15 b, but 11 a
(from 2 a) was slightly contaminated with the minor bicyclic
aldol product 5�a (Scheme 4).
Following the mechanistic rationale, we briefly examined


the viability of utilizing the ensuing products as substrates for
further elaboration in an effort to invert the configuration at
the quaternary center. The purpose of this exploration was to
render operational a modular construction of cyclohexanes of
type 3 or 21, starting from the optically pure hydrindene diol 1
(Scheme 5).
Six-membered rings containing quaternary centers are


valuable building blocks as they are found to be structural
units in numerous biologically active natural products, such as
taxoids,[13] clerodanes,[14] galbanic acid,[15] phomactin,[16] disy-
diolide,[17] fuscol,[18] and many others. Thus, with the aim of
preparing heavily functionalized cyclohexane derivatives, we
carried out Baeyer ±Villiger oxidations of bicyclic aldols 5 a
and 5 b, obtained in one step through consecutive domino
transformations. As depicted in Scheme 5, oxidation of
bicyclic aldols 5 and subsequent lactone ring opening would
provide 1,2,4,5-tetrasubstituted cyclohexanes of type 21 a,
22 a, or 23 a (and the corresponding 1,2,4-trisubstituted 21 b,
22 b, 23 b) with an inverted configuration at the quaternary
center. Given the fact that the nature of the peroxy acid used
may influence the results obtained,[19] the Baeyer ±Villiger
oxidations were all carried out with excess m-chloroperben-
zoic acid in methylene chloride at room temperature and in
the presence of sodium bicarbonate. The structures of the
resultant lactones 17, 18, 20, and 24were consistent with NMR
data.
Baeyer ±Villiger oxidation of the bicyclic aldol 5 a gives


largely the bridgehead-migrated lactone[20] 2-oxa-bicyclo-
[3.2.2]nonane-3-one (16 a), which then undergoes trans-
esterification to give the sterically less crowded 2-oxa-
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bicyclo[3.3.1]nonane-3-one (17 a), along with its methylene
migrated counterpart, 3-oxa-bicyclo[3.2.2]nonane-2-one
(18 a), in 66% isolated yield and 94:6 ratio. The distinction
between the bridgehead- and methylene-migrated com-
pounds 17 and 18, respectively, is readily made on the basis
of 1H NMR spectroscopy. In particular, the geminally coupled
protons attached to C4 appear at higher field for 17-type
lactones relative to those of type 18. Under the same
conditions, bicyclic aldol 5 b gave a mixture of isomeric
lactones in 71% yield and 95:5 ratio. The isomers were
separated by chromatography and the major product was
identified as lactone 17 b. Based on literature, we anticipated
that in 19 methylene-group migration would be favored over
bridgehead migration due to the presence of the bulky
protective group (and absence of hydrogen bonding with the
free hydroxyl). Indeed, methylene-group migration was
clearly preferred when the free hydroxyl group in 5 a was
TBS-protected; Baeyer ±Villiger oxidation of 19 a thus fur-
nished lactones 20 a and 24 a in a 30:70 ratio and 56% yield,
along with 43% recovered starting material. Under similar
conditions, 19 b gave lactone 24 b in higher yield and with
greater selectivity (73% isolated yield, 92% based on
recovered starting material, 9:1 preference for methylene
migration). The major lactones 17 could be converted either
into 21, which contain the inverted quaternary carbon
configuration and can be obtained by direct reduction using
lithium aluminium hydride (diethyl ether, 0 �C, 45 min) and
subsequent selective acetonide formation (dry acetone, cat. p-
TosOH, 4 ä MS, 25 �C, 80%), or into 23 by firstly protecting
the alcohol as the TBS-ether (TBSCl, imidazole, DMF, 0 �C to
25 �C, 4.5 h, 100%) prior to reduction as described above. On
the other hand, the TBS-protected 2-oxa-bicyclo[3.2.2]no-
nane-3-one (20), obtained as the minor component of the
regioisomeric lactone mixture 20 and 24, leads to the isomeric
22 if reduced prior to TBS deprotection, while upon fluoride-
initiated deprotection the initially formed lactone 16 under-


goes translactonization to afford 17 (both a and b). Overall,
the approach represents an interesting application of
[Pb(OAc)4]-mediated one-pot multistage transformation
methodology that provides functionalized and optically pure
cyclohexanes of type 21 ± 23. Furthermore, these contain
inverted configurations at the quaternary center, which nicely
complements the synthesis of type 3 cyclohexanes whereby
the configuration at the quaternary center is retained.


Conclusion


With the mechanistically challenging and synthetically useful
formation of bicyclic aldols 5 from hydrindene diol deriva-
tives 1, a simple procedure for creating diversity in one
synthetic operation has been developed. In all cases high
molecular complexity was achieved and chemo-differentia-
tion was secured. Scaled-up versions of these reactions
(100 mmol of unsaturated diol) succeeded routinely. The
present study, the consecutive hetero-domino transformation,
which is effected in a single reaction vessel and, furthermore,
allows the configuration at the quaternary center to be
inverted, demonstrates the effectiveness of a new variant of
this ring expansion ± rearrangement strategy within the con-
text of a synthetically useful oxidative cleavage (mediated by
PhI(OAc)2), ring expansion (mediated by [Pb(OAc)4]), and
ring-system interchange (mediated by K2CO3 in MeOH/
H2O). Several extensions of this chemistry are currently being
investigated.


Experimental Section


General : Solvents and reagents used in this work were purified according
to standard literature techniques and stored under argon. Experiments that
required an inert atmosphere were carried out under dry argon in a flame-
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dried glass system. Flash chromatography was run on silica gel (Merck 60,
230–400 mesh) with the solvent mixture indicated. Thin-layer chromatog-
raphy was performed on commercial silica-gel plates that were developed
by immersion into 5% phosphomolybdic acid in 95% ethanol. ™Usual
workup∫ means washing the organic layer with brine, drying over
anhydrous MgSO4, and evaporating in vacuo with a rotary evaporator at
aspirator pressure. NMR spectra were run in CDCl3 and specific rotations
were measured in chloroform at 20 �C, unless otherwise noted. Exper-
imental evidence favoring the structures investigated came from a
comprehensive range of 1H and 13C NMR data (400/300/250 and 100/75/
69.5 MHz respectively, 1D and 2D experiments) and were corroborated by
spatial proximity (nOe) studies by using mainly the 1D NOEDIFF
technique.[21] 1H (800 MHz) and 13C NMR (200 MHz) experiments were
carried out on a Bruker Avance DRX-800 spectrometer equipped with
triple resonance H/C/N probeheads and a three-axis pulsed field gradient
module. Gradients were used for the coherence transfer pathway selection
in HMBC and HMQC experiments. In the latter, broadband decoupling
was performed by using adiabatic WURST-40 pulses. For all compounds
investigated, multiplicities of 13C resonances were assigned by the SEFT
technique.[22] Electron-spray mass spectra were obtained in instances in
which electron impact and chemical ionization failed to produce molecular
ions. Mass spectra acquired in the positive ion mode under electron-spray
ionization (ES�) by using a mobile phase of methanol are abbreviated as
ESIMS (MeOH).


The required unsaturated diols were prepared, in their optically pure form,
by following published procedures.[23] Commercial PhI(OAc)2 and
[Pb(OAc)4] were used without purification. The acetic acid content of the
latter (introduced in excess of 0.2 equiv) was mostly removed under
vacuum in the reaction vessel.


Typical procedure for two-reagent (two oxidants) domino reactions
(route a Scheme 2): PhI(OAc)2 (1.932 g, 6 mmol) was added to a solution
of the selected unsaturated diol 1 (5 mmol) in anhydrous toluene (50 mL)
under an inert atmosphere . Stirring was maintained under argon for 24 h,
at which point, [Pb(OAc)4] (2.660 g, 6 mmol) was added. After stirring at
room temperature for an additional 15 h, the reaction mixture was diluted
with methylene chloride, and washed with saturated sodium bicarbonate,
water, and brine. The organic layers were dried over MgSO4 and
concentrated under reduced pressure. Silica-gel flash chromatography
(eluent: heptane/EtOAc 3:1) afforded compounds 2a (80% from 1a) and
2b (78.5% from 1 b), which have been fully characterized in our previous
publications.[2]


Typical procedure for two-reagent (oxidant and base) domino reactions
(route e Scheme 1): A dry flask was charged with unsaturated diol 1a
(white solid, 5 mmol) and [Pb(OAc)4] (5.316 g, 12 mmol), placed under
vacuum, flushed with argon, and placed under vacuumed again for 1 h. Dry
toluene (10 mL) was then added at �20 �C and stirring was continued for
30 min at this temperature, then for an additional 15 h at room temper-
ature. After TLC indicated formation of 2 a, K2CO3 (4.83 g, 35 mmol) in
MeOH/H2O (60 mL, 8:1) was added, and the reaction mixture was stirred
for 12 h at room temperature. Methanol was removed under reduced
pressure, the reaction mixture was diluted with methylene chloride and
washed with brine, the organic layer was dried over MgSO4, and the solvent
evaporated under reduced pressure. The residue was purified on silica gel
(eluent: heptane/EtOAc 2:1) to give a 68% combined yield of 5a and 5�a
(10:1). Since the starting diols 1 b are liquid, they were added with the
solvent after removing the acetic acid content of lead tetraacetate.
Proceeding as for 1a, the process afforded a 61% combined yield of 5b
and 5�b (8:1).


Typical procedure for three-reagent (two oxidants and one base) domino
reactions (route b Scheme 2): The procedure for route a (same scale) was
repeated for the sequential addition of PhI(OAc)2 and [Pb(OAc)4].
Formation of the ring-expanded intermediate 2 was monitored by TLC.
K2CO3 (4.83 g, 35 mmol) in MeOH/H2O (60 mL, 8:1) was added and the
reaction stirred overnight at room temperature. Workup as above afforded
a 55% combined yield of 5 a and 5�a (from 1a) and 50% combined yield of
5b and 5�b (from 1b). The epimeric aldols were separated by silica-gel flash
chromatography (eluent: heptane/EtOAc 2:1)?


5-tert-Butoxy-7-�-hydroxy-4-methylbicyclo[2.2.2]octan-2-one (5 a): M.p.
94 ± 95 �C (pentane); [�]20D ��55 (c� 1.3 in chloroform); IR (CHCl3):
�� � 3418, 3018, 2977, 2929, 2872, 1710, 1391, 1365, 1216, 1196, 1088,


1043 cm�1; 1H NMR (400 MHz, CDCl3): �� 0.96 (s, 3H), 1.18 (s, 9H), 1.44
(ddd, J� 0.9, 2.4, 14.7 Hz, 1H), 1.69 (ddd, J� 2.4, 3.4, 14.5 Hz, 1H), 1.91
(dd, J� 1.5, 16.3 Hz, 1H), 1.91 (ddd, J� 3.0, 8.9, 14.7 Hz, 1H), 2.06 (ddd,
J� 2.6, 8.4, 14.6 Hz, 1H), 2.41 (m, 1H), 2.58 (dd, J� 2.6, 16.2 Hz, 1H), 3.32
(ddd, J� 1.6, 2.3, 8.4 Hz, 1H), 4.16 ppm (ddd, J� 1.7, 3.6, 9.0 Hz, 1H);
13C NMR (75 MHz, CDCl3): �� 23.5, 28.6 (3C), 34.5, 36.6, 41.3, 44.0, 51.3,
68.7, 69.6, 73.2, 209.2 ppm; EIMS: m/z (%): 226 (15) [M]� , 170 (44) [M�
56]� , 57 (100); HREIMS: m/z calcd for C13H22O3: 226.1569; found:
226.1570; elemental analysis calcd (%) for C13H22O3: C 68.99, H 9.80;
found: C 68.90, H 9.81.


5-tert-Butoxy-7-�-hydroxy-4-methylbicyclo[2.2.2]octan-2-one (5�a): M.p.
93 ± 94 �C (pentane); [�]20D ��54 (c� 1.0 in chloroform); IR (film): �� �
3440, 2973, 1710 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.94 (s, 3H), 1.13
(s, 9H), 1.30 (dt, J� 3.2, 14.6 Hz, 1H), 1.50 (d, J� 14.3 Hz, 1H), 1.61 (dd,
J� 1.0, 19.1 Hz, 1H), 1.94 (dd, J� 9.5, 14.6 Hz, 1H), 2.38 (q, J� 2.8 Hz,
1H), 2.49 (dd, J� 3.2, 19.1 Hz, 1H), 2.60 (ddd, J� 2.8, 8.8, 14.3 Hz, 1H), 3.5
(ddd, J� 1.4, 2.7, 7.3 Hz, 1H), 4.07 (dt, J� 3.0, 9.7 Hz, 1H); 13C NMR
(75 MHz, CDCl3): �� 23.5, 28.8 (3C), 31.0, 37.2, 42.6, 43.5, 52.4, 65.3, 70.0,
73.3, 216 HZ; HRESIMS (MeOH): m/z calcd for C13H22O3Na: 249.1467;
found: 249.1489; elemental analysis calcd (%) for C13H22O3: C 68.99, H
9.80; found: C 68.85, H 9.83.


6-�-Hydroxy-4-methylbicyclo[2.2.2]octan-2-one (5 b): M.p. 92 ± 93 �C (hep-
tane/diethyl ether); [�]20D ��11 (c� 1.0 in chloroform); IR (film): �� � 3444,
2942, 2926, 2869, 1705, 1448, 1399, 1299, 1207, 1105, 1073, 1019, 976,
782 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.99 (s, 3H), 1.29 ± 1.47 (m, 3H),
1.65 ± 1.82 (m, 2H), 1.91 ± 2.23 (m, 3H), 2.45 (dd, J� 3.5, 6.7 Hz, 1H), 3.41
(br s, 1H), 4.24 ppm (ddd, J� 2.3, 4.1, 6.4 Hz, 1H); 13C NMR (75 MHz,
CDCl3): �� 20.3, 26.3, 30.8, 32.7, 42.9, 50.2, 50.4, 68.9, 216.3 ppm; CIMS:m/
z (%): 155 (20) [M�1]� , 137 (100), 94 (29), 93 (30), 71 (28), 69 (10);
elemental analysis calcd for C9H14O2: C 70.10, H 9.15; found: C 70.29, H
9.21.


6-�-Hydroxy-4-methylbicyclo[2.2.2]octan-2-one (5�b): [�]20D ��3 (c� 1.0
in chloroform); IR (film): �� � 3420, 2951, 2926, 2869, 1715, 1049 cm�1;
1H NMR (300 MHz, CDCl3): �� 1.00 (s, 3H), 1.24 ± 1.52 (m, 2H), 1.57 ±
1.74 (m, 2H), 1.93 (dd, J� 2.0, 18.9 Hz, 1H), 1.95 (m, 1H), 2.03 (dd, J� 3.0,
18.9 Hz, 1H), 2.27 (m, 1H), 2.43 (m, 1H), 4.22 ppm (m, 1H); 13C NMR
(75 MHz, CDCl3): �� 16.7, 26.3, 31.6, 32.8, 43.7, 49.6, 51.2, 65.8, 216.3 ppm;
ESIMS (MeOH):m/z (%): 155 (16) [M�H]� , 177 (100) [M�Na]� , 193 (31)
[M�H]� ; HRESIMS (MeOH): m/z calcd for C9H14O2Na: 177.0891; found:
177.0881.


Procedure for 15b : Potassium carbonate (216.7 mg, 1.57 mmol, 5.5 equiv)
was added to a stirred solution of 2b (81 mg, 0.28 mmol) in MeOH/water
(9 mL, 8:1) cooled at 0 �C. After stirring the resulting suspension at 0 �C for
20 min, the solvents were removed under reduced pressure (without
heating), the residue was diluted with EtOAc and washed with brine, and
the organic layers were dried over MgSO4 and concentrated under reduced
pressure. Flash chromatography on silica gel (eluent: heptane/EtOAc 1:1)
afforded 11b (42 mg, 81%). Acetic anhydride (0.5 mL) was added to a
stirred mixture of 11 b (42 mg, 0.23 mmol) and DMAP (cat.) in pyridine
(1 mL) at 0 �C under argon. After 30 min, the mixture was diluted with
EtOAc and washed with dilute hydrochloric acid, saturated sodium
bicarbonate, water and brine. The organic layer was dried over MgSO4,
the solvent was evaporated under reduced pressure, and the residue was
chromatographed (SiO2, heptane/EtOAc 1:1) to give the corresponding
acetate 15b (44 mg, 85%). M.p. 75 ± 76 �C (heptane/diethyl ether); IR
(film): �� � 2952, 1761, 1678, 1595, 1457, 1368, 1322, 1284, 1212, 1194, 1166,
1144, 1118, 1087, 1036, 952, 932, 899, 841, 820 cm�1; 1H NMR (250 MHz,
CDCl3): �� 1.16 (s, 3H), 1.48 (dt, J� 4.2, 13.0 Hz, 1H), 1.59 ± 2.55 (m, 6H),
2.11 (s, 3H), 2.25 (dd, J� 7.7, 11.4 Hz, 1H), 6.27 (dd, J� 3.1, 10.7 Hz, 1H),
7.12 ppm (s, 1H); 13C NMR (69.5 MHz, CDCl3): �� 18.0, 20.8, 26.8, 32.5,
36.9, 38.8, 40.1, 90.6, 120.2, 148.5, 169.1, 198.8 ppm; ESIMS (MeOH): m/z
(%): 263 (55) [M�K]� , 247 (100) [M�Na]� ; elemental analysis calcd (%)
for C12H16O4: C 64.27, H 7.19; found: C 64.21, H, 7.23.


Typical procedure for TBS-protection of the bicyclic aldols 5 and bicyclic
lactones 17: tert-Butyldimethylsilyl chloride (4.93 g, 32.7 mmol, 2 equiv)
was added to a solution of imidazole (4.46 g, 65.5 mmol, 4 equiv) and the
bicyclic aldol 5 a (3.70 g, 16.4 mmol) in DMF (40 mL) at 0 �C. The reaction
mixture was allowed to warm to room temperature and was stirred for 4.5 h
(TLC monitoring). After cooling again to 0 �C, the reaction mixture was
extracted with methylene chloride, washed with 1� HCl and sat. NaHCO3
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solution, and worked up in the usual manner, and the residue was purified
by chromatography (eluent: heptane/EtOAc 20:1) to give 19 a (5.67 g,
100%).


5-tert-Butoxy-7-(tert-butyldimethylsilanyloxy)-4-methylbicyclo[2.2.2]oc-
tan-2-one (19 a): M.p. 70 ± 71 �C (heptane/diethyl ether); [�]20D ��41 (c�
1.09 in chloroform); IR (film): �� � 2929, 2857, 1728, 1462, 1387, 1372, 1361,
1256, 1168, 1095, 1052, 996, 837, 776 cm�1; 1H NMR (300 MHz, CDCl3): ��
0.02 (s, 6H), 0.84 (s, 9H), 0.94 (s, 3H), 1.12 (s, 9H), 1.42 (d, J� 14.5 Hz,
1H), 1.64 (ddd, J� 2.2, 3.7, 5.9 Hz, 1H), 1.85 (ddd, J� 2.9, 8.5, 14.5 Hz,
1H), 1.88 (d, J� 18.0 Hz, 1H), 2.02 (ddd, J� 2.5, 8.5, 11.0 Hz, 1H), 2.33 (m,
1H), 2.51 (dd, J� 2.9, 18.0 Hz, 1H), 3.27 (brd, J� 8.4 Hz, 1H), 4.04 ppm
(ddd, J� 1.8, 4.1, 5.9 Hz, 1H); 13C NMR (75 MHz, CDCl3): ���4.9 (2C),
17.9, 23.7, 25.7 (3C), 28.6 (3C), 34.5, 36.6, 42.9, 43.8, 51.1, 69.1, 69.9, 73.2,
214.0 ppm; HRESIMS (MeOH): m/z calcd for C19H36O3NaSi: 363.2331;
found: 363.2333; elemental analysis calcd (%) for C19H36O3Si: C 67.01, H
10.65; found: C 67.03, H, 10.52.


6-(tert-Butyldimethylsilanyloxy)-4-methylbicyclo[2.2.2]octan-2-one (19 b):
Starting from 5 b (R�H) and following the procedure described above, the
TBS-protected bicyclic aldol 19b was obtained in 81% yield after
chromatography (eluent: heptane/EtOAc 20:1). [�]20D ��3 (c� 1.48 in
chloroform); IR (film): �� � 2952, 2858, 1732, 1471, 1257 cm�1; 1H NMR
(300 MHz, CDCl3): �� 0.03 (s, 6H), 0.84 (s, 9H), 0.99 (s, 3H), 1.33 (m, 2H),
1.41 (d, J� 13.7 Hz, 1H), 1.58 ± 1.80 (m, 2H), 1.88 ± 1.96 (m, 1H), 1.97 (d,
J� 18.3 Hz, 1H), 2.18 (d, J� 18.3 Hz, 1H), 2.36 (m, 1H), 4.12ppm (ddd,
J� 1.6, 4.1, 5.8 Hz, 1H); 13C NMR (75 MHz, CDCl3): ���5.0, �4.9, 17.8,
20.4, 25.6 (3C), 26.5, 31.1, 32.7, 44.5, 50.2, 50.3, 69.4, 214.3 ppm; ESIMS
(MeOH): m/z (%): 269.2 (6) [M�H]� , 291.1 (100) [M�Na]� , 307.0 (21)
[M�K]� ; elemental analysis calcd (%) for C15H28O2Si: C 67.11, H 10.51;
found: C 66.92, H 10.51.


6-tert-Butoxy-8-(tert-butyldimethylsilanyloxy)-5-methyl-2-oxabicyclo-
[3.3.1]nonan-3-one (17 a-OTBS): Starting from 17 a and following the
procedure described above, 17 a-OTBS was obtained in 89% yield after
chromatography (eluent: heptane/EtOAc 10:1). M.p. 142 ± 143 �C (hep-
tane); [�]20D ��65 (c� 1.08 in chloroform); IR (film): �� � 2957, 2928, 2857,
1715, 1390 cm�1; 1H NMR (800 MHz, CDCl3): �� 0.05 (2� s, 6H), 0.87 (s,
9H), 0.95 (s, 3H), 1.15 (s, 9H), 1.45 (m, 2H), 1.85 (dd, J� 4.6, 14.4 Hz, 1H),
1.94 (dd, J� 0.7, 19.0 Hz, 1H), 2.02 (dtd, J� 1.2, 5.0, 14.0 Hz, 1H), 2.96 (dd,
J� 2.3, 19.0 Hz, 1H), 3.19 (dd, J� 4.9, 11.3 Hz, 1H), 3.68 (ddd, J� 2.4, 5.0,
11.8 Hz, 1H), 4.46 ppm (br s, 1H); 13C NMR (200 MHz, CDCl3): ���4.5,
18.1, 25.7 (3C), 27.1, 28.9 (3C), 33.9, 34.4, 36.9, 71.2, 72.4, 73.6, 78.2,
171 ppm; ESIMS (MeOH): m/z (%): 378.8 (100) [M�Na]� , 394.8 (21)
[M�K]� ; elemental analysis calcd (%) for C19H36O4Si: C 64.00, H 10.18;
found: C 63.91, H 10.21.


8-(tert-Butyldimethylsilanyloxy)-5-methyl-2-oxabicyclo[3.3.1]nonan-3-one
(17 b-OTBS): Starting from 17b and following the procedure described
above, 17b-OTBS was obtained in 91% yield after chromatography
(eluent: heptane/EtOAc 20:1). M.p. 92 �C (heptane); [�]20D ��62 (c� 0.8 in
chloroform); IR (film): �� � 2952, 2854, 1722, 1463, 1217, 776 cm�1; 1H NMR
(300 MHz, CDCl3): �� 0.05 (s, 6H), 0.89 (s, 9H), 1.00 (s, 3H), 1.39 ± 1.60
(m, 4H), 1.77 (m, 1H), 1.85 (m, 1H), 2.32 (dd, J� 1.0, 18.6 Hz, 1H), 2.41
(dd, J� 2.0, 18.6 Hz, 1H), 3.67 (m, 1H), 4.55 ppm (br s, 1H); 13C NMR
(75 MHz, CDCl3): ���4.75, �4.59, 18.0, 25.7 (3C), 27.0, 29.5, 29.6, 36.5,
37.0, 42.8, 72.1, 79.4, 171.4 ppm; ESIMS (MeOH): m/z (%): 285.3 (40)
[M�H]� , 307.2 (100) [M�Na]� , 323.2 (25) [M�K]� ; elemental analysis
calcd (%) for C15H28O3Si ¥ 0.1CH2Cl2: C 61.91, H 9.70; found: C 61.83, H
9.95.


Typical procedure for Baeyer ± Villiger oxidation : Sodium hydrogen
carbonate (5.3 mmol) andm-chloroperbenzoic acid (13.3 mmol) was added
to the appropriate bicyclic aldol (4.4 mmol) in methylene chloride (14 mL)
at 0 �C. The mixture was stirred at room temperature for approximately
17 h (TLC monitoring). The crude reaction mixture was diluted with
methylene chloride and filtered through a plug of Celite. The excess
peracid was decomposed by washing with aqueous 10% sodium sulfite.
Finally, the organic phase was washed with sat. NaHCO3, brine, dried over
MgSO4, and concentrated under reduced pressure.


Starting from 5a and following the procedure described above, 17a and 18a
were obtained in 66% combined yield and 94:6 ratio after silica gel
chromatography (eluent: heptane/EtOAc 1.5:1).


6-tert-Butoxy-8-hydroxy-5-methyl-2-oxabicyclo[3.3.1]nonan-3-one (17 a):
M.p. 170 ± 172 �C (heptane); [�]20D ��81 (c� 0.8 in chloroform); IR (film):


�� � 3406, 2975, 2878, 1704, 1390 cm�1; 1H NMR (800 MHz, CDCl3): �� 0.98
(s, 3H), 1.18 (s, 9H), 1.33 (dt, J� 11.7, 13.8 Hz, 1H), 1.52 (dt, J� 2.2,
14.5 Hz, 1H), 1.94 (dd, J� 4.6, 14.5 Hz, 1H), 2.00 (d, J� 19.0 Hz, 1H), 2.27
(ddt, J� 1.5, 5.0, 13.8 Hz, 1H), 2.99 (dd, J� 2.2, 19.0 Hz, 1H), 3.23 (dd, J�
5.0, 11.2 Hz, 1H), 3.67 (ddd, J� 2.1, 5.1, 12.0 Hz, 1H), 4.63 ppm (br s, 1H);
13C NMR (200 MHz, CDCl3): �� 27.1, 29.0 (3C), 34.0, 34.3, 36.8, 36.9, 70.6,
72.3, 73.8, 78.4, 172 ppm; ESIMS (MeOH): m/z (%): 242.8 (25) [M�H]� ,
264.9 (100) [M�Na]� , 280.9 (46) [M�K]� ; elemental analysis calcd (%) for
C13H22O4: C 64.44, H 9.15; found: C 64.09, H 9.12.


6-tert-Butoxy-8-hydroxy-5-methyl-3-oxabicyclo[3.2.2]nonan-2-one (18 a):
M.p. 94 ± 95 �C (heptane); [�]20D ��62 (c� 1.20 in chloroform); IR (film):
�� � 3420, 2974, 2932, 1716, 1192, 1062 cm�1; 1H NMR (300 MHz, CDCl3):
�� 0.90 (s, 3H), 1.16 (s, 9H), 1.70 (br s, 1H), 1.77 (dd, J� 5.5, 14.7 Hz, 1H),
1.90 (ddd, J� 1.3, 5.6, 15.2 Hz, 1H), 2.04 (ddd, J� 1.4, 8.9, 14.7 Hz, 1H),
2.17 (ddd, J� 7.7, 8.7, 15.2 Hz, 1H), 3.03 (m, 1H), 3.43 (dd, J� 5.6, 7.7 Hz,
1H), 3.72 (dd, J� 0.95, 11.8 Hz, 1H), 4.10 (dt, J� 5.5, 8.7 Hz, 1H),
4.35 ppm (dd, J� 1.4, 11.8 Hz, 1H); 13C NMR (75 MHz, CDCl3): �� 24.5,
28.8 (3C), 32.2, 39.2, 40.5, 49.2, 66.2, 69.1, 73,6, 73.7, 174 ppm; ESIMS
(MeOH): m/z (%): 243.1 (3) [M�H]� , 265.2 (100) [M�Na]� , 281.2 (18)
[M�K]� ; HRESIMS: m/z calcd for C13H22O4Na: 265.1416; found:
265.1425; elemental analysis calcd (%) for C13H22O4 ¥ 0.25CH2Cl2: C
60.39, H 8.61; found: C 60.24, H 8.45.


Starting from 5 b and following the procedure described above, 17 b and
18b were obtained in 71% combined yield and 95:5 ratio after silica gel
chromatography (eluent: heptane/EtOAc 2:1), along with some unreacted
starting material.


8-Hydroxy-5-methyl-2-oxabicyclo[3.3.1]nonan-3-one (17 b): M.p. 134 �C
(heptane); [�]20D ��68 (c� 0.8 in chloroform); IR (film): �� � 3426, 2950,
2865, 1702, 1225 cm�1; 1H NMR (300 MHz, CDCl3): �� 1.01 (s, 3H), 1.40 ±
1.57 (m, 3H), 1.60 (dt, J� 1.8, 14.1 Hz, 1H), 1.90 (ddd, J� 3.0, 4.6, 14.1 Hz,
1H), 1.99 (m, 1H), 2.34 (d, J� 18.6 Hz, 1H), 2.44 (dd, J� 1.8, 18.6 Hz, 1H),
3.24 (br s, OH), 3.66 (m, 1H), 4.71 ppm (br s, 1H); 13C NMR (75 MHz,
CDCl3): �� 26.8, 29.4, 29.7, 36.2, 36.9, 42.8, 71.1, 79.7, 171.9 ppm; ESIMS
(MeOH): m/z (%): 171.0 (12) [M�H]� , 192.8 (100) [M�Na]� , 208.8 (30)
[M�K]� , 362.8 (75) [2M�Na]� , 378.7 (2) [2M�K]� ; elemental analysis
calcd (%) for C9H14O3: C 63.51, H 8.29; found: C 63.48, H 8.51.


8-Hydroxy-5-methyl-3-oxabicyclo[3.2.2]nonan-2-one (18 b): M.p. 94 ± 95 �C
(diethyl ether); [�]20D ��13 (c� 0.6 in chloroform); IR (film): �� � 3429,
2926, 2870, 1723, 1454, 1079 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.96 (s,
3H), 1.40 ± 1.54 (m, 1H), 1.61 ± 1.80 (m, 3H), 1.92 ± 2.07 (m, 2H), 3.15 (td,
J� 2.2, 5.6 Hz, 1H), 3.93 (dd, J� 1.9, 11.6 Hz, 1H), 4.09 (dd, J� 1.9,
11.6 Hz, 1H), 4.18 ppm (ddd, 3.9, 6.1, 8.2 Hz, 1H); 13C NMR (75 MHz,
CDCl3): �� 20.5, 26.7, 29.8, 34.4, 41.5, 48.3, 67.1, 79.3 (C4), 174.8 ppm (C2);
ESIMS (MeOH): m/z (%): 171.2 (27) [M�H]� , 193.1 (68) [M�Na]� , 209.0
(42) [M�K]� , 363.2 (100) [2M�Na]� , 379.1 (16) [2M�K]� ; elemental
analysis calcd (%) for C9H14O3 ¥ 0.15H2O: C 62.52, H 8.34; found: C 63.51,
H 8.29.


Starting from 19a and following the procedure described above, 20 a and
24a were obtained in 56% combined yield and 30:70 ratio, along with
unreacted starting material (43%).


6-tert-Butoxy-8-(tert-butyldimethylsilanyloxy)-5-methyl-2-oxabicyclo-
[3.2.2]nonan-3-one (20 a): M.p. 109 ± 110 �C (diethyl ether/heptane);
[�]20D ��9 (c� 1.0 in chloroform); IR (film): �� � 2928, 2856, 1715,
1082 cm�1; 1H NMR: (800 MHz, CDCl3): �� 0.08 (2 s, 6H), 0.88 (s, 9H),
0.91 (s, 3H), 1.17 (s, 9H), 1.63 (dd, J� 4.2, 14.6 Hz, 1H), 1.85 (ddd, J� 2.6,
8.6, 14.6 Hz, 1H), 2.11 (m, 2H), 2.45 (dd, J� 1.3, 18.3 Hz, 1H), 3.01 (dd, J�
2.6, 18.3 Hz, 1H), 3.43 (ddd, J� 1.0, 5.1, 7.4 Hz, 1H), 3.97 (ddd, J� 4.2, 4.3,
8.6 Hz, 1H), 4.28 ppm (m, 1H); 13C NMR (200 MHz, CDCl3): ���4.8
(2C), 18.0, 25.7 (3C), 27.9, 28.8 (3C), 34.7, 36.8, 42.8, 43.7, 67.6, 70.2, 73.6,
77.2, 172.9 ppm; ESIMS (MeOH):m/z (%): 357.2 (54) [M�H]� , 379.1 (100)
[M�Na]� , 395.1 (19) [M�K]� ; elemental analysis calcd (%) for C19H36O4-
Si: C 64.00, H 10.18; found: C 63.97, H 10.22.


6-tert-Butoxy-8-(tert-butyldimethylsilanyloxy)-5-methyl-3-oxabicyclo-
[3.2.2]nonan-2-one (24 a): M.p. 88 ± 89 �C (heptane); [�]20D ��36 (c� 1.1 in
chloroform); IR (film): �� � 2934, 1715, 1070 cm�1; 1H NMR (300 MHz,
CDCl3): �� 0.06 (s, 6H), 0.88 (s, 12H), 1.16 (s, 9H), 1.70 (dd, J� 4.2,
14.6 Hz, 1H), 1.87 (m, 2H), 2.06 (m, 1H), 2.95 (m, 1H), 3.41 (dd, J� 4.6,
8.3 Hz, 1H), 3.74 (d, J� 11.6 Hz, 1H), 4.00 (m, 1H), 4.35 ppm (dd, J� 1.7,
11.6 Hz, 1H); 13C NMR (75 MHz, CDCl3): ���4.8, �4.9, 18.0, 24.5, 25.7
(3C), 28.8 (3C), 32.3, 39.2, 42.3, 49.0, 66.7, 69.6, 73.4, 73.5, 174 ppm; ESIMS
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(MeOH): m/z (%): 357.2 (47) [M�H]� , 379.1 (12) [M�Na]� , 395.0 (5)
[M�K]� ; elemental analysis calcd (%) for C19H36O4Si: C 64.00, H 10.18;
found: C 64.33, H 10.15.


Starting from 19 b and following the procedure described above, 20b and
24b were obtained in 73% combined yield and 10:90 ratio after
chromatography (eluent: heptane/EtOAc 20:1), along with unreacted
starting material (20%).


8-(tert-Butyldimethylsilanyloxy)-5-methyl-2-oxabicyclo[3.2.2]nonan-3-one
(20 b): [�]20D ��33 (c� 0.5 in chloroform); IR (film): �� � 3406, 2938, 2864,
1713, 1235, 1075 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.08 (s, 6H), 0.89
(s, 9H), 0.95 (s, 3H), 1.43 ± 1.70 (m, 3H), 1.76 (m, 1H), 1.87 (ddd, J� 2.7, 8.1,
14.2 Hz, 1H), 2.20 (m, 1H), 2.59 (dd, J� 2.7, 18.5 Hz, 1H), 2.80 (dd, J� 2.5,
18.5 Hz, 1H), 4.05 (m, 1H), 4.37 ppm (m, 1H); 13C NMR (75 MHz, CDCl3):
���5.0, �4.9, 18.0, 25.0, 25.7 (3C), 29.9, 30.4, 30.7, 43.4, 49.8, 68.3, 76.5,
173.0 ppm; ESIMS (MeOH): m/z (%): 285.2 (13) [M�H]� , 307.2 (100)
[M�Na]� , 323.1 (45) [M�K]� ; HRMS (MALDI-TOF): m/z calcd for
C15H28O3Si: 285.18860; found: 285.18979; elemental analysis calcd (%) for
C15H28O3Si: C 63.33, H 9.92; found: C 61.25, H 9.71.


8-(tert-Butyldimethylsilanyloxy)-5-methyl-3-oxabicyclo[3.2.2]nonan-2-one
(24 b): [�]20D ��29 (c� 1.1 in chloroform); IR (film): �� � 2951, 2929, 2853,
1723, 1464, 1062 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.08 (s, 6H), 0.88
(s, 9H), 0.93 (s, 3H), 1.39 ± 2.03 (m, 6H), 3.12 (m, 1H), 3.82 (dd, J� 2.3,
11.4 Hz, 1H), 4.09 (dd, J� 1.6, 7.3 Hz, 1H), 4.16 ppm (d, J� 11.4 Hz, 1H);
13C NMR (75 MHz, CDCl3): ���5.0,�4.9, 17.9, 20.5, 25.7 (3C), 26.8, 29.2,
33.8, 43.3, 48.8, 67.6, 78.6, 174.3 ppm; ESIMS (MeOH):m/z (%): 285.2 (14)
[M�H]� , 307.2 (100) [M�Na]� , 323.1 (47) [M�K]� ; elemental analysis
calcd (%) for C15H28O3Si: C 63.33, H 9.92; found: C 63.25, H 9.91.


Experimental procedure for TBS-deprotection of bicyclic lactones : Tetra-
butylammonium fluoride (1� in tetrahydrofuran; 1.7 mL, 1.7 mmol) was
added to a magnetically stirred solution of 20 (1.1 mmol) in dry THF
(10 mL) at �75 �C . The reaction mixture was allowed to warm from
�75 �C to �30 �C over 2.25 h (TLC monitoring). Ethyl acetate was then
added and, following extraction, the crude mixture was worked up as usual.
The residue was purified by chromatography (SiO2, eluent: heptane/
EtOAc 3:1) to give the corresponding lactone alcohols 16, which
subsequently underwent transesterification to give 17 (91%) directly.


Experimental procedure for reduction with lithium aluminium hydride :
Lithium aluminium hydride (1.0 mmol) was added to a magnetically stirred
solution of bicyclic lactone (1 mmol) in dry Et2O (5 mL) at 0 �C under
argon, and stirring was continued for 45 min at 0 �C. The reaction mixture
was then diluted with technical-grade Et2O, H2O was added, and the
reaction mixture was worked up as usual after extraction. In all cases
investigated some TBS-deprotection, which led to the corresponding triols,
was observed. The latter were easily converted to the corresponding
isopropylidene acetals 21.


4-tert-Butoxy-2-(tert-butyl-dimethylsilanyloxy)-5-(2-hydroxy-ethyl)-5-
methyl-cyclohexanol (23 a): M.p. 68 ± 69 �C (heptane); [�]20D ��4.9 (c� 1.1
in chloroform); IR (film): �� � 3400, 2956, 2930, 2858, 1658, 1462, 1362,
1061 cm�1; 1H NMR (800 MHz, [D6]DMSO): ���0.08 (s, 6H), 0.79 (s,
3H), 0.82 (s, 9H), 1.02 (dd, J� 2.2, 14.9 Hz, 1H), 1.09 (s, 9H), 1.48 (dt, J�
4.0, 12.0 Hz, 1H), 1.53 (ddd, J� 5.8, 9.0, 13.8 Hz, 1H), 1.67 (dd, J� 3.0,
14.9 Hz, 1H), 1.79 (dd, J� 7.0, 13.7 Hz, 1H), 1.83 (dt, J� 11.5, 12.0 Hz, 1H),
3.12 (dd, J� 3.5, 11.5 Hz, 1H), 3.44 (m, 2H), 3.58 (m, 2H), 3.94 (d, J�
2.0 Hz, 1H; C1-OH), 4.17 ppm (t, J� 5.0 Hz, 1H; CH2-OH); 13C NMR
(200 MHz, [D6]DMSO): ���4.7 (2C), 17.9, 25.7 (3C), 27.1, 28.7 (3C), 34.2,
35.5, 36.0, 38.4, 57.8, 68.3, 71.5, 72.7, 75.3; ESIMS (MeOH): m/z (%): 360.9
(32) [M�H]� , 382.8 (71) [M�Na]� , 398.8 (20) [M�K]� , 721.2 (13)
[2M�H]� , 743.3 (54) [2M�Na]� , 759.2 (7) [2M�K]� ; elemental analysis
calcd (%) for C19H40O4Si: C 63.28, H 11.18; found: C 63.11, H 11.11.


5-tert-Butoxy-2-(tert-butyldimethylsilanyloxy)-4-(2-hydroxyethyl)-4-meth-
ylcyclohexanol (22 a): [�]20D ��41 (c� 0.2 in chloroform); IR (film): �� �
3407, 2929, 2857, 1726, 1390, 1064, 1022 cm�1; 1H NMR (300 MHz, CDCl3):
�� 0.10 (s, 6H), 0.93 (s, 9H), 0.97 (s, 3H), 1.25 (s, 9H), 1.35 (m, 2H), 1.72
(dd, J� 4.6, 14.5 Hz, 1H), 1.85 (dt, J� 2.7, 12.7 Hz, 1H), 2.03 (dt, J� 9.8,
12.7 Hz, 1H), 2.37 (m, 1H), 3.23 (dd, J� 2.9, 9.8 Hz, 1H), 3.48 ± 3.62 (m,
2H), 3.68 (br t, 1H), 3.88 ppm (br s, 1H); 13C NMR (75 MHz, CDCl3): ��
�6.0, �5.2, 17.2, 24.2, 24.9 (3C), 27.6 (3C), 28.7, 33.4, 37.0, 39.7, 57.8, 69.3,
70.0, 74.2, 74.3 ppm; ESIMS (MeOH): m/z (%): 361.5 (100) [M�H]� ;
HRESIMS: m/z calcd for C19H40O4SiNa: 383.25936; found: 383.25964.


2-(tert-Butyldimethylsilanyloxy)-5-(2-hydroxyethyl)-5-methylcyclohexa-
nol (23 b): [�]20D ��10 (c� 0.9 in chloroform); IR (film): �� � 3379, 2930,
2856, 1254, 1078, 1022 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.08 (s, 6H),
0.91 (s, 9H), 0.92 (s, 3H), 1.12 (m, 1H), 1.34 (dd, J� 3.7, 13.5 Hz, 1H),
1.42 ± 1.53 (m, 2H), 1.57 (dt, J� 3.3, 9.6 Hz, 1H), 1.69 ± 1.87 (m, 3H), 3.63 ±
3.80 ppm (m, 4H); 13C NMR (75 MHz, CDCl3): ���5.9, �5.5, 17.1, 24.6,
24.7 (3C), 26.0, 31.5, 32.3, 38.8, 44.2, 58.1, 68.4, 70.2 ppm; ESIMS (MeOH):
m/z (%): 289.3 (100) [M�H]� , 311.3 (61) [M�Na]� , 327.3 (10) [M�K]� ;
elemental analysis calcd (%) for C15H32O3Si: C 62.45, H 11.18; found: C
62.27, H 11.11.


Experimental procedure for reduction with lithium aluminium hydride and
selective acetonide formation : Lithium aluminium hydride (1.0 mmol) was
added to a magnetically stirred solution of bicyclic lactone (1 mmol) in dry
Et2O (5 mL) at 0 �C under argon, and stirring was continued for 45 min at
0 �C. The reaction mixture was then diluted with technical-grade Et2O, H2O
was added, and the reaction mixture was worked up as usual after
extraction. The resulting crude triol was dissolved in dry acetone (10 mL),
and a catalytic amount of p-TosOH was added at 0 �C. The mixture was
stirred under argon at room temperature for 24 h in the presence of 4 ä
molecular sieves. The reaction mixture was filtered through a plug of basic
alumina, the acetone evaporated under reduced pressure, and the residue
was extracted with EtOAc. Usual workup gave, after chromatography, the
desired isopropylidene alcohols 21.


2-(6-tert-Butoxy-2,2,5-trimethylhexahydrobenzo[1,3]dioxol-5-yl)ethanol
(21 a): (eluent: heptane/EtOAc 5:1, 80%, two steps): [�]20D ��53 (c� 0.7 in
chloroform); IR (film): �� � 3430, 2977, 2932, 1462, 1367, 1219, 1077,
1040 cm�1; 1H NMR (300 MHz, CDCl3): �� 1.00 (s, 3H), 1.23 (s, 9H),
1.32 (s, 3H), 1.36 (ddd, J� 1.9, 5.3, 15.6 Hz, 1H), 1.55 (s, 3H), 1.55 (dd, J�
4.1, 15.6 Hz, 1H), 1.97 (m, 2H), 2.06 (dd, J� 1.6, 15.6 Hz, 1H), 2.50 (ddd,
J� 3.0, 10.3, 15.6 Hz, 1H), 3.16 (dd, J� 6.2, 9.5 Hz, 1H), 3.55 (m, 1H), 3.71
(m, 1H), 4.12 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): �� 26.1, 26.2,
28.5, 28.6 (3C), 34.6, 36.9, 39.1, 40.3, 58.8, 73.1, 73.8, 74.8, 75.0, 108.5 ppm;
ESIMS (MeOH):m/z (%): 309.2 (100) [M�Na]� ; HRESIMS:m/z calcd for
C16H30O4Na: 309.2042; found: 309.2029; elemental analysis calcd (%) for
C16H30O4: C 67.10, H 10.56; found: C 67.08, H 10.76.


2-(2,2,5-Trimethylhexahydro-benzo[1,3]dioxol-5-yl)ethanol (21 b): Follow-
ing the procedure described above, isopropylidene alcohol 21b was
obtained in 80% combined yield (eluent: heptane/EtOAc 5:1). [�]20D �
�10 (c� 0.6 in chloroform); IR (film): �� � 3429, 2933, 1379, 1216, 1053,
856 cm�1; 1H NMR (300 MHz, CDCl3): �� 0.91 (s, 3H), 1.16 (dddd, J� 1.2,
4.5, 6.5, 13.5 Hz, 1H), 1.33 (s, 3H), 1.49 (m, 1H), 1.51 (s, 3H), 1.59 (dd, J�
7.0, 13.7 Hz, 1H), 1.62 (d, J� 6.7 Hz, 1H), 1.67 (dd, J� 7.0, 13.7 Hz, 1H),
1.76 ± 1.92 (m, 2H), 3.73 (t, J� 7.0 Hz, 2H), 4.12 ± 4.22 ppm (m, 2H);
13C NMR (75 MHz, CDCl3): �� 24.1, 24.9, 26.0, 28.3, 32.0, 32.1, 38.7, 45.5,
59.1, 73.0, 73.2, 107.7 ppm; ESIMS (MeOH): m/z (%): 237.1 (100)
[M�Na]� ; HRESIMS: m/z calcd for C12H22O3Na: 237.1467; found:
237.1483; elemental analysis calcd (%) for C12H22O3 ¥ 0.1H2O: C 66.61, H
10.35; found: C 66.61, H 10.38.
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Synthesis of Hexasaccharide Fragments of Pectin


Mads H. Clausen and Robert Madsen*[a]


Abstract: Short syntheses of partially
methyl-esterified hexagalacturonates
1 ± 5 are described as part of the devel-
opment of strategies for the preparation
of larger pectic oligosaccharides. The
methodology is based on the repeated
coupling of galactose mono- and disac-
charide donors onto a galactose accept-
or until a hexagalactan is obtained. All
glycosylations are carried out with n-
pentenyl glycosides to provide good


yields of the desired � anomers. Penten-
yl disaccharide donors are prepared by
the coupling of two pentenyl galacto-
sides controlled by either the armed ±
disarmed effect or by converting one
pentenyl galactoside into the corre-


sponding galactosyl bromide or fluoride.
Two orthogonal protecting groups are
employed at C6, which makes it possible
to oxidize these positions to either the
carboxylic acid or to the methyl ester.
Each hexagalactan is therefore able to
bifurcate into two different hexagalac-
turonates with a reverse methyl-esterifi-
cation pattern. The methyl ester distri-
bution in the hexagalacturonates is con-
firmed by tandem mass spectrometry.


Keywords: carbohydrates ¥ glyco-
sylation ¥ oligosaccharides ¥ pectin
¥ synthetic methods


Introduction


Pectin is a complex polysaccharide, which is a major
component of the primary cell walls in higher plants.[1] In
the food industry pectin is used as a gelling and stabilizing
agent.[2] The main structural feature in pectin is a linear �1�
4-linked oligomer of �-galacturonic acid which is partially
methyl-esterified. The functionality of pectin, both in planta
and in commercial samples, is largely determined by the
extent and pattern of methyl esterification. However, methyl
esterification states are typically highly heterogeneous and
present a considerable challenge for detailed analysis.[3] The
development of molecular tools is important for the better
understanding of the biological roles of pectin and to enhance
its industrial applications.


Several pectin-degrading enzymes are essential for the
elucidation of pectin structure because their activity is
influenced by the extent and pattern of methyl esterification.
These enzymes include pectin and pectate lyase as well as
polygalacturonase, which all cleave the oligomer chain.[1, 4]


Pectin and pectate lyase operate by a �-elimination mecha-
nism, whilst polygalacturonase is a hydrolase. Another
important enzyme is pectin methyl esterase, which hydrolyzes


methyl esters.[1, 4] Chromatographic and mass spectrometric
analyses of the degradation products have shown that
polygalacturonases cleave preferentially between two uronic
acids.[5] The structural requirements for lyases and methyl
esterases are less certain, but it appears that they often prefer
small sequences of acid or ester units.[5] A major problem in
this regard is the lack of pectin fragments with a well-defined
methyl ester pattern which could serve to elucidate the
substrate specificity of these enzymes. With a better know-
ledge of their specificity, the utility of these enzymes for the
analysis of pectin would be greatly enhanced.[6]


Monoclonal antibodies are also important for the molecular
analysis of pectin. The binding of several antibodies is
dependent on methyl esterification state although for most
the detailed structure of the epitopes is not fully defined.[7]


The availability of well-defined oligogalacturonates would be
valuable for the elucidation of epitope structures.


We envisioned to make these pectin fragments available by
chemical synthesis, which required synthetic methods tailored
for this class of compounds. Although the common problems
in complex oligosaccharide synthesis have been recognized,[8]


a general solution to these challenges has not yet emerged and
the synthesis of larger saccharides still requires strategies
suited for the specifics of the target. We have recently
developed a procedure for synthesis of smaller pectin frag-
ments with a defined esterification pattern, which led to the
preparation of three different monomethylated trigalacturo-
nates.[9] While useful as reference compounds these trisac-
charides are in general too short to give reasonable rates when
employed as substrates for pectic enzymes.[10] In fact, recent
studies of several polygalacturonases and pectate lyases have
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revealed that in most cases four to six galacturonic acids are
accommodated in the active site.[11] As a result, substrates should
be at least hexameric to provide meaningful information about
the cleavage pattern of these enzymes. However, selectively
methyl-esterified oligogalacturonates larger than trisacchar-
ides have never previously been obtained pure on a prepa-
rative scale by synthesis or isolation from natural sources.[12, 13]


Herein, we report the synthesis of hexagalacturonates 1 ± 5
(Figure 1). Compounds 1 ± 4 all contain a block of three to
four acid or ester residues. As many pectic enzymes appear to
prefer small blocks of acids or esters these four molecules
should provide valuable information about their substrate
specificity. Compound 5 with an alternating acid ± ester
sequence serves as a reference, since it should not be cleaved
readily by any of the pectic enzymes.


Results and Discussion


Retrosynthesis : In our earlier work, we assembled small
oligogalacturonates by the coupling of galactose glycosyl
donors and acceptors followed by oxidation at C6.[9] The
glycosylations were carried out with n-pentenyl glycosyl
donors[14] possessing two different protecting groups at C6.[9]


Accordingly, hexagalacturonates 1 ± 5 will be prepared from
hexagalactans 6 ± 8 in which an ester group and a p-methoxy-
phenyl (PMP) ether group serve as orthogonal C6 protecting
groups (Figure 1). Hereby, C6 can be oxidized to either the
carboxylic acid or to the corresponding methyl ester. By
switching the order of these two oxidations hexagalacturonate
1 and 2 can arise from the same galactan 6, while 3 and 4 can
both originate from 7. Hexagalactans 6 and 7 will be prepared
from the same tetrasaccharide 11 by coupling with disacchar-
ides 9 and 10, respectively. This ability of the key intermedi-
ates to diverge into two products is an important feature,
which reduces the number of steps for preparation of 1 ± 4.


Hexagalacturonate 5 will arise from hexagalactan 8 con-
taining an alternating ether ± ester protecting group sequence
(Figure 1). The preparation of 8 will involve two consecutive
couplings with pentenyl disaccharide 13. An allyl group is
used as a temporary protecting group at C4� because this
group is stable to pentenyl glycosylations and can be removed
in the presence of ester and ether groups. We plan to assemble
this disaccharide by controlled coupling of two pentenyl
monosaccharides 15 and 16. The donor pentenyl glycoside 15
is fully protected with ether protecting groups, while the
acceptor pentenyl glycoside 16 has an ester group at C6 and
ether groups at C2 and C3. Electron-withdrawing ester groups
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Figure 1. Retrosynthesis for partially methyl-esterified hexagalacturonates 1 ± 5.
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are known to decrease the reactivity of glycosyl donors. It is
also known that two pentenyl glycosides can be selectively
coupled if the donor glycoside is fully protected with ether
groups while the acceptor is protected with ester groups at all
positions but one. This phenomenon has been termed the
™armed ± disarmed effect∫ where the donor is armed and the
acceptor disarmed toward the coupling reaction.[15] However,
this effect has never been extended to an acceptor which
contains only one ester group at C6 and two ether groups at
C2 and C3. The question is whether one ester group alone is
sufficiently electron-withdrawing to allow this selective cou-
pling to occur.
Pentenyl disaccharide 13 : To probe this modification of the
armed ± disarmed coupling protocol we carried out a number
of glycosylations between donor 15 and ester-protected
acceptors 16. All the glycosylations were performed with N-
iodosuccinimide (NIS) and a catalytic amount of triethylsilyl
trifluoromethanesulfonate (TESOTf) in CH2Cl2. The weaker
promoter iodonium dicollidine perchlorate (IDCP)[14] was not
reactive enough and led to incomplete conversion of the
coupling partners. In the first reaction, acetate protected
acceptor 16 a was employed giving rise to a 27 % yield (based
on 15) of the desired disaccharide 13 a (Table 1, entry 1). Small


amounts of oligomers originating from the initial homocou-
pling of 16 a were also obtained, but were not further
characterized. Disaccharide 13 a was obtained as a 6:1 � :�
mixture, which could not be separated. After removing the
acetate, the anomers were separated and fully characterized.


Although the yield of disaccharide 13 a was not syntheti-
cally useful it did provide some hope that the armed ± dis-
armed coupling would indeed be feasible. Several more
electron-withdrawing ester groups were therefore investigat-
ed. In fact, glycosylation with chloroacetate (ClAc) and
trichloroacetate (TCA) protected acceptors 16 b and 16 c
afforded a slightly higher yield of the corresponding disac-
charides 13 b and 13 c (Table 1, entries 2 and 3). It was also
attempted to prepare 16 with a trifluoroacetate at C6.
Unfortunately, this group was very sensitive to hydrolysis
upon purification by chromatography giving rise to low yields
in the preparation of 16 and the coupling to 15. Consequently,
attention then shifted toward electron-withdrawing aromatic


esters. Three acceptors containing benzoate groups at C6 were
prepared and glycosylated with 15 : 4-nitrobenzoate 16 d, 3,5-
dinitrobenzoate 16 e, and pentafluorobenzoate (PFBz) 16 f
(Table 1, entries 4 ± 6). Interestingly, these all gave rise to
higher yields of disaccharide 13 and the best result was
obtained with the pentafluorobenzoate at C6. The 52 % yield
of 13 f is an acceptable result for further synthetic applica-
tions. No other coupling products were observed by TLC, but
some unreacted acceptor 16 f was recovered. The controlled
coupling of 15 and 16 f represents a new application of the
armed ± disarmed effect in glycoside synthesis. The electronic
properties of the different ester groups are evident from the
chemical shift of the carbonyl group in the 13C NMR spectra
of 16 a ± 16 f. The disaccharides 13 a ± 13 f were in all cases
obtained as a 6:1 mixture of � and � anomers, regardless of the
ester protecting group. Unfortunately, the anomeric mixture
could not be separated by silica gel chromatography in any of
the six cases.


Pentenyl disaccharides 9 and 10 : We would also like to
prepare disaccharides 9 and 10 from the corresponding
pentenyl monosaccharides 12, 16 a, and 17 (Scheme 1). The
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armed ± disarmed protocol cannot be employed in this case
because donor 12 has an ester group at C6. Instead, 12 should
be converted into another glycosyl donor that can be coupled
under conditions not affecting a pentenyl moiety. Therefore,
the transformation of 12 into the corresponding glycosyl
fluoride and bromide was investigated. The conversion of
pentenyl glycosides into glycosyl bromides is a well-known
reaction,[16] while the conversion into glycosyl fluorides has
not been achieved before. On the other hand, thioglycosides
are known to undergo reaction into glycosyl fluorides in the
presence of N-bromosuccinimide (NBS) and (diethylamino)-
sulfur trifluoride (DAST).[17] In fact, subjecting pentenyl
glycoside 12 to these conditions gave glycosyl fluoride 18 as
a 3:1 � :� mixture which was purified by flash chromatography.
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Table 1. Coupling of pentenyl galactosides 15 and 16 controlled by the
armed ± disarmed effect.
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Entry Acceptor ester (�C�O[ppm]) Product Yield [%]


1 16a Ac (170.9) 13a 27
2 16b ClAc (167.1) 13b 33
3 16c TCA (161.8) 13c 35
4 16d 4-NO2Bz (164.6) 13d 42
5 16e 3,5-di-NO2Bz (162.5) 13e 46
6 16 f PFBz (158.7) 13 f 52
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The anomeric configurations were assigned on the basis of
1H NMR spectra. For the � anomer H1 appeared as a double
doublet at �� 5.60 ppm with JH1,F � 54 Hz and JH1,H2 � 2.8 Hz,
while in the � anomer H1 was observed at �� 5.19 ppm with
JH1,F � 53 Hz and JH1,H2 � 6.6 Hz. Subsequent coupling of this
anomeric mixture to acceptor 16 a was performed under
Mukaiyama conditions[18] to afford �-linked disaccharide 9 in
55 % yield and the corresponding � anomer in 18 % yield. In
this case, the anomeric configuration was determined from
13C NMR spectra. For the � anomer, the C1� signal appeared
at �� 100.5 ppm with JC1,H1 � 167.8 Hz, while C1� for the �


anomer was observed at �� 103.3 ppm with JC1,H1 �
159.6 Hz.[19]


To explore the alternative method, pentenyl galactoside 12
was titrated with bromine, which formed glycosyl bromide 19
very cleanly as judged by 1H NMR spectroscopy (Scheme 1).
Only the � anomer of 19 was observed with H1 as a doublet at
�� 6.41 ppm (JH1,H2� 2.0 Hz). Bromide 19 was too unstable to
be isolated and the crude reaction mixture was cannulated
into a solution of AgOTf, 4 ä molecular sieves, and acceptor
16 a. Hereby, the � anomer of disaccharide 9 was obtained in
40 % yield based on acceptor 16 a and only traces of the
corresponding � anomer were observed. All in all, this latter
synthesis of 9 is more convenient than the glycosyl fluoride
route. It involves only one chromatographic purification and
the overall yield from 12 is approximately the same in both
cases. Thus, bromide 19 was also adopted for coupling to
acceptor 17 to furnish �-linked disaccharide 10 in 61 % yield.


Tetragalactan 11: The tetrasaccharide 11 was prepared by two
consecutive couplings of monosaccharide donor 21 to di-
saccharide acceptor 20 (Scheme 2). Both 20 and 21 were
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prepared in our earlier study.[9] In the donor 21 a chloroace-
tate at C4 serves as a temporary protecting group during the
glycosylations. It is removed after the coupling with thiourea
leaving the primary acetate unaffected. The glycosylation
between 20 and 21 was performed with NIS and TESOTf to
furnish the desired trisaccharide, which was subsequently
treated with thiourea to afford alcohol 22 in 88 % overall yield
as a pure � anomer. Coupling again to donor 21 followed by
chloroacetate removal gave tetrasaccharide 11 in 90 % yield.


Hexagalacturonates 1 ± 4 : Having finished the preparation of
the necessary building blocks, the stage was now set for
synthesis of hexamers 1 ± 4. Compounds 1 and 2 were first
prepared and the synthesis commenced with the coupling of 9
and 11 (Scheme 3). In the workup the three primary acetyl
groups were removed by Zemple¬n deacetylation and hexa-
saccharide 23 was obtained in a satisfying 71 % overall yield as
the pure � anomer. Oxidation to uronic acid and esters was
achieved by a one-pot procedure. The primary alcohols were
oxidized by the Dess ± Martin periodinane[20] and the crude
trialdehyde further oxidized with sodium chlorite. The
obtained triacid was then esterified with either TMSCHN2


[21]


to give 24 (44 % yield from 23) or with PhCHN2
[22] to afford 25


(59 % yield from 23). The latter benzyl protection reaction
should be noticed. It is a very mild and efficient method for
masking the carboxylic acids until they will be liberated again
after the final hydrogenolysis. Furthermore, the benzyl
protection of the acids facilitates handling and purification
of the intermediates.


To complete the syntheses the PMP ethers in 24 and 25
were removed and the obtained triols oxidized and esterified
to the corresponding benzyl and methyl esters. In this way, 26
was obtained from 24 in 48 % overall yield, while 27 was
prepared from 25 in 30 % yield. Deprotection of the benzyl
ethers and esters in 26 and 27 then provided selectively
trimethyl-esterified hexagalacturonates 1 and 2. The struc-
tures of 1 and 2 were confirmed by tandem mass spectrometry
using the electrospray ionization technique with an ion-trap
mass spectrometer.[5a] Fragmentation of the molecular ion of 1
and 2 occurred in both cases from the reducing end liberating
one galacturonic acid unit at the time, as shown with 2 in
Figure 2. Hereby, the ions of the corresponding penta-, tetra-,
tri-, and digalacturonates were observed which indicated the
positions of the methyl ester groups in 1 and 2. The 1H and
13C NMR spectra of 1 and 2 were more complex due to the
similarity of the six galacturonic acid units and the anomeric
mixture at the reducing end.


A similar series of reactions were employed for preparation
of 3 and 4 (Scheme 3). Coupling of 10 and 11 followed by
deacetylation gave hexasaccharide 28 in a very good 93 %
yield. Oxidation and esterification of the two primary alcohols
was then carried out using the same one-pot procedure as
described above. Hereby, dimethyl ester 29 was obtained in
44 % yield from 28 while dibenzyl ester 30 was prepared in a
slightly higher 52 % yield. The four PMP groups between
these two ester moieties were then removed followed by
another round of oxidations and esterifications. This gave rise
to tetrabenzyl ester 31 in 42 % yield from 29, while tetra-
methyl ester 32 was prepared in 31 % yield from 30. Finally,
hydrogenolysis of 31 and 32 furnished the target hexagalac-
turonates 3 and 4, respectively. Again, the analysis by tandem
mass spectrometry verified the structures of these two
hexagalacturonates.


Hexagalacturonate 5 : The alternating acid ± ester sequence in
hexamer 5 required a different synthetic strategy than
employed for hexamers 1 ± 4. Two consecutive couplings
should now be performed with disaccharide 13 f to mono-
saccharide acceptor 14. Unfortunately, it was impossible to
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obtain 13 f anomerically pure. Coupling with an anomeric
mixture of 13 f did cause some concern with regard to
purification of the coupling products. However, all the
previous pentenyl couplings in Scheme 2 and Scheme 3
proceeded with very high �-selectivity and separating the
coupling products was not a problem. Consequently, acceptor
14 was glycosylated with the anomeric mixture of 13 f
followed by removal of the allyl protecting group at C4��
(Scheme 4). Gratifyingly, it was possible to isolate a good
yield of anomerically pure trisaccharide 33. Initially, removal
of the allyl group did create some problems. Excess Pd(OAc)2


in aqueous acidic acid is often employed as a protocol for allyl
group removal in carbohydrate chemistry.[23] Unfortunately,
when these conditions were applied in our case a substantial
amount of the propan-2-on-1-yl substituted trisaccharide was
obtained as a by-product most likely arising from a competing
Wacker oxidation. This prompted us to look for other
methods. In this regard, several transition metal complexes
are known to catalyze isomerization of allyl ethers to prop-2-
en-1-yl ethers.[23] Wilkinson×s catalyst [ClRh(PPh3)3] is often
used for this purpose, but in our case it reacted too slowly.
Instead, we treated Wilkinson×s catalyst with butyl lithium
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Scheme 3. a) NIS, TESOTf, CH2Cl2, �20 �C, then NaOMe, MeOH, THF; b) Dess ± Martin periodinane, CH2Cl2, then NaClO2, NaH2PO4, THF, tBuOH,
H2O, then TMSCHN2, THF, MeOH; c) Dess ± Martin periodinane, CH2Cl2, then NaClO2, NaH2PO4, THF, tBuOH, H2O, then PhCHN2, EtOAc; d) CAN,
MeCN, H2O; e) H2, Pd/C, THF, MeOH, H2O.


Figure 2. ESI MS/MS spectrum of hexagalacturonate 2.
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prior to the isomerization which is known to generate a more
reactive catalyst in situ, presumably [HRh(PPh3)3].[24] With
this method the allyl group was isomerized completely in 1 h
to provide a 2:1 mixture of (Z) and (E)-prop-2-enyl ethers as
determined by 1H NMR spectroscopy. These were then
cleaved by addition of methanol and acidic ion-exchange
resin followed by stirring for 24 h. Despite the long reaction
time this procedure gave very clean removal of the allyl group
without affecting the pentafluorobenzoyl group.


Trisaccharide 33 was then ready for another glycosylation
with the anomeric mixture of disaccharide 13 f. Again, the
coupling followed by allyl group removal generated a pure
coupling product 34. In this case, cleavage of the allyl ether by
isomerization and methanolysis was slower than with the
trisaccharide above, but the reaction still proceeded very
cleanly. Pentasaccharide 34 was then coupled with mono-
saccharide donor 12. The crude product was subjected to
alkaline methanol solution to remove the acetyl group and the
two pentafluorobenzoyl groups. Hereby, hexasaccharide 35
was isolated in 41 % overall yield. The three primary hydroxy
groups were then oxidized to methyl esters to give triester 36.
Oxidative cleavage of the PMP ethers followed by another
round of alcohol oxidations then afforded protected hexaga-
lacturonate 37. Ultimately, hydrogenolysis gave the desired
trimethyl esterified hexamer 5. The alternating acid ± ester
sequence was confirmed by tandem mass spectrometry where
fragmentation again occurred from the reducing end with one
monosaccharide at the time. Finally, a general trend should be
noticed about the 13C NMR data for all the galactose and
galacturonic acid containing compounds in this study. The
anomeric carbon atom in an �-glycosidic linkage is always
found in the �� 98 ± 101 ppm range, while C1 for a �-linkage
appears between �� 102 and 105 ppm. These values are in
accordance with earlier observations.[9]


Preliminary experiments have revealed that hexagalactur-
onates 1 and 3 are cleaved by endo-polygalacturonase I and II
from Aspergillus niger while hexamers 2, 4, and 5 are not
substrates for these two enzymes.[25] These observations
confirm that endo-polygalacturonase preferentially cleaves
the oligomer chain between two galacturonic acid residues.
The results are promising and show that the synthetic
hexagalacturonates can be used as substrates for studying
the cleavage pattern of pectic enzymes. Details of the
enzymatic studies will be published elsewhere.


Conclusion


In conclusion, we have developed a general and divergent
protocol for synthesis of selectively methyl-esterified oligo-
mers of galacturonic acid. The syntheses feature several
different aspects of pentenyl glycoside chemistry particularly
coupling of two pentenyl glycosides controlled by either the
armed ± disarmed effect or by prior conversion of the donor
glycoside into a glycosyl halide. This has resulted in the
assembly of hexagalacturonates 1 ± 5, where about 100 mg has
been obtained of each oligomer. These constitute the most
complex oligogalacturonates with a well-defined esterifica-
tion pattern prepared to date. Currently, hexamers 1 ± 5 are
being investigated as substrates for several pectic enzymes
and as tools for the elucidation of the precise epitope
structures of a number of monoclonal antibodies.


Experimental Section


General : Thin-layer chromatography was performed on aluminum plates
precoated with silica gel. Compounds were visualized by heating after


¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3821 ± 38323826


HO
O


O
O


O
O


BnO


BnO


BnO


BnO


BnO


BnO


OPMP


OPFBz


OPMP


OBn


O
BnO


BnO


O
O


O
O


O
O


O
O


O
O


BnO


BnO


BnO


BnO


BnO


R1


BnO
R2


BnO
R1


BnO


BnO
R1


BnO
R2


BnO


R2


OBn


HO
O


O
O


O
O


O
O


O
O


BnO


BnO


BnO


BnO


BnO


BnO


BnO


BnO


BnO


BnO


OPMP


OPFBz


OPFBz


OPMP


OPMP


OBn


13f   +   14


35: R1 = CH2OH, R2 = CH2OPMP


a a


41%


b


62% 51%
5


e


36: R1 = COOMe, R2 = CH2OPMP


37: R1 = COOMe, R2 = COOBn


34


33


c


d


54%


31%


Scheme 4. a) NIS, TESOTf, CH2Cl2, �20 �C, then [ClRh(PPh3)3], nBuLi, THF, 67 �C, then Amberlite IR-120 (H�), MeOH, 50 �C; b) NIS, TESOTf, CH2Cl2,
�20 �C, then NaOMe, MeOH, THF; c) Dess ± Martin periodinane, CH2Cl2, then NaClO2, NaH2PO4, THF, tBuOH, H2O, then TMSCHN2, THF, MeOH;
d) CAN, MeCN, H2O, then Dess ± Martin periodinane, CH2Cl2, then NaClO2, NaH2PO4, THF, tBuOH, H2O, then PhCHN2, EtOAc; e) H2, Pd/C, THF,
MeOH, H2O.
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dipping in a solution of Ce(SO4)2 (2.5 g) and (NH4)6Mo7O24 (6.25 g) in 10%
aqueous H2SO4 (250 mL). Flash chromatography was performed using
silica gel 60. Optical rotations were measured with a Perkin-Elmer 241
polarimeter. NMR spectra were recorded on a Varian Unity Inova 500 or a
Varian Mercury 300 spectrometer. Unless otherwise stated 1H and
13C NMR spectra were recorded in CDCl3 solution at 500 and 75 MHz,
respectively. Mass spectrometry was carried out at the Department of
Biochemistry and Molecular Biology, University of Southern Denmark.
Tandem mass spectra were acquired on an Esquire-LC quadrupole ion-trap
mass spectrometer (Bruker Daltonik) using electrospray ionization in the
negative-ion mode. Microanalyses were conducted by the Department of
Chemistry at the University of Copenhagen.


General procedure for acylations to prepare 16 a ± 16 f : Pent-4-enyl 2,3-di-
O-benzyl-�-�-galactopyranoside[9] (4.28 g, 10.0 mmol) was dissolved in
anhydrous CH2Cl2 (40 mL). The solution was cooled to 0 �C followed by
addition of Et3N (2.23 mL, 16.0 mmol) and the acyl anhydride or chloride
(11 mmol). The mixture was stirred at 0 �C until TLC revealed full
conversion (0.5 ± 2 h). Silica gel (10 g) was added and the mixture was
concentrated and purified by flash chromatography.


General procedure for armed ± disarmed glycosylation reactions (Table 1):
A mixture of 15 (1.0 mmol) and the acceptor (1.3 mmol) was dried
azeotropically with toluene and subjected to high vacuum for 2 h. The
mixture was dissolved in anhydrous CH2Cl2 (13 mL), cooled to �20 �C,
followed by addition of NIS (293 mg, 1.3 mmol) and TESOTf (0.06 mL,
0.26 mmol). The reaction mixture was stirred at �20 �C for 30 min. The
solution was diluted with CH2Cl2 and washed with 10 % aqueous Na2S2O3


and saturated aqueous NaHCO3. The combined aqueous phases were
extracted with CH2Cl2. The combined organic phases were dried,
concentrated, and purified by flash chromatography.


General procedure for glycosylations via glycosyl bromides (Scheme 1):
Pentenyl glycoside 12[9] (9.0 mmol) was dissolved in anhydrous CH2Cl2


(30 mL), cooled to 0 �C, and titrated with a 1� solution of Br2 in CH2Cl2


until a faint yellow color persisted. The solution was cannulated into a
mixture of the acceptor (5.0 mmol), 4ä MS (10 g), and AgOTf (3.47 g,
13.5 mmol) in anhydrous CH2Cl2 (15 mL) at �50 �C. The reaction was
stirred at �50 �C and monitored by TLC (2 ± 4 h). It was then quenched by
addition of saturated aqueous NaHCO3 (50 mL), allowed to reach room
temperature and filtered through Celite. The pad was rinsed with CH2Cl2.
The phases were separated and the aqueous phase extracted with CH2Cl2.
The combined organic phases were dried, concentrated, and purified by
flash chromatography.


General procedure for glycosylations via pentenyl glycosides (Schemes 2 ±
4): A mixture of the donor (6.5 mmol) and the acceptor (5.0 mmol) was
dried azeotropically with toluene and subjected to high vacuum for 2 h. The
mixture was dissolved in anhydrous CH2Cl2 (60 mL), cooled to �20 �C,
followed by addition of NIS (1.49 g, 6.63 mmol) and TESOTf (0.29 mL,
1.3 mmol). The reaction mixture was stirred at �20 �C until TLC revealed
full conversion of the donor (15 ± 45 min). Workup as described above.


General procedure for removal of chloroacetyl group (Scheme 2): The
protected saccharide (5 mmol) was dissolved in THF (50 mL). Thiourea
(1.14 g, 15 mmol), NaHCO3 (1.39 g, 16.5 mmol), and Bu4NI (369 mg,
1 mmol) were added and the suspension heated to 55 �C. The reaction
was monitored by TLC until full conversion was observed (12 ± 24 h). The
mixture was cooled, filtered, concentrated, and purified by flash chroma-
tography.


General procedure for removal of allyl group (Scheme 4): Wilkinson×s
catalyst [ClRh(PPh3)3] (463 mg, 1.0 mmol, prepared from RhCl3 ¥ 3H2O[26])
was dissolved in anhydrous THF (27 mL) and the solution was degassed.
nBuLi (0.75 mL, 1.6� in hexanes, 1.2 mmol) was added, and the mixture
was stirred for 10 min. A degassed solution of the protected saccharide
(5 mmol) in anhydrous THF (40 mL) was heated to reflux, and the solution
of the catalyst was added. The reaction mixture was refluxed until 1H NMR
spectroscopy revealed full conversion into the vinyl ether (1 ± 6 h). It was
then cooled to 50 �C followed by addition of MeOH (140 mL) and
Amberlite IR-120 (H�) (15 mL). The resulting mixture was stirred at 50 �C
until TLC revealed full conversion (24 ± 36 h). The resin was filtered off,
washed with CH2Cl2, and the filtrate was concentrated and purified by flash
chromatography.


General procedure for removal of acyl groups (Scheme 3 and 4): The
protected saccharide (1 mmol) was dissolved in THF (25 mL) and MeOH


(50 mL). Sodium (12 mg, 0.5 mmol) was added followed by stirring at 20 �C
until full conversion was observed by TLC (1 ± 24 h). The reaction was
quenched with Amberlite IR-120 (H�) (5 mL) and stirred for an additional
30 min. The resin was filtered off, washed with CH2Cl2, and the filtrate was
concentrated and purified by flash chromatography.


General procedure for removal of the 4-methoxyphenyl group (Scheme 3
and 4): The protected saccharide (0.5 mmol) was dissolved in MeCN
(20 mL) and cooled to 0 �C. A solution of cerium ammonium nitrate (CAN;
5 equiv/PMP group) in water (5 mL) was added. The reaction mixture was
stirred for 15 min, then diluted with CHCl3 and washed twice with H2O. The
combined aqueous phases were extracted with CHCl3. The combined
organic phases were dried, concentrated, and purified by flash chromatog-
raphy.


General procedure for oxidation to uronic acid (Scheme 3 and 4): To a
suspension of the Dess ± Martin periodinane (1.5 equiv/alcohol) in anhy-
drous CH2Cl2 (36 mL) was added a solution of the hexasaccharide
(0.5 mmol) in CH2Cl2 (24 mL). The reaction was stirred for 45 ± 60 min,
then diluted with Et2O (120 mL), quenched with 10% aqueous Na2S2O3


(120 mL), and stirred for an additional 30 min. The organic phase was
separated and washed with saturated aqueous NaHCO3. The combined
aqueous phases were extracted with Et2O (100 mL). The combined organic
phases were dried and concentrated. The crude aldehyde was taken up in
THF (11 mL) followed by addition of tBuOH (26 mL), 2-methylbut-2-ene
(50 equiv/aldehyde), and a solution of NaClO2 (10 equiv/aldehyde) and
NaH2PO4 ¥ H2O (7.5 equiv/aldehyde) in H2O (11 mL). The reaction was
stirred at 20 �C until full conversion was observed by TLC (1 ± 2 h). The
mixture was concentrated to half the volume and acidified with 1� aqueous
HCl. The aqueous phase was extracted three times with EtOAc. The
combined organic phases were dried and concentrated to afford the crude
acid.


General procedure for methyl esterification (Scheme 3 and 4): The crude
product from the oxidation was taken up in THF (2.8 mL) and MeOH
(25 mL) followed by addition of TMSCHN2 (2� solution in hexanes,
6 equiv/acid). The reaction was stirred for 12 ± 24 h and monitored by TLC
(more TMSCHN2 added if necessary). When full conversion was observed,
the reaction mixture was concentrated and purified by flash chromatog-
raphy.


General procedure for benzyl esterification (Scheme 3 and 4): The crude
product from the oxidations was taken up in EtOAc (30 mL) and titrated
with PhCHN2


[22] (0.5� solution in Et2O, 1.5 ± 2 equiv/acid) until full
conversion was observed by TLC (1 ± 2 h). The reaction mixture was
concentrated and purified by flash chromatography. Note: PhCHN2 is
potentially explosive and may burn violently when exposed to air. Can be
redistilled under high vacuum at room temperature and should not be
subjected to temperatures above 30 �C. Obtained as a red liquid, which
solidifies at temperatures below �30 �C.


General procedure for hydrogenolysis (Scheme 3 and 4): The protected
hexagalacturonate (0.1 mmol) was dissolved in THF (5 mL) and MeOH
(15 mL). Then 10 % Pd/C (125 mg) was added and an atmosphere of H2


(1 atm) was installed. The reaction mixture was stirred for 2 ± 3 h followed
by addition of H2O (5 mL). The stirring under the H2 atmosphere was then
continued until TLC revealed only one spot (12 ± 30 h). The mixture was
filtered through Celite, and lyophilized yielding a white solid.


Pent-4-enyl 6-O-acetyl-2,3,4-tri-O-benzyl-�-�-galactopyranosyl-(1� 4)-6-
O-acetyl-2,3-di-O-benzyl-�-�-galactopyranoside (9): [�]20


D ��38.3 (c�
0.5, CHCl3); 1H NMR: �� 7.46 ± 7.18 (m, 25H), 5.82 (m, 1 H), 5.03 (dq,
J� 16.8, 1.5 Hz, 1 H), 4.99 ± 4.66 (m, 11 H), 4.59 (d, J� 11.2 Hz, 1 H), 4.44 ±
4.29 (m, 4 H), 4.13 ± 4.02 (m, 3H), 3.98 ± 3.86 (m, 4 H), 3.64 (dd, J� 9.7,
7.6 Hz, 1H), 3.55 (dt, J� 9.7, 7.1 Hz, 1 H), 3.49 (t, J� 6.6 Hz, 1H), 3.38 (dd,
J� 10.2, 3.1 Hz, 1 H), 2.17 (m, 2H), 2.01 (s, 3 H), 1.81 (s, 3H), 1.77 ppm (m,
2H); 13C NMR: �� 170.59, 170.22, 138.83, 138.79, 138.60, 138.54, 138.43,
138.17, 115.03, 104.07, 100.46, 80.23, 79.14, 79.05, 76.54, 75.57, 75.15, 74.71,
74.60, 73.99, 73.10, 72.78, 72.41, 69.69, 69.01, 62.70, 62.65, 30.37, 29.14, 21.02,
20.89 ppm; ESI MS (944.4): m/z 967.5 [M � Na].


Pent-4-enyl 6-O-acetyl-2,3,4-tri-O-benzyl-�-�-galactopyranosyl-(1� 4)-
2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranoside (10):
[�]20


D ��33.0 (c� 1.2, CHCl3); 1H NMR: �� 7.40 ± 7.21 (m, 25H), 6.73 ±
6.64 (m, 4 H), 5.84 (m, 1H), 5.04 (dq, J� 17.1, 1.7 Hz, 1H), 5.03 (d, J�
3.4 Hz, 1H), 4.98 (bd, J� 10.2 Hz, 1H), 4.94 (d, J� 11.1 Hz, 1 H), 4.93 (d,
J� 11.1 Hz, 1H), 4.82 (d, J� 11.9 Hz, 1 H), 4.81 (d, J� 12.4 Hz, 1 H), 4.80
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(d, J� 11.1 Hz, 1H), 4.79 (d, J� 11.9 Hz, 1H), 4.73 (d, J� 12.6 Hz, 1H),
4.71 (d, J� 12.6 Hz, 1H), 4.58 (d, J� 12.4 Hz, 1H), 4.57 (d, J� 11.1 Hz,
1H), 4.43 ± 4.35 (m, 3 H), 4.13 (d, J� 3.0 Hz, 1H), 4.09 (dd, J� 10.2, 7.7 Hz,
1H), 4.08 ± 3.89 (m, 6H), 3.74 (s, 3 H), 3.69 (dd, J� 9.8, 7.7 Hz, 1H), 3.63
(dd, J� 7.7, 6.0 Hz, 1 H), 3.58 (dt, J� 9.4, 6.8 Hz, 1H), 3.46 (dd, J� 9.8,
3.0 Hz, 1 H), 2.19 (m, 2H), 1.80 (s, 3H), 1.79 ppm (m, 2 H); 13C NMR: ��
170.19, 153.87, 152.29, 138.71, 138.52, 138.43, 138.36, 138.32, 137.94, 115.36
(2C), 114.87, 114.54 (2C), 103.89, 99.92, 80.24, 78.89, 78.74, 76.29, 74.84,
74.47, 74.38, 74.33, 73.30, 72.87, 72.73, 72.39, 69.21, 68.61, 65.87, 62.47, 55.52,
30.18, 28.99, 20.63 ppm; ESI MS (1008.5): m/z 1031.6 [M � Na].


Benzyl 2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-
(1� 4)-2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-
(1� 4)-2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-
(1� 4)-6-O-acetyl-2,3-di-O-benzyl-�-�-galactopyranoside (11): 1H NMR:
�� 7.76 ± 7.08 (m, 45H), 6.75 ± 6.42 (m, 12H), 5.12 (d, J� 3.0 Hz, 1H), 5.09
(d, J� 3.4 Hz, 1 H), 5.04 (d, J� 3.8 Hz, 1 H), 5.00 (d, J� 11.5 Hz, 1H), 4.97
(d, J� 11.5 Hz, 1H), 4.93 (d, J� 11.9 Hz, 1 H), 4.90 (d, J� 11.9 Hz, 1H),
4.88 ± 4.23 (m, 25H), 4.10 (dd, J� 10.7, 2.1 Hz, 1H), 4.01 (dd, J� 10.7,
3.4 Hz, 1H), 3.98 (d, J� 2.6 Hz, 1 H), 3.95 ± 3.87 (m, 3H), 3.84 ± 3.68 (m,
4H), 3.76 (s, 3H), 3.71 (s, 3 H), 3.69 (s, 3H), 3.65 (dd, J� 8.1, 5.1 Hz, 1H),
3.58 (t, J� 6.8 Hz, 1 H), 3.50 (dd, J� 8.5, 4.3 Hz, 1H), 3.44 (dd, J� 9.8,
2.6 Hz, 1H), 2.49 (s, 1H), 2.12 ppm (s, 3H); 13C NMR: �� 170.55, 153.81,
153.76 (2C), 152.67, 152.53, 152.33, 115.34 (4C), 115.29 (2C), 114.68 (2C),
114.58 (2C), 114.46 (2C), 102.81, 100.91, 100.28, 100.00, 80.75, 79.12, 78.70,
78.35, 78.28, 75.79 (2C), 75.42, 75.38, 75.07, 74.66, 73.97, 73.58, 73.30, 73.05,
72.90, 72.76, 72.67, 72.38, 72.08, 71.09, 69.67, 69.44, 67.94, 66.62, 66.12, 64.43,
64.25, 62.44, 55.80, 55.75 (2C), 21.05 ppm; ESI MS (1837.8): m/z 1860.8
[M � Na]; elemental analysis calcd (%) for C110H116O25: C 71.88, H 6.36;
found: C 71.64, H 6.41.


Pent-4-enyl 4-O-allyl-2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galac-
topyranosyl-(1� 4)-2,3-di-O-benzyl-6-O-pentafluorobenzoyl-�-�-galacto-
pyranoside (13 f): [�]20


D ��32.5 (c� 1.7, CHCl3); IR(KBr): �� � 1742 cm�1;
1H NMR: �� 7.44 ± 7.17 (m, 20H), 6.76 ± 6.63 (m, 4H), 5.87 ± 5.77 (m, 2H),
5.13 (dq, J� 17.1, 1.7 Hz, 1 H), 5.06 ± 4.99 (m, 3H), 4.96 (bd, J� 10.2 Hz,
1H), 4.88 (d, J� 11.5 Hz, 1H), 4.86 (d, J� 11.5 Hz, 1H), 4.82 (d, J�
11.9 Hz, 1H), 4.82 (d, J� 11.9 Hz, 1 H), 4.78 ± 4.62 (m, 6 H), 4.43 (dd, J�
9.0, 4.7 Hz, 1 H), 4.36 ± 4.31 (m, 2 H), 4.12 ± 4.02 (m, 4H), 3.97 ± 3.89 (m,
3H), 3.72 (s, 3H), 3.69 (dd, J� 8.1, 4.7 Hz, 1 H), 3.66 (dd, J� 10.8, 8.3 Hz,
1H), 3.60 (t, J� 6.4 Hz, 1H), 3.54 (dt, J� 9.4, 6.8 Hz, 1H), 3.41 (dd, J� 9.8,
2.6 Hz, 1H), 2.17 (m, 2H), 1.77 ppm (m, 2 H); 13C NMR: �� 158.36, 153.86,
152.66, 145.40 (bd, JC,F� 263 Hz, 2C), 143.20 (bd, JC,F� 253 Hz, 1C), 138.70,
138.57, 138.50, 138.26, 137.98, 137.59 (bd, JC,F� 242 Hz, 2C), 135.43, 116.97,
115.31 (2C), 114.87, 114.53 (2C), 107.91 (m, 1C), 103.99, 101.17, 80.67, 79.07,
78.76, 76.98, 76.51, 75.18, 74.39, 74.21, 73.99, 73.16, 72.58, 72.31, 69.67, 69.46,
65.79, 64.79, 55.57, 30.23, 28.95 ppm; ESI MS (1110.4): m/z 1133.2 [M �
Na]; elemental analysis calcd (%) for C62H63F5O13: C 67.02, H 5.71; found:
C 66.68, H 5.58.


Pent-4-enyl 4-O-allyl-2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galac-
topyranosyl-(1� 4)-2,3-di-O-benzyl-�-�-galactopyranoside : [�]20


D ��32.7
(c� 0.7, CHCl3); 1H NMR: �� 7.44 ± 7.13 (m, 20 H), 6.78 ± 6.69 (m, 4H),
5.89 ± 5.76 (m, 2H), 5.16 (dq, J� 17.1, 1.7 Hz, 1H), 5.09 ± 5.04 (m, 2 H), 5.01
(dq, J� 17.1, 1.7 Hz, 1H), 4.96 (bd, J� 10.2 Hz, 1 H), 4.91 (d, J� 11.5 Hz,
1H), 4.82 (d, J� 11.1 Hz, 1H), 4.81 (d, J� 11.5 Hz, 1H), 4.76 (d, J�
11.5 Hz, 1H), 4.69 (d, J� 11.9 Hz, 1H), 4.68 (d, J� 11.5 Hz, 1 H), 4.67 (d,
J� 11.1 Hz, 1 H), 4.64 (d, J� 11.9 Hz, 1 H), 4.38 (dd, J� 8.5, 5.1 Hz, 1H),
4.34 (ddq, J� 12.8, 6.8, 1.3 Hz, 1H), 4.31 (d, J� 7.3 Hz, 1H), 4.10 (bdd, J�
12.4, 6.0 Hz, 1H), 4.08 ± 4.02 (m, 4 H), 3.96 (t, J� 8.7 Hz, 1H), 3.91 (dt, J�
9.8, 6.4 Hz, 1H), 3.79 ± 3.72 (m, 2 H), 3.72 (s, 3H), 3.64 (m, 1H), 3.62 (dd,
J� 9.8, 7.3 Hz, 1 H), 3.51 (dt, J� 9.8, 6.8 Hz, 1 H), 3.47 (bt, J� 7.0 Hz, 1H),
3.42 (dd, J� 9.8, 2.6 Hz, 1 H), 3.27 (bs, 1 H), 2.15 (m, 2H), 1.74 ppm (m,
2H); 13C NMR: �� 153.88, 152.72, 138.60, 138.46, 138.41, 138.02, 137.58,
135.30, 117.14, 115.45 (2C), 114.90, 114.58 (2C), 104.05 (JC,H � 156.7 Hz),
100.39 (JC,H� 168.1 Hz), 81.23, 79.08, 78.69, 77.54, 75.83, 75.02, 74.84, 74.13,
74.07, 73.97, 72.96, 72.31, 69.59, 69.57, 66.18, 60.18, 55.66, 30.21, 28.98 ppm;
elemental analysis calcd (%) for C55H64O12: C 72.03, H 7.03; found: C 71.69,
H 7.10.


Pent-4-enyl 4-O-allyl-2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galac-
topyranosyl-(1� 4)-2,3-di-O-benzyl-�-�-galactopyranoside : [�]20


D ��10.1
(c� 1.1, CHCl3); 1H NMR: �� 7.46 ± 7.13 (m, 20H), 6.81 ± 6.67 (m, 4H),
5.91 ± 5.76 (m, 2 H), 5.23 (d, J� 11.1 Hz, 1H), 5.22 (dq, J� 17.1, 1.7 Hz, 1H),
5.14 (bd, J� 10.2 Hz, 1H), 5.00 (dq, J� 17.1, 1.7 Hz, 1H), 4.95 (bd, J�


10.2 Hz, 1 H), 4.83 ± 4.68 (m, 7H), 4.44 (d, J� 11.1 Hz, 1H), 4.43 (ddt,
J� 12.8, 5.1, 1.3 Hz, 1H), 4.35 (d, J� 7.3 Hz, 1H), 4.22 (d, J� 2.6 Hz, 1H),
4.13 (dd, J� 9.4, 7.7 Hz, 1H), 4.07 (bdd, J� 12.8, 6.4 Hz, 1 H), 4.01 (dd, J�
9.8, 5.1 Hz, 1 H), 3.97 (m, 1 H), 3.94 (dt, J� 9.4, 6.6 Hz, 1 H), 3.92 (dd, J�
9.8, 7.7 Hz, 1H), 3.77 (s, 3H), 3.74 (d, J� 3.0 Hz, 1 H), 3.73 ± 3.67 (m, 2H),
3.62 (m, 1H), 3.56 (dd, J� 9.8, 3.0 Hz, 1 H), 3.52 (dt, J� 9.4, 6.8 Hz, 1H),
3.50 ± 3.44 (m, 2H), 3.41 (bs, 1H), 2.15 (m, 2 H), 1.76 ppm (m, 2H);
13C NMR: �� 154.53, 152.30, 139.29, 138.86, 138.73, 138.63, 138.23, 135.21,
117.17, 115.97 (2C), 114.94, 114.91 (2C), 104.90 (JC,H� 161.9 Hz), 104.05
(JC,H� 161.3 Hz), 81.66, 81.29, 80.34, 79.53, 75.42, 75.12, 73.99, 73.85, 73.81,
73.59, 73.31, 73.14, 72.83, 69.55, 67.96, 59.79, 55.88, 30.36, 29.11 ppm;
elemental analysis calcd (%) for C55H64O12: C 72.03, H 7.03; found: C 71.81,
H 7.20.


Pent-4-enyl 4-O-allyl-2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galac-
topyranoside (15): Alcohol 17 (5.35 g, 10 mmol) was dissolved in anhydrous
THF (30 mL). NaH (720 mg, 30 mmol) was added and the resulting
suspension stirred for 2 h before addition of allyl bromide (1.3 mL,
15 mmol). The mixture was stirred 24 h, then diluted with Et2O and
washed twice with H2O. The combined aqueous phases were extracted with
Et2O, and the combined organic phases were dried, concentrated, and
purified by flash chromatography to afford a white solid (6.32 g, 91%).
[�]20


D ��36.3 (c� 0.9, CHCl3); m.p. 52.5 ± 53 �C; 1H NMR: �� 7.40 ± 7.26
(m, 10 H), 6.91 ± 6.81 (m, 4H), 5.90 ± 5.78 (m, 2 H), 5.17 (bd, J� 17.5 Hz,
1H), 5.07 (bd, J� 10.2 Hz, 1H), 5.02 (dq, J� 17.1, 2.1 Hz, 1H), 4.99 (bd, J�
10.2 Hz, 1 H), 4.94 (d, J� 11.1 Hz, 1H), 4.79 (d, J� 12.2 Hz, 1 H), 4.78 (d,
J� 11.1 Hz, 1 H), 4.77 (d, J� 12.2 Hz, 1 H), 4.39 (d, J� 7.7 Hz, 1H), 4.37
(dd, J� 12.4, 5.6 Hz, 1H), 4.16 (t, J� 8.3 Hz, 1 H), 4.14 (dd, J� 12.8, 6.8 Hz,
1H), 4.07 (dd, J� 9.0, 5.1 Hz, 1H), 3.99 ± 3.92 (m, 2 H), 3.80 (dd, J� 9.8,
7.7 Hz, 1H), 3.78 (s, 3H), 3.70 (dd, J� 7.3, 5.6 Hz, 1 H), 3.58 ± 3.51 (m, 2H),
2.17 (m, 2H), 1.76 ppm (m, 2H); 13C NMR: �� 154.14, 152.63, 138.86,
138.52, 138.18, 135.43, 128.39, 128.29 (3C), 128.10 (3C), 127.60 (2C), 127.55,
117.22, 115.61 (2C), 114.85, 114.74 (2C), 104.05, 81.96, 79.68, 75.29, 73.97,
73.08, 73.00, 72.76, 69.37, 66.67, 55.74, 30.32, 29.06 ppm; elemental analysis
calcd (%) for C35H42O7: C 73.15, H 7.37; found: C 73.12, H 7.37.


Pent-4-enyl 6-O-acetyl-2,3-di-O-benzyl-�-�-galactopyranoside (16 a):
[�]20


D ��2.0 (c� 2.8, CHCl3); IR(KBr): �� � 1723 cm�1; 1H NMR: ��
7.40 ± 7.26 (m, 10H), 6.83 (m, 1H), 5.03 (dq, J� 17.1, 1.7 Hz, 1 H), 4.98
(bd, J� 10.2 Hz, 1 H), 4.93 (d, J� 11.1 Hz, 1H), 4.76 (d, J� 11.7 Hz, 1H),
4.75 (d, J� 11.1 Hz, 1H), 4.72 (d, J� 11.7 Hz, 1H), 4.39 ± 4.31 (m, 3H), 3.96
(dt, J� 9.4, 6.4 Hz, 1H), 3.93 (bs, 1H), 3.65 (dd, J� 9.4, 7.7 Hz, 1H), 3.61 ±
3.54 (m, 2H), 3.51 (dd, J� 9.4, 3.4 Hz, 1 H), 2.49 (bs, 1 H), 2.18 (m, 2 H), 2.08
(s, 3 H), 1.77 ppm (m, 2 H); 13C NMR: �� 170.88, 138.66, 138.18, 137.92,
128.62 (2C), 128.44 (2C), 128.22, 128.08 (2C), 127.96 (2C), 127.77, 115.01,
103.80, 80.56, 78.96, 75.33, 72.80, 71.88, 69.46, 66.85, 63.17, 30.36, 29.13,
21.02 ppm; elemental analysis calcd (%) for C27H34O7: C 68.92, H 7.27;
found: C 68.84, H 7.30.


Pent-4-enyl 2,3-di-O-benzyl-6-O-chloroacetyl-�-�-galactopyranoside
(16 b): [�]20


D ��0.7 (c� 0.9, CHCl3); m.p. 62 ± 63.5 �C; IR (KBr): �� �
1745 cm�1; 1H NMR: �� 7.39 ± 7.26 (m, 10H), 5.83 (m, 1 H), 5.03 (dq, J�
17.1, 1.7 Hz, 1H), 4.98 (bd, J� 10.2 Hz, 1H), 4.92 (d, J� 11.1 Hz, 1 H), 4.76
(d, J� 11.7 Hz, 1H), 4.76 (d, J� 11.1 Hz, 1 H), 4.71 (d, J� 11.7 Hz, 1H),
4.49 (dd, J� 11.1, 6.8 Hz, 1H), 4.42 (dd, J� 11.5, 5.1 Hz, 1H), 4.34 (d, J�
8.1 Hz, 1 H), 4.08 (s, 2H), 3.94 (dt, J� 9.8, 6.6 Hz, 1 H), 3.92 (m, 1H), 3.66 ±
3.61 (m, 2H), 3.56 (dt, J� 9.4, 6.8 Hz, 1 H), 3.51 (dd, J� 9.4, 3.4 Hz, 1H),
2.46 (bs, 1 H), 2.17 (m, 2 H), 1.76 ppm (m, 2 H); 13C NMR: �� 167.12,
138.56, 138.08, 137.78, 128.56, 128.37 (2C), 128.12 (3C), 128.06, 127.90 (2C),
127.71, 114.98, 103.72, 80.34, 78.80, 75.24, 72.82, 71.61, 69.44, 66.81, 64.82,
40.81, 30.29, 29.05 ppm; elemental analysis calcd (%) for C27H33ClO7: C
64.22, H 6.59; found: C 64.14, H 6.53.


Pent-4-enyl 2,3-di-O-benzyl-6-O-trichloroacetyl-�-�-galactopyranoside
(16 c): [�]20


D ��0.2 (c� 1.0, CHCl3); m.p. 52.5 ± 54.5 �C; IR (KBr): �� �
1757 cm�1; 1H NMR: �� 7.39 ± 7.27 (m, 10H), 5.81 (m, 1 H), 5.01 (dd, J�
17.1, 1.7 Hz, 1H), 4.97 (bd, J� 10.2 Hz, 1H), 4.93 (d, J� 11.1 Hz, 1 H), 4.78
(d, J� 11.5 Hz, 1H), 4.74 (d, J� 11.1 Hz, 1 H), 4.70 (d, J� 11.5 Hz, 1H),
4.68 (dd, J� 11.5, 7.7 Hz, 1H), 4.54 (dd, J� 11.5, 5.1 Hz, 1 H), 4.36 (d, J�
8.1 Hz, 1 H), 3.93 (dt, J� 9.8, 6.4 Hz, 1H), 3.91 (m, 1H), 3.71 (dd, J� 7.7,
5.1 Hz, 1H), 3.64 (dd, J� 9.4, 8.1 Hz, 1 H), 3.54 ± 3.50 (m, 2 H), 2.48 (bs,
1H), 2.15 (m, 2H), 1.74 ppm (m, 2H); 13C NMR: �� 161.77, 138.57, 138.05,
137.76, 128.65, 128.43 (3C), 128.17 (2C), 127.97 (3C), 127.78, 115.07, 103.73,
80.24, 78.77, 75.27, 73.09, 71.40, 69.44, 67.63, 66.91, 53.55, 30.33, 29.01 ppm;
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elemental analysis calcd (%) for C27H31Cl3O7: C 56.51, H 5.44, Cl 18.53;
found: C 56.65, H 5.54, Cl 18.48.


Pent-4-enyl 2,3-di-O-benzyl-6-O-(4-nitrobenzoyl)-�-�-galactopyranoside
(16 d): [�]20


D ��5.4 (c� 0.9, CHCl3); m.p. 97 ± 98.5 �C; IR (KBr): �� �
1718, 1527, 1296 cm�1; 1H NMR: �� 8.30 (m, 2 H), 8.21 (m, 2 H), 7.39 ±
7.26 (m, 10H), 5.80 (m, 1 H), 5.01 (dq, J� 17.1, 1.7 Hz, 1 H), 4.95 (bd, J�
10.2 Hz, 1H), 4.94 (d, J� 11.1 Hz, 1H), 4.78 (d, J� 11.7 Hz, 1 H), 4.75 (d,
J� 11.1 Hz, 1H), 4.72 (d, J� 11.7 Hz, 1 H), 4.66 ± 4.63 (m, 2 H), 4.38 (d, J�
8.1 Hz, 1 H), 3.97 (m, 1H), 3.93 (dt, J� 9.4, 6.4 Hz, 1H), 3.75 (t, J� 6.2 Hz,
1H), 3.67 (dd, J� 9.4, 8.1 Hz, 1 H), 3.58 ± 3.52 (m, 2H), 2.52 (bs, 1 H), 2.16
(m, 2H), 1.76 ppm (m, 2 H); 13C NMR: �� 164.55, 150.79, 138.57, 138.05,
137.85, 135.43, 130.92 (2C), 128.65 (2C), 128.47, 128.21 (3C), 128.15, 127.97
(2C), 127.82, 123.68 (2C), 115.06, 103.88, 80.48, 78.88, 75.35, 73.04, 71.87,
69.51, 67.10, 64.62, 30.34, 29.11 ppm; elemental analysis calcd (%) for
C32H35NO9: C 66.54, H 6.11, N 2.42; found: C 66.31, H 6.05, N 2.45.


Pent-4-enyl 2,3-di-O-benzyl-6-O-(3,5-dinitrobenzoyl)-�-�-galactopyrano-
side (16 e): [�]20


D ��2.5 (c� 1.0, CHCl3); m.p. 119 ± 121 �C; IR (KBr): �� �
1736, 1545, 1345 cm�1; 1H NMR: �� 9.24 (t, J� 2.1 Hz, 1H), 9.16 (d, J�
2.1 Hz, 2 H), 7.39 ± 7.28 (m, 10 H), 5.80 (m, 1H), 5.00 (dq, J� 17.1, 1.7 Hz,
1H), 4.94 (d, J� 11.1 Hz, 1H), 4.93 (bd, J� 10.2 Hz, 1H), 4.81 ± 4.68 (m,
5H), 4.41 (d, J� 7.7 Hz, 1 H), 4.00 ± 3.94 (m, 2H), 3.79 (t, J� 6.2 Hz, 1H),
3.68 (dd, J� 9.4, 7.7 Hz, 1H), 3.61 ± 3.55 (m, 2H), 2.56 (bs, 1H), 2.17 (m,
2H), 1.77 ppm (m, 2H); 13C NMR: �� 162.48, 148.92, 138.62, 138.14,
137.83, 133.89, 129.67 (2C), 128.76 (2C), 128.55 (2C), 128.29 (2C), 128.22,
128.15 (2C), 128.06, 127.92, 122.69, 115.10, 103.95, 80.38, 78.91, 75.45, 73.16,
71.87, 69.69, 67.25, 65.81, 30.39, 29.19 ppm; elemental analysis calcd (%) for
C32H34N2O11: C 61.73, H 5.50, N 4.50; found: C 61.58, H 5.48, N 4.50.


Pent-4-enyl 2,3-di-O-benzyl-6-O-pentafluorobenzoyl-�-�-galactopyrano-
side (16 f): [�]20


D ��2.3 (c� 0.9, CHCl3); m.p. 94 ± 95 �C; IR (KBr): �� �
1729 cm�1; 1H NMR: �� 7.39 ± 7.27 (m, 10H), 5.81 (m, 1 H), 5.01 (dq, J�
17.1, 1.7 Hz, 1 H), 4.96 (m, 1 H), 4.94 (d, J� 11.1 Hz, 1H), 4.77 (d, J�
11.7 Hz, 1H), 4.74 (d, J� 11.1 Hz, 1H), 4.72 (d, J� 11.7 Hz, 1 H), 4.69
(dd, J� 11.5, 7.3 Hz, 1H), 4.59 (dd, J� 11.5, 5.1 Hz, 1 H), 4.36 (d, J� 7.7 Hz,
1H), 3.98 ± 3.92 (m, 2 H), 3.71 (t, J� 6.2 Hz, 1 H), 3.65 (dd, J� 9.2, 7.9 Hz,
1H), 3.55 (dt, J� 9.4, 6.4 Hz, 1H), 3.53 (dd, J� 9.4, 3.4 Hz, 1 H), 2.48 (bs,
1H), 2.17 (m, 2H), 1.76 ppm (m, 2 H); 13C NMR: �� 158.73, 145.68 (bd,
JC,F� 258 Hz, 2C), 143.27 (bd, JC,F� 259 Hz, 1C), 138.62, 138.07, 138.02 (bd,
JC,F� 251 Hz, 2C), 137.81, 128.58 (2C), 128.39 (2C), 128.14 (2C), 128.07,
127.91 (2C), 127.73, 114.91, 108.06 (dt, JC,F� 11, 4 Hz, 1C), 103.76, 80.34,
78.84, 75.26, 72.89, 71.72, 69.34, 66.91, 65.40, 30.30, 29.02 ppm; elemental
analysis calcd (%) for C32H31F5O7: C 61.73, H 5.02; found: C 61.71, H 4.91.


Pent-4-enyl 2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyrano-
side (17): Prepared from pent-4-enyl 2,3-di-O-benzyl-�-D-galactopyrano-
side according to our previous procedure.[9] [�]20


D ��9.7 (c� 2.7, CHCl3);
1H NMR: �� 7.42 ± 7.26 (m, 10 H), 6.92 ± 6.83 (m, 4H), 5.85 (m, 1 H), 5.05
(dq, J� 17.1, 1.7 Hz, 1H), 4.99 (bd, J� 10.2 Hz, 1 H), 4.95 (d, J� 11.1 Hz,
1H), 4.78 (d, J� 11.1 Hz, 1H), 4.76 (s, 2 H), 4.42 (d, J� 7.7 Hz, 1H), 4.27
(dd, J� 9.8, 6.4 Hz, 1H), 4.18 (dd, J� 9.8, 6.0 Hz, 1H), 4.12 (d, J� 3.1 Hz,
1H), 3.98 (dt, J� 9.4, 6.4 Hz, 1H), 3.78 (s, 3H), 3.74 (t, J� 6.0 Hz, 1 H), 3.70
(dd, J� 9.4, 7.7 Hz, 1H), 3.61 ± 3.56 (m, 2 H), 2.63 (bs, 1H), 2.19 (m, 2H),
1.78 ppm (m, 2H); 13C NMR: �� 154.18, 152.85, 138.70, 138.15, 137.94,
128.54 (3C), 128.37, 128.14 (3C), 127.97, 127.89, 127.67, 115.90 (2C), 114.92,
114.73 (2C), 103.81, 80.70, 79.05, 75.27, 72.74, 72.63, 69.37, 67.57, 66.69, 55.78,
30.33, 29.09 ppm; elemental analysis calcd (%) for C32H38O7: C 71.89, H
7.16; found: C 71.62, H 6.96.


Benzyl 2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-
(1� 4)-2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-
(1� 4)-6-O-acetyl-2,3-di-O-benzyl-�-�-galactopyranoside (22): 1H NMR:
�� 7.50 ± 7.16 (m, 35 H), 6.79 ± 6.54 (m, 8H), 5.15 (d, J� 3.0 Hz, 1 H), 5.08
(d, J� 3.4 Hz, 1 H), 5.02 (d, J� 11.9 Hz, 1H), 4.98 (d, J� 11.9 Hz, 1H),
4.94 ± 4.84 (m, 4 H), 4.80 ± 4.55 (m, 11H), 4.52 (d, J� 7.3 Hz, 1H), 4.47 (dd,
J� 9.4, 5.1 Hz, 1H), 4.38 ± 4.32 (m, 3 H), 4.13 (dd, J� 10.7, 2.6 Hz, 1H), 4.08
(dd, J� 10.7, 3.4 Hz, 1 H), 4.04 (t, J� 8.5 Hz, 1H), 4.01 (d, J� 3.0 Hz, 1H),
3.91 (dd, J� 9.8, 2.6 Hz, 1H), 3.90 (dd, J� 9.8, 3.0 Hz, 1H), 3.77 (s, 3H),
3.76 ± 3.67 (m, 3H), 3.69 (s, 3 H), 3.62 (t, J� 6.4 Hz, 1H), 3.47 (dd, J� 10.2,
3.0 Hz, 1H), 2.60 (s, 1H), 2.15 ppm (s, 3H); 13C NMR: �� 170.50, 153.87,
153.78, 152.71, 152.41, 138.62, 138.52, 138.45 (2C), 138.31, 138.26, 137.53,
115.42 (2C), 115.39 (2C), 114.52 (2C), 114.47 (2C), 102.75, 100.88, 99.91,
80.81, 78.66, 78.39, 78.02, 75.91, 75.80, 75.60, 75.02, 74.74, 73.62, 73.26, 72.87,
72.74, 72.41, 72.02, 71.05, 69.59, 68.06, 66.70, 66.37, 64.69, 62.55, 55.64 (2C),


21.00 ppm; elemental analysis calcd (%) for C83H88O19: C 71.74, H 6.38;
found: C 71.59, H 6.36.


Benzyl 2,3,4-tri-O-benzyl-�-�-galactopyranosyl-(1� 4)-2,3-di-O-benzyl-
�-�-galactopyranosyl-(1� 4)-2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-
�-galactopyranosyl-(1� 4)-2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-
galactopyranosyl-(1� 4)-2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-
galactopyranosyl-(1� 4)-2,3-di-O-benzyl-�-�-galactopyranoside (23):
1H NMR: �� 7.40 ± 7.05 (m, 70H), 6.70 ± 6.32 (m, 12H), 5.11 (d, J�
3.4 Hz, 1H), 5.07 (d, J� 3.0 Hz, 1H), 5.06 (d, J� 3.0 Hz, 1 H), 5.01 (d,
J� 3.0 Hz, 1H), 4.95 ± 4.28 (m, 38H), 4.21 (m, 1H), 4.14 (dd, J� 9.8, 8.5 Hz,
1H), 4.09 ± 4.00 (m, 4 H), 3.97 ± 3.88 (m, 3H), 3.85 ± 3.61 (m, 13H), 3.68 (s,
3H), 3.67 (s, 3 H), 3.66 (s, 3 H), 3.50 ± 3.39 (m, 5 H), 3.29 ± 3.11 ppm (m, 4H);
13C NMR: �� 153.85, 153.81, 153.63, 152.59, 152.39, 152.19, 115.29 (2C),
115.25 (2C), 115.23 (2C), 114.69 (2C), 114.62 (2C), 114.47 (2C), 103.02,
100.80, 100.31 (2C), 100.02, 99.37, 55.74 ppm (3C); ESI MS (2571.1): m/z
2593.9 [M � Na]; elemental analysis calcd (%) for C155H164O34: C 72.41, H
6.43; found: C 72.06, H 6.44.


(Methyl 2,3,4-tri-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-(methyl
2,3-di-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-2,3-di-O-benzyl-6-
O-(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-2,3-di-O-benzyl-6-O-
(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-2,3-di-O-benzyl-6-O-(4-
methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-(methyl (benzyl 2,3-di-O-
benzyl-�-�-galactopyranosid)uronate) (24): 1H NMR: �� 7.41 ± 6.88 (m,
70H), 6.79 ± 6.41 (m, 12 H), 5.16 (d, J� 3.5 Hz, 1H), 5.09 (d, J� 3.4 Hz,
1H), 5.07 ± 5.01 (m, 2 H), 5.01 (d, J� 3.4 Hz, 1 H), 4.94 ± 4.15 (m, 42H),
4.10 ± 4.05 (m, 2H), 4.01 (dd, J� 10.2, 2.6 Hz, 1 H), 3.99 (bs, 1H), 3.91 (dd,
J� 7.3, 3.4 Hz, 1 H), 3.89 (dd, J� 7.3, 3.4 Hz, 1H), 3.79 ± 3.62 (m, 6 H), 3.72
(s, 3 H), 3.70 (s, 3H), 3.66 (s, 3H), 3.63 (s, 3 H), 3.61 ± 3.49 (m, 4H), 3.47 (dd,
J� 9.8, 3.0 Hz, 1H), 3.17 (s, 3 H), 3.04 ppm (s, 3 H); 13C NMR: �� 169.07,
168.54, 168.39, 153.69 (3C), 152.45, 152.24, 151.97, 115.14 (4C), 115.02 (2C),
114.57 (4C), 114.50 (2C), 102.71, 99.92, 99.72, 99.58, 99.47, 98.93, 55.69 (2C),
55.62, 52.26, 51.57, 51.49 ppm; ESI MS (2655.1): m/z : 2678.0 [M � Na].


(Benzyl 2,3,4-tri-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-(benzyl
2,3-di-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-2,3-di-O-benzyl-6-
O-(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-2,3-di-O-benzyl-6-O-
(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-2,3-di-O-benzyl-6-O-(4-
methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-(benzyl (benzyl 2,3-di-O-
benzyl-�-�-galactopyranosid)uronate) (25): 1H NMR: �� 7.41 ± 6.81 (m,
85H), 6.70 ± 6.43 (m, 12H), 5.18 (d, J� 3.4 Hz, 1 H), 5.10 ± 4.98 (m, 4H),
5.09 (d, J� 3.4 Hz, 1 H), 4.94 ± 4.84 (m, 4H), 4.81 ± 4.13 (m, 42H), 4.07 ±
3.99 (m, 4 H), 3.97 (dd, J� 10.2, 3.4 Hz, 1 H), 3.89 (dd, J� 10.2, 3.4 Hz, 1H),
3.82 ± 3.62 (m, 7 H), 3.72 (s, 3 H), 3.69 (s, 3H), 3.68 (s, 3H), 3.57 ± 3.46 ppm
(m, 5H); 13C NMR: �� 168.43, 167.77, 167.62, 153.82 (2C), 153.77, 152.56,
152.34, 152.09, 115.25 (4C), 115.10 (2C), 114.66 (2C), 114.59 (2C), 114.58
(2C), 102.73, 99.94, 99.78 (2C), 99.11, 98.93, 55.81 (2C), 55.75 ppm; ESI MS
(2883.2): m/z : 2905.9 [M � Na].


(Methyl 2,3,4-tri-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-(methyl
2,3-di-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-(benzyl 2,3-di-O-
benzyl-�-�-galactopyranosyluronate)-(1� 4)-(benzyl 2,3-di-O-benzyl-�-
�-galactopyranosyluronate)-(1� 4)-(benzyl 2,3-di-O-benzyl-�-�-galacto-
pyranosyluronate)-(1� 4)-(methyl (benzyl 2,3-di-O-benzyl-�-�-galacto-
pyranosid)uronate) (26): 1H NMR: �� 7.41 ± 6.98 (m, 85H), 5.22 (d, J�
3.4 Hz, 1H), 5.11 (d, J� 3.1 Hz, 2H), 5.07 ± 4.98 (m, 4 H), 4.90 (d, J�
11.9 Hz, 1H), 4.86 (d, J� 11.9 Hz, 1 H), 4.84 ± 4.21 (m, 41H), 4.16 (m,
1H), 3.98 (dd, J� 10.3, 3.4 Hz, 1H), 3.89 ± 3.82 (m, 4H), 3.81 ± 3.76 (m,
2H), 3.68 (dd, J� 10.2, 2.6 Hz, 1 H), 3.65 ± 3.51 (m, 4 H), 3.64 (s, 3 H), 3.30
(dd, J� 9.8, 2.6 Hz, 1 H), 3.24 (s, 3 H), 3.11 ppm (s, 3H); 13C NMR: ��
169.12, 168.28, 168.19, 168.06, 167.88, 167.70, 102.66, 99.32, 98.68, 98.55
(2C), 98.54, 52.21, 51.66, 51.51 ppm.


(Benzyl 2,3,4-tri-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-(benzyl
2,3-di-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-(methyl 2,3-di-O-
benzyl-�-�-galactopyranosyluronate)-(1� 4)-(methyl 2,3-di-O-benzyl-�-
�-galactopyranosyluronate)-(1� 4)-(methyl 2,3-di-O-benzyl-�-�-galacto-
pyranosyluronate)-(1� 4)-(benzyl (benzyl 2,3-di-O-benzyl-�-�-galacto-
pyranosid)uronate) (27): 1H NMR: �� 7.41 ± 6.95 (m, 85H), 5.20 (d, J�
3.4 Hz, 1 H), 5.12 ± 4.98 (m, 7H), 4.88, (d, J� 11.3 Hz, 1H), 4.86 (d, J�
11.3 Hz, 1H), 4.82 ± 4.28 (m, 38 H), 4.23 (d, J� 12.4 Hz, 1H), 4.20 (d, J�
13.2 Hz, 1 H), 4.06 (m, 1 H), 4.00 (dd, J� 10.2, 3.5 Hz, 1 H), 3.93 (bs, 1H),
3.91 (dd, J� 10.7, 2.6 Hz, 1 H), 3.84 (dd, J� 10.2, 3.4 Hz, 1 H), 3.79 ± 3.72 (m,
3H), 3.66 ± 3.47 (m, 5H), 3.39 (s, 3H), 3.38 (m, 1 H), 3.36 (s, 3 H), 3.29 ppm
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(s, 3H); 13C NMR: �� 168.81, 168.76, 168.62, 168.43, 167.51, 167.41, 102.67,
99.65, 98.67, 98.62, 98.40, 98.34, 51.78 (2C), 51.70 ppm; ESI MS (2649.0):
m/z 2671.9 [M � Na].


Benzyl 2,3,4-tri-O-benzyl-�-�-galactopyranosyl-(1� 4)-2,3-di-O-benzyl-
6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-2,3-di-O-benzyl-6-
O-(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-2,3-di-O-benzyl-6-O-
(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-2,3-di-O-benzyl-6-O-(4-
methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-2,3-di-O-benzyl-�-�-galac-
topyranoside (28): 1H NMR: �� 7.40 ± 6.97 (m, 70 H), 6.69 ± 6.29 (m, 16H),
5.10 (d, J� 3.2 Hz, 1 H), 5.08 (d, J� 3.7 Hz, 1H), 5.04 (d, J� 3.7 Hz, 1H),
5.03 (d, J� 3.7 Hz, 1 H), 4.96 ± 4.79 (m, 8 H), 4.77 ± 4.27 (m, 31 H), 4.21 (d,
J� 9.0 Hz, 1H), 4.19 (d, J� 9.0 Hz, 1H), 4.10 ± 4.03 (m, 3H), 3.97 ± 3.61 (m,
15H), 3.69 (s, 3H), 3.68 (s, 3 H), 3.67 (s, 3 H), 3.66 (s, 3 H), 3.55 ± 3.40 (m,
4H), 3.26 ± 3.10 (m, 3H), 2.66 (bs, 1H), 2.49 ppm (bs, 1H); 13C NMR: ��
154.05 (2C), 153.91, 153.87, 152.79, 152.60, 152.53, 152.35, 115.50 (2C),
115.41 (4C), 115.38 (2C), 114.90 (4C), 114.79 (2C), 114.69 (2C), 103.22,
100.53 (3C), 100.06, 99.63, 56.02, 55.99 (2C), 55.95 ppm; ESI MS (2677.2):
m/z 2700.2 [M � Na]; elemental analysis calcd (%) for C162H170O35: C
72.68, H 6.40; found: C 72.47, H 6.46.


(Methyl 2,3,4-tri-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-2,3-di-
O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-2,3-di-O-
benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-2,3-di-O-
benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-2,3-di-O-
benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-(methyl
(benzyl 2,3-di-O-benzyl-�-�-galactopyranosid)uronate) (29): 1H NMR:
�� 7.41 ± 6.88 (m, 70 H), 6.69 ± 6.26 (m, 16H), 5.16 (d, J� 3.4 Hz, 1H), 5.08
(d, J� 3.4 Hz, 1 H), 5.06 (d, J� 12.0 Hz, 1 H), 5.03 (d, J� 2.6 Hz, 1H), 4.99
(d, J� 3.4 Hz, 1 H), 4.96 (d, J� 3.4 Hz, 1H), 4.94 ± 4.12 (m, 42H), 4.03 ± 3.96
(m, 3H), 3.90 (dd, J� 10.2, 3.0 Hz, 1H), 3.86 (dd, J� 10.2, 3.4 Hz, 1H),
3.84 ± 3.62 (m, 7H), 3.80 (s, 3 H), 3.79 (s, 3H), 3.78 (s, 3 H), 3.66 (s, 3H), 3.63
(s, 3 H), 3.61 ± 3.54 (m, 3 H), 3.50 ± 3.42 (m, 2 H), 3.40 (dd, J� 7.7, 5.1 Hz,
1H), 3.09 ppm (s, 3 H); 13C NMR: �� 169.38, 168.52, 153.81, 153.76, 153.73,
153.70, 152.60, 152.46, 152.34, 152.00, 115.27 (2C), 115.23 (2C), 115.11 (4C),
114.67 (4C), 114.60 (2C), 114.50 (2C), 102.82, 100.08, 100.12, 100.00, 99.55,
99.32, 55.83, 56.82, 55.77, 55.74, 52.39, 51.67 ppm; ESI MS (2733.1): m/z
2756.1 [M � Na]; elemental analysis calcd (%) for C164H170O37: C 72.07, H
6.27; found: C 71.85, H 6.27.


(Benzyl 2,3,4-tri-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-2,3-di-
O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-2,3-di-O-
benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-2,3-di-O-
benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-2,3-di-O-
benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-(benzyl
(benzyl 2,3-di-O-benzyl-�-�-galactopyranosid)uronate) (30): 1H NMR:
�� 7.41 ± 6.89 (m, 80 H), 6.69 ± 6.27 (m, 16H), 5.18 (d, J� 3.0 Hz, 1H), 5.09
(d, J� 3.4 Hz, 1H), 5.08 ± 5.02 (m, 2H), 5.00 (d, J� 3.4 Hz, 1H), 4.93 (d,
J� 3.4 Hz, 1H), 4.90 (d, J� 3.4 Hz, 1 H), 4.88 ± 4.16 (m, 43 H), 4.08 (t, J�
2.1 Hz, 1 H), 4.03 (dd, J� 10.2, 2.1 Hz, 1H), 4.01 ± 3.96 (m, 2H), 3.90 (dd,
J� 10.7, 3.4 Hz, 1H), 3.86 (dd, J� 10.2, 3.4 Hz, 1H), 3.83 ± 3.64 (m, 8H),
3.70 (s, 3 H), 3.69 (s, 3H), 3.68 (s, 3H), 3.66 (s, 3H), 3.61 ± 3.56 (m, 2H), 3.54
(dd, J� 10.7, 3.0 Hz, 1 H), 3.48 (dd, J� 9.8, 3.0 Hz, 1H), 3.46 (m, 1H),
3.41 ppm (dd, J� 8.1, 5.1 Hz, 1H); 13C NMR: �� 168.63, 167.75, 153.78,
153.73, 153.69, 153.66, 152.55, 152.33, 152.30, 151.97, 115.23 (4C), 115.07
(4C), 114.62 (4C), 114.55 (2C), 114.46 (2C), 102.69, 100.14, 100.03 (2C),
99.94, 99.14, 55.78, 55.77, 55.73, 55.70 ppm; ESI MS (2885.2): m/z : 2908.3
[M � Na]; elemental analysis calcd (%) for C176H178O37: C 73.26, H 6.22;
found: C 72.98, H 6.14.


(Methyl 2,3,4-tri-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-(benzyl
2,3-di-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-(benzyl 2,3-di-O-
benzyl-�-�-galactopyranosyluronate)-(1� 4)-(benzyl 2,3-di-O-benzyl-�-
�-galactopyranosyluronate)-(1� 4)-(benzyl 2,3-di-O-benzyl-�-�-galacto-
pyranosyluronate)-(1� 4)-(methyl (benzyl 2,3-di-O-benzyl-�-�-galacto-
pyranosid)uronate) (31): 1H NMR: �� 7.41 ± 6.92 (m, 90H), 5.21 (d, J�
3.7 Hz, 1H), 5.12 (d, J� 3.1 Hz, 1H), 5.09 (d, J� 3.7 Hz, 1H), 5.07 (d, J�
3.1 Hz, 1 H), 5.04 (d, J� 12.1 Hz, 1 H), 5.02 (d, J� 3.2 Hz, 1 H), 4.99 (d, J�
12.1 Hz, 1H), 4.92 (d, J� 12.1 Hz, 1 H), 4.86 ± 4.28 (m, 42 H), 4.23 ± 4.18 (m,
2H), 4.14 (m, 1H), 4.02 (dd, J� 10.0, 3.2 Hz, 1 H), 3.87 ± 3.76 (m, 6H), 3.68
(dd, J� 10.0, 2.6 Hz, 1H), 3.64 (s, 3H), 3.60 ± 3.61 (m, 4H), 3.30 (dd, J�
10.0, 3.1 Hz, 1H), 3.21 ppm (s, 3H); 13C NMR: �� 168.99, 168.13, 167.99,
167.85, 167.67, 167.37, 102.60, 99.45, 98.63, 98.46 (2C), 98.40, 52.15,
51.57 ppm; ESI MS (2725.1): m/z : 2748.1 [M � Na]; elemental analysis
calcd (%) for C164H162O37: C 72.28, H 5.99; found: C 71.97, H 5.91.


(Benzyl 2,3,4-tri-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-(methyl
2,3-di-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-(methyl 2,3-di-O-
benzyl-�-�-galactopyranosyluronate)-(1� 4)-(methyl 2,3-di-O-benzyl-�-
�-galactopyranosyluronate)-(1� 4)-(methyl 2,3-di-O-benzyl-�-�-galacto-
pyranosyluronate)-(1� 4)-(benzyl (benzyl 2,3-di-O-benzyl-�-�-galacto-
pyranosid)uronate) (32): 1H NMR: �� 7.41 ± 7.01 (m, 80 H), 5.29 (d, J�
3.2 Hz, 1 H), 5.13 ± 4.96 (m, 7 H), 4.89 ± 4.27 (m, 40H), 4.07 (bs, 1H), 3.97 ±
3.90 (m, 3H), 3.85 (dd, J� 10.5, 3.2 Hz, 1 H), 3.81 ± 3.74 (m, 3H), 3.67 ± 3.61
(m, 2H), 3.59 ± 3.52 (m, 3H), 3.41 (s, 3 H), 3.38 (m, 1H), 3.37 (s, 3H), 3.29 (s,
3H), 3.12 ppm (s, 3H); 13C NMR: �� 168.74, 168.69, 168.54, 168.39, 168.36,
167.32, 102.58, 99.39, 98.60, 98.52, 98.48, 98.25, 51.71, 51.69, 51.62,
51.51 ppm; ESI MS (2573.0): m/z : 2595.9 [M � Na]; elemental analysis
calcd for C152H154O37: C 70.96, H 6.03; found: C 70.67, H 6.13.


Benzyl 2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-
(1� 4)-2,3-di-O-benzyl-6-O-pentafluorobenzoyl-�-�-galactopyranosyl-
(1� 4)-2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranoside
(33): [�]20


D ��25.6 (c� 1.7, CHCl3); 1H NMR: �� 7.42 ± 7.14 (m, 35H),
6.81 ± 6.58 (m, 8H), 5.06 (d, J� 3.4 Hz, 1 H), 4.99 (d, J� 3.4 Hz, 1H), 4.97
(d, J� 12.0 Hz, 1H), 4.90 ± 4.63 (m, 15H), 4.54 ± 4.42 (m, 5 H), 4.28 (d, J�
1.8 Hz, 1 H), 4.16 (d, J� 2.6 Hz, 1H), 4.10 ± 4.07 (m, 2H), 4.01 (t, J� 8.5 Hz,
1H), 3.92 (dd, J� 9.9, 3.4 Hz, 1 H), 3.90 (dd, J� 9.4, 3.1 Hz, 1H), 3.81 (dd,
J� 9.9, 3.1 Hz, 1H), 3.76 (s, 3 H), 3.74 (s, 3 H), 3.73 ± 3.65 (m, 3H), 3.44 (dd,
J� 9.9, 2.9 Hz, 1 H), 2.50 ppm (bs, 1H); 13C NMR: �� 157.90, 154.06,
153.91, 152.73, 152.47, 145.39 (bd, JC,F� 257 Hz, 2C), 143.15 (bd, JC,F�
260 Hz, 1C), 138.66, 138.57, 138.51, 138.29, 138.19, 138.15, 137.80, 137.61
(bd, JC,F� 257 Hz, 2C), 115.45 (2C), 115.43 (2C), 114.75 (2C), 114.53 (2C),
107.78 (dt, JC,F� 15, 3.5 Hz, 1C), 102.91, 100.42, 100.20, 79.84, 79.25, 78.46,
77.35, 76.86, 75.90, 75.08, 74.98, 74.59, 74.31, 73.02, 72.96, 72.77, 72.43, 72.12,
71.09, 69.00, 68.38, 66.66, 66.43, 65.65, 63.77, 55.72, 55.69 ppm; ESI MS
(1540.6): m/z : 1563.7 [M � Na].


Benzyl 2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-
(1� 4)-2,3-di-O-benzyl-6-O-pentafluorobenzoyl-�-�-galactopyranosyl-
(1� 4)-2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-
(1� 4)-2,3-di-O-benzyl-6-O-pentafluorobenzoyl-�-�-galactopyranosyl-
(1� 4)-2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranoside
(34): 1H NMR: �� 7.41 ± 7.02 (m, 55H), 6.77 ± 6.45 (12 H), 5.06 (d, J�
1.7 Hz, 1H), 5.02 (d, J� 3.4 Hz, 1H), 4.96 (d, J� 3.7 Hz, 1 H), 4.95 (d,
J� 11.4 Hz, 1 H), 4.93 (d, J� 3.4 Hz, 1H), 4.88 ± 4.01 (m, 40H), 3.93 ± 3.88
(m, 2H), 3.86 (dd, J� 9.9, 3.4 Hz, 1H), 3.83 ± 3.76 (m, 4H), 3.74 (s, 6H),
3.71 ± 3.62 (m, 3H), 3.69 (s, 3H), 3.51 (dd, J� 8.2, 4.5 Hz, 1H), 3.42 (dd, J�
9.9, 2.8 Hz, 1H), 2.45 ppm (bs, 1 H); 13C NMR: �� 157.99, 157.66, 154.09,
153.91, 153.89, 152.68, 152.48, 152.35, 145.45 (bd, JC,F� 257 Hz, 4C), 143.22
(bd, JC,F � 260 Hz, 2C), 137.69 (bd, JC,F� 257 Hz, 4C), 115.47 (2C), 115.38
(2C), 115.27 (2C), 114.79 (2C), 114.71 (2C), 114.54 (2C), 107.56 (m, 2C),
102.94, 100.59, 100.43, 100.15, 99.79, 55.80 ppm (3C); elemental analysis
calcd (%) for C142H134F10O31: C 67.50, H 5.35; found: C 67.17, H 5.15.


Benzyl 2,3,4-tri-O-benzyl-�-�-galactopyranosyl-(1� 4)-2,3-di-O-benzyl-
6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-2,3-di-O-benzyl-�-
�-galactopyranosyl-(1� 4)-2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-
galactopyranosyl-(1� 4)-2,3-di-O-benzyl-�-�-galactopyranosyl-(1� 4)-
2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranoside (35): 1H
NMR: �� 7.42 ± 6.97 (m, 70H), 6.73 ± 6.34 (m, 12 H), 5.01 (d, J� 4.0 Hz,
1H), 5.00 (d, J� 3.6 Hz, 1 H), 4.99 ± 4.94 (m, 4 H), 4.91 (d, J� 11.0 Hz, 1H),
4.89 (d, J� 11.0 Hz, 1H), 4.83 ± 4.43 (m, 28H), 4.27 ± 3.99 (m, 14 H), 3.95 ±
3.74 (m, 10 H), 3.72 (s, 3 H), 3.71 ± 3.52 (m, 6H), 3.69 (s, 3H), 3.67 (s, 3H),
3.43 (dd, J� 10.0, 2.9 Hz, 1H), 3.40 (m, 1 H), 3.32 ± 3.24 (m, 3H), 3.08 (bs,
1H), 2.81 ppm (m, 1H); 13C NMR: �� 153.97, 153.74, 153.72, 152.46,
152.33, 152.29, 115.43 (2C), 115.20 (4C), 114.70 (2C), 114.59 (2C), 114.52
(2C), 102.99, 100.34, 100.26, 100.19, 99.84, 99.77, 55.74 (2C), 53.52 ppm; ESI
MS (2571.1): m/z : 2593.7 [M � Na]; elemental analysis calcd (%) for
C155H164O34: C 72.41, H 6.43; found: C 72.16, H 6.31.


Benzyl (methyl 2,3,4-tri-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-
2,3-di-O-benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-
(methyl 2,3-di-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-2,3-di-O-
benzyl-6-O-(4-methoxyphenyl)-�-�-galactopyranosyl-(1� 4)-(methyl 2,3-
di-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-2,3-di-O-benzyl-6-O-
(4-methoxyphenyl)-�-�-galactopyranoside (36): 1H NMR: �� 7.42 ± 6.86
(m, 70 H), 6.80 ± 6.28 (m, 12 H), 5.15 (d, J� 3.1 Hz, 1 H), 5.10 (d, J� 3.3 Hz,
1H), 5.06 (d, J� 3.1 Hz, 1 H), 5.02 (d, J� 3.1 Hz, 1 H), 5.00 ± 4.03 (m, 46H),
3.99 (t, J� 9.0 Hz, 1 H), 3.88 (dd, J� 10.5, 3.3 Hz, 1H), 3.85 (dd, J� 10.5,
3.3 Hz, 1 H), 3.81 ± 3.58 (m, 9H), 3.75 (s, 3 H), 3.70 (s, 3H), 3.69 (s, 3H),
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3.45 ± 3.35 (m, 2 H), 3.33 (s, 3 H), 3.14 (s, 3H), 3.12 ppm (s, 3H); 13C NMR:
�� 169.62, 169.60, 169.39, 154.38, 154.09, 153.99, 152.46, 152.40, 152.29,
115.63 (2C), 115.50 (2C), 115.46 (2C), 115.05 (2C), 114.91 (2C), 114.75 (2C),
103.27, 100.25, 100.11, 100.09, 99.57 (2C), 56.02 (2C), 53.80, 52.17, 52.05,
51.92 ppm; elemental analysis calcd (%) for C158H164O37: C 71.48, H 6.23;
found: C 71.26, H 6.47.


(Methyl 2,3,4-tri-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-(benzyl
2,3-di-O-benzyl-�-�-galactopyranosyluronate)-(1� 4)-(methyl 2,3-di-O-
benzyl-�-�-galactopyranosyluronate)-(1� 4)-(benzyl 2,3-di-O-benzyl-�-
�-galactopyranosyluronate)-(1� 4)-(methyl 2,3-di-O-benzyl-�-�-galacto-
pyranosyluronate)-(1� 4)-(benzyl (benzyl 2,3-di-O-benzyl-�-�-galacto-
pyranosid)uronate) (37): 1H NMR: �� 7.42 ± 6.95 (m, 85H), 5.25 (d, J�
3.2 Hz, 1 H), 5.14 (d, J� 12.4 Hz, 1 H), 5.09 ± 4.94 (m, 7H), 4.87 ± 4.28 (m,
42H), 4.22 (d, J� 12.7 Hz, 1H), 4.12 (m, 1 H), 4.00 (dd, J� 10.2, 3.2 Hz,
1H), 3.92 (bs, 1H), 3.87 (dd, J� 10.2, 2.2 Hz, 1H), 3.82 ± 3.75 (m, 3H), 3.63
(dd, J� 10.2, 2.6 Hz, 1H), 3.61 ± 3.52 (m, 3H), 3.38 (s, 3H), 3.36 (dd, J�
10.2, 2.9 Hz, 1 H), 3.27 (s, 3H), 3.21 ppm (s, 3 H); 13C NMR: �� 169.14,
168.80, 168.53, 168.02, 167.52, 167.41, 102.64, 99.66, 98.65, 98.52 (2C), 98.40,
51.74, 51.68, 51.65 ppm; ESI MS (2649.0): m/z : 2671.7 [M � Na]; elemental
analysis calcd (%) for C158H158O37: C 71.64, H 6.01; found: C 71.27, H 5.88.


(Methyl �-�-galactopyranosyluronate)-(1� 4)-(methyl �-�-galactopyra-
nosyluronate)-(1� 4)-(�-�-galactopyranosyluronic acid)-(1� 4)-(�-�-gal-
actopyranosyluronic acid)-(1� 4)-(�-�-galactopyranosyluronic acid)-
(1� 4)-(methyl D-galactopyranuronate) (1): 13C NMR (D2O): �� 171.62,
170.94, 170.08, 100.67, 99.95, 99.85, 96.08, 92.76, 79.12, 78.87, 78.30, 78.19,
73.47, 71.69, 71.50, 71.32, 70.77, 70.22, 68.84, 68.64, 68.27, 68.17, 68.05, 67.99,
53.22, 53.14, 53.04 ppm; ESI MS/MS: m/z : 1114.6, 925.1, 749.0, 572.8; ESI
HRMS calcd for C39H56O37Na: m/z : 1139.2398; found: m/z : 1139.2382
[M � Na]� .


(�-�-Galactopyranosyluronic acid)-(1� 4)-(�-�-galactopyranosyluronic
acid)-(1� 4)-(methyl �-�-galactopyranosyluronate)-(1� 4)-(methyl �-�-
galactopyranosyluronate)-(1� 4)-(methyl �-�-galactopyranosyluronate)-
(1� 4)-�-galactopyranuronic acid (2): 13C NMR (D2O): �� 171.48,
171.38, 101.08, 100.30, 96.90, 82.49, 79.67, 79.52, 79.21, 78.75, 78.70, 72.79,
72.72, 72.02, 71.28, 71.23, 69.97, 69.31, 69.07, 68.87, 68.73, 68.67, 68.51,
53.60 ppm; ESI MS/MS: m/z : 1115.1, 939.0, 749.0, 559.0, 368.7; ESI HRMS
calcd for C39H56O37Na: m/z : 1139.2398; found: m/z : 1139.2406 [M � Na]� .


(Methyl �-�-galactopyranosyluronate)-(1� 4)-(�-�-galactopyranosylur-
onic acid)-(1� 4)-(�-�-galactopyranosyluronic acid)-(1� 4)-(�-�-galacto-
pyranosyluronic acid)-(1� 4)-(�-�-galactopyranosyluronic acid)-(1� 4)-
(methyl �-galactopyranuronate) (3): 13C NMR (D2O): �� 171.67, 170.93,
170.05, 99.93, 96.59, 92.63, 78.83, 78.41, 78.12, 73.45, 71.66, 71.44, 71.30,
70.25, 70.06, 68.90, 68.74, 68.16, 68.03, 53.19, 53.14, 53.03 ppm; ESI MS/MS:
m/z : 1100.9, 910.9, 734.9, 558.9, 382.8; ESI HRMS calcd for C38H54O37Na:
m/z : 1125.2242; found: m/z : 1125.2218 [M � Na]� .


(�-�-Galactopyranosyluronic acid)-(1� 4)-(methyl �-�-galactopyranosy-
luronate)-(1� 4)-(methyl �-�-galactopyranosyluronate)-(1� 4)-(methyl
�-�-galactopyranosyluronate)-(1� 4)-(methyl �-�-galactopyranosyluro-
nate)-(1� 4)-�-galactopyranuronic acid (4): 13C NMR (D2O): �� 170.96,
170.86, 100.60, 99.90, 96.40, 79.22, 78.90, 78.24, 72.18, 71.54, 70.81, 70.61,
69.31, 68.04, 53.14 ppm; ESI MS/MS: m/z : 1128.9, 952.9, 762.9, 572.8,
382.8 ppm; ESI HRMS calcd for C40H58O37Na: m/z : 1153.2555; found: m/z :
1153.2551 [M � Na]� .


(Methyl �-�-galactopyranosyluronate)-(1� 4)-(�-�-galactopyranosylur-
onic acid)-(1� 4)-(methyl �-�-galactopyranosyluronate)-(1� 4)-(�-�-gal-
actopyranosyluronic acid)-(1� 4)-(methyl �-�-galactopyranosyluronate)-
(1� 4)-�-galactopyranuronic acid (5): 13C NMR (D2O): �� 171.67, 171.02,
99.90, 94.45, 92.61, 82.00, 78.77, 78.68, 78.16, 72.14, 71.45, 70.77, 70.25, 68.92,
68.59, 68.53, 68.22, 53.13, 53.05 ppm; ESI MS/MS: m/z : 1115.1, 939.1, 749.0,
572.9, 382.9; ESI HRMS calcd for C39H56O37Na: m/z : 1139.2398; found:
m/z : 1139.2435 [M � Na]� .
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A Simplified and Convenient Laboratory-Scale Preparation of 14N or 15N
High Molecular Weight Poly(dichlorophosphazene) Directly from PCl5


Gabino A. Carriedo,* Francisco. J. GarcÌa Alonso, Paloma Go¬mez-Elipe,
J. Ignacio Fidalgo, J. L. GarcÌa A¬ lvarez, and A. Presa-Soto[a]


Abstract: A simple and convenient one-
pot synthesis of THF solutions of high
molecular weight poly(dichlorophos-
phazene) [NPCl2]n, or the 15N isotopo-
mer [15NPCl2]n, starting directly from
PCl5 and NH4Cl or 15NH4Cl in a solution
of 1,2,4-trichlorobenzene in the pres-
ence of sulfamic acid and calcium sulfate


dihydrate, is described. The solutions of
[NPCl2]n in THF, which are obtained
free of poly(tetrahydrofuran) by prepar-


ing them in the presence of K2CO3, can
be reacted directly with phenols, biphe-
nols, or even HO-CH2CF3 in the pres-
ence of K2CO3 or Cs2CO3 to obtain,
after a very simple workup, the corre-
sponding polyphosphazene derivatives
almost free of chlorine.


Keywords: inorganic polymers ¥
poly(dichlorophosphazene) ¥ poly-
phosphazenes ¥ synthetic methods


Introduction


The preparation of poly(dichlorophosphazene) [NPCl2]n
(PDCP), is of paramount importance in the chemistry of
polyphosphazenes because it is the key starting material for
the synthesis of these potentially useful polymers.[1] The main
reactions leading to poly(dichlorophosphazene) are: a) the
ring-opening polymerization of the trimer [N3P3Cl6];[2, 3] b) the
polycondensation of Cl3P�NP(O)Cl2;[4] and c) the polycon-
densation of Cl3P�NSiMe3.[1b] The latter method is the most
convenient one, but only when polymers with a reproducible
molecular weight in the range 104 ± 105 are required.
The ring-opening polymerization of [N3P3Cl6][2] is usually


carried out in the molten state, sometimes in the presence of a
catalyst (for a recent review see reference [3]). However, as
described by Magill and co-workers[5] the reaction can be also
accomplished in solution by using 1,2,4-trichlorobenzene (b.p.
214 �C) as solvent in the presence of CaSO4 ¥ 2H2O as
promoter, and HSO3(NH2) as catalyst. Therefore, taking into
account that the [N3P3Cl6] is obtained from the reaction of
PCl5 with NH4Cl,[6] it might be possible to obtain the
poly(dichlorophosphazene) in one pot, directly from those
reagents and in the presence of the promoter and the catalyst.
Herein we describe a procedure for the laboratory-scale


synthesis of poly(dichlorophosphazene) with a molecular
weight of the order of 106, which may be very useful for
research in this field. There are many previous reports on the
preparation of poly(dichlorophosphazene) from PCl5 and
NH4Cl either in solution or in the solid state,[7, 8] most
frequently leading to low molecular weight materials, and
recently a novel method to prepare high molecular weight
poly(dichlorophosphazene) in 100% yield, in two steps
starting directly from PCl5 and (NH4)2SO4 in the solid state
has been patented.[9] The simplicity of the method presented
herein for the synthesis of [NPCl2]n and for the substitution of
its chlorine atoms by OR groups may facilitate the prepara-
tion of new functionalized high molecular weight polyphos-
phazenes, which could be of interest in materials science,[1a, 2]


and of their transition-metal complexes,[1c, 1d] which may be
useful as supported catalysts.[1e, 1f]


Experimental Section


General remarks : All the preparations were carried out under nitrogen,
unless otherwise stated. K2CO3 (Panreac) and Cs2CO3 (Aldrich) were dried
at 140 �C prior to use, and NH4Cl (Aldrich) was dried in a dissicator over
P2O5 (Panreac). 1,2,4-Trichlorobenzene was used freshly distilled. PCl5
(Aldrich) was purified by sublimation. THF was treated with KOH and
distilled twice from Na in the presence of benzophenone. Petroleum ether
refers to that fraction with a boiling point in the range 60–65�C. 15NH4Cl
(99% 15N, Isotec Inc.), the trimer [N3P3Cl6] (Fluka), the biphenol
HO�C6H4�C6H4�OH (Aldrich), CaSO4 ¥ 2H2O (Panreac), and sulfamic
acid (Aldrich) were used as purchased. The CF3CH2�OH (Aldrich) was
distilled over anhydrous CaSO4.


The IR spectra were recorded with a Perkin ±Elmer Paragon 1000
spectrometer. Wavenumbers are given in cm�1. NMR spectra were
recorded on Bruker AC-200 and AC-300 instruments. 1H and 13C{1H}
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NMR spectral data are given in � relative to TMS. 31P{1H} NMR, 15N NMR,
and 19F NMR spectral data are given in � relative to external 85% aqueous
H3PO4, liquid NH3, and CFCl3, respectively. Coupling constants are given
in Hz. C, H, N analyses were performed with a Perkin Elmer 240
microanalyzer. Cl analyses were performed by Galbraith laboratories. GPC
were measured with a Perkin Elmer instrument with a model LC 250 pump,
a model LC 290 UV, and a model LC 30 refractive index detector. The
samples were eluted with a 0.1 wt% solution of tetra-n-butylammonium
bromide in THF through Perkin Elmer PLGel (Guard, 105, 104, and 103 ä)
at 30 �C. Approximate molecular weight calibration was obtained by using
narrow molecular weight distribution polystyrene standards. Tg values were
measured with a Mettler DSC 300 differential scanning calorimeter
equipped with a TA 1100 computer. Thermal gravimetric analysis were
performed on a Mettler TA 4000 instrument. The polymer samples were
heated at a rate of 10 �Cmin�1 from ambient temperature to 800 �C under a
constant flow of nitrogen.


Preparation of solutions of [NPCl2]n in THF


1. From [N3P3Cl6] (The Magill method): The trimer [N3P3Cl6] (20 g,
57.53 mmol) and 1,2,4-trichlorobenzene (16 mL) were placed in a 250 mL
three-neck round-bottom flask containing a reflux condenser, a gas inlet,
and a magnetic stirring bar. The catalyst, HSO3(NH2) (42.3 mg, 0.44 mmol)
and the promoter, CaSO4 ¥ 2H2O (37.5 mg, 0.22 mmol) were added and the
mixture was refluxed while stirring and slowly bubbling dry N2 through it all
the time, until the reaction mixture became sufficiently viscous (this occurs
normally after 45 ± 60 min; we noted that the exact time depended on the
particular experiment and, therefore, it must be observed carefully. (This is
a very important aspect because before that point the molecular weight is
not high, and soon afterwards the polymer starts to precipitate as a gel due
to cross-linking.) During the process, the formation of foams is usually
observed. The reaction mixture thus obtained was allowed to cool to room
temperature and added in portions (using a Pasteur pipette) to warm
petroleum ether (ca. 50 �C; 500 mL) under vigorous stirring and under
nitrogen. The liquids were decanted (see note in reference [10]) and the
remaining white solid was washed twice with petroleum ether (30 mL) and
mixed with solid dried K2CO3 (0.5 g; to neutralize any acidic residues and
thus preclude the formation of PTHF). Then THF (100 mL) was added to
the mixture to form a solution of [NPCl2]n over the solid potassium
carbonate.
The concentration of the resulting solution of [PNCl2]n in THF was
determined by weighing the residue of the solid left by evaporating an
aliquot of 3 mL to dryness. The total amount of polymer normally obtained
was in the range 5 ± 7 g (ca. 25 ± 35% yield based on [N3P3Cl6]).


2. From PCl5 and NH4Cl: The following procedure is representative of all
the experiments done. For a summary of the results and the scales (see note
1 in reference [11]) see Table 1.
In a 250 mL three-neck flask equipped with a refrigerant and a glass N2


inlet, a mixture of PCl5 (20.0 g, 96.0 mmol), well dried solid NH4Cl (5.14 g,
96.0 mmol), CaSO4 ¥ 2H2O (21 mg, 0.12 mmol), HSO3(NH2) (23 mg,
0.24 mmol) (see note 2 in reference [11]) and very freshly distilled 1,2,4-
trichlorobenzene (17 mL) was heated with stirring, while N2 was bubbled
slowly through the solution until the reaction system reached the reflux
temperature (after about 45 min; evolution of HCl(g) (a well aired hood
must be used)). Then the refluxing was maintained for 3.5 h (see note 3 in
reference [11]). The resulting mixture was allowed to cool and was poured
in portions (with a Pasteur pipette) into vigorously stirred warm hexane
(500 mL) (see note 4 in ref. [11]), which led to an off-white gummy
precipitate that was washed twice with hexane and mixed with solid K2CO3


(0.2 g). THF (100 mL) was added to the mixture to form a clear solution of
[NPCl2]n standing over the solid carbonate.
The concentration of the resulting THF solution was determined by
weighing the residue of solid [NPCl2]n left by evaporating an aliquot of
3 mL to dryness. The concentrations were of the order of 34 gL�1 (total
amount of polymer 3.4 g, 31% yield based on PCl5).


Preparation of N15-[NP(O2C12H8)]n (1b): K2CO3 (4.83 g, 35 mmol) and 2,2�-
HOC6H4C6H4OH (2.41 g, 13 mmol) were added to a solution of [15NPCl2]n
(1 g, 8.62 mmol, prepared from PCl5 and 15NH4Cl) in THF (20 mL), and the
mixture was refluxed with stirring for 15 h. The mixture was poured into
water (0.5 L) to give a white precipitate that was washed with water (3�
50 mL) and extracted with THF. The solution was filtered through celite
and concentrated to a viscous liquid that was poured into water (0.5 L). The
product was similarly reprecipitated once from THF/2-propanol and once


from THF/petroleum ether to give a white solid that was dried in vacuo at
70 �C for two days. Yield: 0.96 g (48%).
1H NMR (CDCl3, 25 �C, TMS): �� 6.8, 6.9, 7.2 ppm (br); 31P{1H} NMR
(CDCl3, 25 �C, H3PO4): ���5.9 ppm (br); 13C{1H} NMR (CDCl3, 25 �C,
TMS) : �� 123, 126, 129, 130, 149 ppm; 15N NMR (CDCl3, 25 �C, NH3): ��
65.5 ppm; IR (KBr): �� � 3065w, 3032w, 1604w, 1583w, 1500m, 1477m,
1439m, 1340br, 1272m,1245vs, 1192vs, 1096s, 951s, 917m, 786m, 750m,
717m, 609m, 590w, 536m cm�1; Mw (GPC): 600. 000 (Mw/Mn� 3.0);
elemental analysis calcd (%) for C12H8O2


15NP (230.171): C 62.6, H 3.5, N
6.5; found: C 61.5, H 3.5, N 6.1.


Preparation of [NP(OCH2CF3)2]n (2a): THF (100 mL), solid Cs2CO3 (69 g,
212 mmol), and freshly distilled HOCH2CF3 (15.4 mL, 212 mmol) were
added to a solution of [NPCl2]n (100 mL, 82 gL�1, 70.7 mmol) in THF. The
mixture was stirred at room temperature for 4.5 h and poured into water
(2.5 L). The resulting white precipitate was washed with water until neutral
pH (ca. 3� 200 mL), dried under reduced pressure, extracted with
sufficient THF, filtered through celite, concentrated to a viscous liquid,
and reprecipitated into water. The sample was further purified by
reprecipitation from THF/hexane. The final product was dried at room
temperature under reduced pressure (10�3 Hgmm) for one week to give
spectroscopically and analytically pure 2a as a white solid (17g, 76%).
1H NMR ([D6]acetone, 25 �C, TMS): �� 4.7 ppm (q, 3J(H,F)� 7 Hz);
31P{1H} NMR ([D6]acetone, 25 �C, H3PO4): ���6.3 ppm (br); 13C{1H}
NMR ([D6]acetone, 25 �C, TMS): �� 124 (q, 1J(C,F)� 277 Hz, CF3),
64 ppm (q, 2J(C,F)� 38 Hz, CH2); 19F NMR ([D6]acetone, 25 �C, CFCl3):
���75.3 ppm; IR (KBr): �� 2975m, 1459m, 1423m, 1282s, 1252s, 1172vs,
1082vs, 964s, 879m, 844m, 662m, 565m, 523, 512m cm�1; Mw� 1 ± 1.7� 106,
Mw/Mn� 1.7 (see text); elemental analysis calcd (%) for C4H4F6NO2P
(243.044): C 19.8, H 1.7, N 5.8; found: C 20.2, H 1.8, N 5.6.


Preparation of [15NP(OCH2CF3)2]n (2b): Cs2CO3 (8.4 g, 26 mmol) and
HOCH2CF3 (1.9 mL, 26 mmol) were added to a solution of [15NPCl2]n (1 g,
8.62 mmol), prepared from PCl5, in THF (50 mL), and the mixture was
stirred for 15 h at room temperature. The mixture was poured into water
(0.5 L) to give a white precipitate that was washed with water (3� 50 mL)
and extracted with THF. The solution was filtered through celite and
concentrated to a viscous liquid that was poured into water (0.5 L). The
product was similarly reprecipitated once from THF/2-propanol and once
from THF/petroleum ether to give a white solid that was dried in vacuo at
30 �C for two days. Yield: 1.34 g (64%).
1H NMR ([D6]acetone, 25 �C, TMS): �� 4.7 ppm br; 31P{1H} NMR
([D6]acetone, 25 �C, H3PO4): ���6.5 ppm; 19F NMR ([D6]acetone,
25 �C, CFCl3): ���75.3 ppm; 15N NMR (CDCl3, 25 �C, NH3): ��
62.7 ppm; IR (KBr): �� � 2975m, 1458m, 1421m, 1287s, 1220s, 1174vs,
1083vs, 963s, 877m, 840m, 816w, 661m, 564m, 517m cm�1; Mw(GPC):
1000000, Mw/Mn� 3.3, elemental analysis calcd (%) for C4H4F615NO2P
(244.044): C 19.7, H 1.7, N 6.1; found: C 19.2, H 1.9, N 6.0.


Results and Discussion


The synthesis of PDCP in solution : It is known that the ring-
opening polymerization of [N3P3Cl6] in refluxing 1,2,4-tri-
chlorobenzene (b.p. 214 �C) is promoted by the presence of
calcium sulfate dihydrate and catalyzed by sulfamic acid.[5]


Reaction of the resulting poly(dichlorophosphazene) with
sodium aryloxides, or directly with phenols and M2CO3 (M�
K or Cs)[12] affords the hydrolytically stable aryloxy deriva-
tives [NP(OAr)2]n with a molecular weight of the order of 106.
According to Magill×s work, no branching occurs in the linear
polyphosphazenes formed by this procedure, and the yield of
poly(dichlorophosphazene) obtained is about 30%.
As the [N3P3Cl6] is formed in the reaction of PCl5 with


NH4Cl,[7] it should be possible to obtain the poly(dichloro-
phosphazene) in one pot, directly from these reagents and in
the presence of the promoter and the catalyst. We confirmed
this hypothesis by repeating Magill�s experiments but starting
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from an equimolar mixture of PCl5 and NH4Cl. As shown by
the data for its hydrolytically stable polyphosphazene deriv-
atives (see below), the poly(dichlorophosphazene) obtained
had very similar characteristics to that formed starting from
[N3P3Cl6]. The yield based on PCl5 was about 30%, which, in
practice, represents a much higher yield than that obtained by
using [N3P3Cl6] as the starting material. Monitoring the
reaction by 31P NMR spectroscopy revealed the rapid
disappearance of the PCl5 and the formation of [N3P3Cl6],
[N4P4Cl8], [N5P5Cl10], and other small oligomers as intermedi-
ates. We also observed the presence of [NPCl2]n from the very
beginning of the process. Various experiments showed that
the absence of the promoter and/or the catalyst decreased the
yield to 20% and that carrying out the reaction without the
use of an N2 atmosphere had little effects on the final yield.
However, above 100 g of PCl5 the scaling up of the


laboratory procedure brought many technical problems, and
safety hazards. The most important problem was the sub-
limation of the PCl5 that caused obstructions within the
reactor and that on occasions led to small explosions. The
results are summarized in Table 1.


All our attempts[13] to achieve safe larger laboratory scales
were unsuccessful, although by conducting the reaction
sequentially using two solvents of different boiling point to
prevent the sublimation of the PCl5 led to procedures with
yields approaching 40% in scales of the order of 50 g.
Therefore, all these observations show that if this method
were to be extended to a large-scale industrial process many
technical modifications would be required.


Synthesis of polyaryloxyphosphazenes from the [NPCl2]n in
solution : As shown previously, the direct use of the phenol
and K2CO3 or Cs2CO3 as proton abstractors in the direct
reactions of poly(dichlorophosphazene) with phenols have
important advantages from a synthetic point of view.[12]


However, when these substitution reactions were carried out
in THF as solvent the isolated products were frequently
contaminated with polytetrahydrofuran (PTHF), a problem
that could be resolved by forming the initial solution of the
poly(dichlorophosphazene) in THF in the presence of solid
K2CO3.[14]


Therefore, to determine the characteristics of the [NPCl2]n
obtained in THF by the method described above, we treated it
with the biphenol 2,2�-dioxybiphenyl and K2CO3 to obtain the
linear uncrosslinked polymer [NP(O2C12H8)]n (1a), previously
reported by us.[15] The molecular weight and the thermal
behavior (Tg) of the product was almost identical to the that of


the polymers obtained starting from [NPCl2]n prepared by
Magill�s method. Therefore, the [NPCl2]n that results from our
new procedure has a much higher molecular weight than that
obtained by polycondensation of Cl3P�NSiMe3 as described
in reference [1b].
Moreover, we also noted that the direct method which used


cesium carbonate worked well with the acidic alkyl alcohol
HOCH2CF3 at room temperature, giving the long-known
polymer[16, 17] [NP(OCH2CF3)2]n (2a) in good yield and purity
in less than 5 h (see Experimental Section). The high
molecular weight observed by GPC for 2a confirms that the
molecular weight of the [NPCl2]n obtained starting from PCl5
is of the order of 106, although it must be taken into account
that the molecular weight of [NP(OCH2CF3)2]n is normally
overestimated by GPC.[13]


Finally, the method described herein proved to be very
convenient to obtain the 15N phosphazene polymers 1b and
2b, starting from [15NPCl2]n prepared from 15NH4Cl. As
expected, the molecular weight, thermal behavior, and
spectroscopy of 1b and 2b were almost identical to their 14N
counterparts. Small differences were observed in the 31P NMR
and 1H NMR spectra, which exhibited broader signals, and
more conspicuous ones in the IR spectra (KBr pellets). The
broad absorption centered at 1400 cm�1 in the IR spectrum of
1a[18] was less broad and centered at 1350 cm�1 in the IR
spectrum of 1b. Similarly, in the case of the trifluoroethoxy
derivatives the spectra showed a very clear isotopic shift in
one of the strong absorptions in the PN stretching region,[19]


which appeared at 1252 cm�1 in the 14N derivative 2a and at
1220 cm�1 in the 15N isotopomer 2b. This suggests that this
band is attributable to PN stretching modes that are rich in N
contributions.
As expected, the 15N{1H} NMR spectra showed a strong


signal near �� 65 ppm, which is close to the values reported
for other polyphosphazenes.[20]
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The Interaction of C60, C70, and C60(CN)2 Radical Anions with Cobalt(��)
Tetraphenylporphyrin in Solid Multicomponent Complexes


Dmitri V. Konarev,*[a, b] Salavat S. Khasanov,[a, c] Gunzi Saito,*[a] Rimma N. Lyubovskaya,[b]
Yukihiro Yoshida,[a] and Akihiro Otsuka[a, d]


Abstract: Amethod for the synthesis of
the multicomponent ionic complexes:
[CrI(C6H6)2


.�][CoII(tpp)(fullerene)�] ¥
C6H4Cl2, comprising bis(benzene)chro-
mium (Cr(C6H6)2), cobalt(��) tetraphen-
ylporphyrin (CoII(tpp)), fullerenes (C60,
C60(CN)2, and C70), and o-dichloro-
benzene (C6H4Cl2) has been developed.
The monoanionic state of the fullerenes
has been proved by optical absorption
spectra in the UV/vis/NIR and IR rang-
es. The crystal structures of the ionic
[{CrI(C6H6)2}


.�]1.7[{CoII(tpp)(C60)}2]1.7� ¥
3.3C6H4Cl2 and [{CrI(C6H6)2}


.�]2[CoII-


(tpp){C60(CN)2}]�[C60(CN)2
.�]) ¥3C6H4Cl2


are presented. The essentially shortened
Co ¥ ¥ ¥C(fullerene) bond lengths of
2.28 ± 2.32 ä in these complexes indi-
cate the formation of �-bonded
[CoII(tpp)][fullerene]� anions, which
are diamagnetic. All the ionic complexes
are semiconductors with room temper-


ature conductivity of 2� 10�3 ± 4�
10�6 Scm�1, and their magnetic suscepti-
bilities show Curie ±Weiss behavior.
The neutral complexes of CoII(tpp) with
C60, C60(CN)2, C70, and Cr0(C6H6)2, as
well as the crystal structures of [CoII-
(tpp)](C60) ¥2.5C6H4Cl2, [CoII(tpp)](C70) ¥
1.3CHCl3 ¥ 0.2C6H6, and [Cr0(C6H6)2]-
[CoII(tpp)] are discussed. In contrast to
the ionic complexes, the neutral ones
have essentially longer Co ¥ ¥ ¥C(fuller-
ene) bond lengths of 2.69 ± 2.75 ä.


Keywords: crystal engineering ¥ do-
nor ± acceptor systems ¥ fullerenes ¥
porphyrinoids ¥ solid-state struc-
tures


Introduction


Ionic charge-transfer (CT) complexes and salts based on
fullerenes[1] show intriguing physical properties.[2±6] The com-
pounds obtained up to now involve strong organic and
organometallic donors (denoted as D1), namely, metallo-
cenes CoII(Cp)2[7, 8] Cr0(C6H6)2,[9] Cr0(C6H5Me)2,[9, 10]


Cr0(C6H3Me3)2,[9] NiII(Cp*)2,[11] CoII(Cp*)2,[12] CrII(Cp*)2,[13]


and FeI(Cp)(C6Me6);[14] metalloporphyrinates CrII(tpp)[15]


and SnIITpTP;[8] and the amine TDAE.[16] All of these ionic


compounds are two-component ones and can be presented by
a general formula: [(D1)


.�(fullerene) .�], some of them also
contain solvent molecules (S).
At the same time, most organic and organometallic donors:


substituted tetrachalcogenafulvalenes,[17±19] aromatic hydro-
carbons,[19, 20] amines,[21] porphyrins,[22, 23] porphyrazines,[24] and
their metal-containing analogues[22, 23, 25±28] (denoted as D2)
yield mainly neutral complexes with fullerenes:
[(D2)��(fullerene)��] ¥S, where the degree of charge transfer
(�) is close to 0. The advantage of these complexes is their
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tetraphenyl-21H,23H-porphyrin; ZnII(tpp): 5,10,15,20-tetraphenyl-
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2,3,7,8,12,13,17,18-octaethylporphyrinate cobalt(��); Ph4P� : tetraphenyl-
phosphonium cation.
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ability to form various packing motifs of fullerene molecules
in a crystal. The molecular configurations and fullerene
networks, which range from one- to three-dimensional in
fullerene complexes with tetraphenylporphyrin and their
metal-containing analogues, were demonstrated in our pre-
vious publications.[23, 26a, b, c] It is well known that the neutral
complexes cannot show interesting conducting and magnetic
properties, and the change of their ground state to an ionic
one may be promising in the design of functional organic
solids. A third component with strong donor ability intro-
duced into the complex can ionize the fullerenes (the above-
mentioned D1 molecules) and change their ground state.
To combine D1 and D2 molecules in one complex with


fullerene, we designed multicomponent complexes of ful-
lerenes of a general formula [(D1)


.(fullerene)(D2)] ¥ S; here
D1 is a donor molecule of a small size potentially able to ionize
fullerenes, and D2 is a large structure-forming molecule.
Tetraphenylporphyrins are convenient D2 components since
H2(tpp) or M(tpp) (M�CoII, CuII, and ZnII) and fullerenes
form a specific architecture with large cavities or chan-
nels,[22, 23, 26e] which can accommodate a small D1 component.
In our previous work[26e] we developed a method for the
incorporation of ferrocene (FeIICp2) into [CoII(tpp)(py)] and
[ZnII(tpp)(py)] (py: pyridine) complexes with C60. The
resulting [MII(tpp)(py)]2[FeII(Cp)2](C60) ¥C6H5Me (M�Co,
Zn) complexes still have a neutral ground state since FeII(Cp)2
is too weak a donor to ionize C60.
In contrast to FeII(Cp)2, Cr0(C6H6)2 has essentially stronger


donor properties (E��0
1�2 ��0.72 V[29]) to ionize fullerenes


(E0��
1�2 of C60 and C70� -0.4 V[30] and E0��


1�2 of C60(CN)2�
�0.25 V[31]) and can form ionic CT complexes with them:
[CrI(C6H6)2]


.�(C60)
.�)[9] and [CrI(C6H6)2]


.�[C60(CN)2]
.� ¥


C6H6.[31] The size of the Cr0(C6H6)2 molecule is comparable
with that of solvent molecules and allows this donor to be used
as a D1 component in the multicomponent ionic
[(D1)


.�(fullerene)�(D2
0)] ¥ S complexes.


In this paper we present the new ionic multicomponent
[CrI(C6H6)2]


.�[CoII(tpp)(fullerene)�] ¥C6H4Cl2 complexes to-
gether with the neutral molecules: [CoII(tpp)](fullerene) ¥ S
(fullerene�C60, C60(CN)2, and C70; C6H4Cl2� o-dichloroben-


zene; S�C6H4Cl2, CHCl3, C6H6, C6H5Me), and
[Cr0(C6H6)2][CoII(tpp)]. The complexes have been character-
ized by IR, UV/vis/NIR, and EPR spectroscopy, and their
magnetic and transport properties have been studied. The
crystal structures of [{CrI(C6H6)2}1.7][{CoII(tpp)(C60)}2] ¥
3.3C6H4Cl2 (1), [{CrI(C6H6)2}2][CoII(tpp){C60(CN)2}][C60-
(CN)2] ¥ 3C6H4Cl2 (3),[32] [CoII(tpp)](C60) ¥ 2.5C6H4Cl2 (4),
[CoII(tpp)](C70) ¥ 1.3CHCl3 ¥ 0.2C6H6 (6), and [Cr0(C6H6)2]-
[CoII(tpp)] (9) have been solved by using single-crystal
X-ray data. The interaction of CoII(tpp) with neutral ful-
lerenes C60, C60(CN)2, and C70 and their radical anions in the
solid complexes has been analyzed.


Results


Synthesis : The complexes 1 ± 9 are listed in Table 1. The
crystals of 1 ± 3 were prepared under anaerobic conditions by
diffusion of n-hexane into a solution of Cr0(C6H6)2, fullerene,
and CoII(tpp) in C6H4Cl2. The Cr0(C6H6)2/fullerene/CoII(tpp)
molar ratio is 2:1:1. Ionic [CrI(C6H6)2]


.�[fullerene] .� ¥C6H4Cl2
and [Cr0(C6H6)2][CoII(tpp)] (9) were crystallized in the
presence of an excess of Cr0(C6H6)2 (4:1:1 molar ratio).
H2(tpp), CuII(tpp), ZnII(tpp) (as a D2 component), or bulky
CrII(Cp*)2# �� (as a D1 component) do not form multi-
component complexes with C60.


Crystal structures : The main building block of
[{CrI(C6H6)2}1.7][{CoII(tpp)(C60)}2] ¥ 3.3C6H4Cl2 (1) is the
[CoII(tpp)(C60)] unit (Figure 1a). There are two
[CoII(tpp)(C60)] units (A and B), which have different atomic
displacement parameters for the fullerene moieties and Co ¥¥¥C
(C60) bond lengths of 2.294(10) ä in unit A and 2.319(9) ä in
unit B. The next shortened Co ¥ ¥ ¥C(C60) contacts for carbon
atoms closest to coordinated carbon are 3.004 ± 3.204 ä (inset,
Figure 1a). Such a coordination corresponds to the � bonding
of CoII(tpp) to C60. The N(CoII(tpp)) ¥ ¥ ¥C(C60) bond lengths
are 2.968 ± 3.264 ä in both units.
The supramolecular arrangement of 1 is shown in Figure 2.


The �-bonded [CoII(tpp)(C60)] units form a cage structure


Table 1. Data for crystals of 1 ± 9.


N Complex Elemental analysis found/calcd Shape
C [%] H [%] N [%] Cl [%]


1 [{CrI(C6H6)2}1.7][{CoII(tpp)(C60)}2] according to X-ray diffraction data elongated
¥ 3.3C6H4Cl2[a] prisms


2 [{CrI(C6H6)2}2][CoII(tpp)(C70)](C70) 84.48/84.62 2.16/2.16 2.63/2.03 5.12/5.08 prisms
¥ 2C6H4Cl2[b]


3 [{CrI(C6H6)2}2][CoII(tpp){C60(CN)2}] according to X-ray diffraction data elongated
[C60(CN)2] ¥ 3C6H4Cl2[c] parallelepipeds


4 [CoII(tpp)](C60) ¥ 2.5C6H4Cl2 according to X-ray diffraction data prisms
5 [CoII(tpp)](C60) ¥C6H5Me 89.55/89.76 2.57/2.42 3.84/3.77 ± prisms


6 [CoII(tpp)](C70) ¥ 1.3CHCl3 ¥ 0.2C6H6 according to X-ray diffraction data prisms
7 [CoII(tpp)](C70) ¥ 2.5C6H4Cl2 82.40/82.44 1.90/2.02 3.00/2.97 9.21/9.44 elongated


plates
8 [CoII(tpp)]{C60(CN)2} ¥ 2.5C6H5Me 80.40/80.79 2.44/2.40 4.62/4.70 8.78/8.64 prisms


¥ 1.5CHCl3
9 [Cr0(C6H6)2][CoII(tpp)] according to X-ray diffraction data parallelepipeds


The atomic ratio from the data of microprobe analysis (Co/Cr/Cl): obs/calcd: [a] 1.00� 0.07:0.86� 0.07:2.2� 0.1 / 1:0.85:3.3. [b] 1.00� 0.07:1.96�
0.07:4.1� 0.1 / 1:2:4. [c] 1.00� 0.07:2.00� 0.07:6.4� 0.1 / 1:2:6.
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with large cavities connected through channels along the b
axis. The walls of each cavity are built of six [CoII(tpp)(C60)]
units. The cavities accommodate both C6H4Cl2 and CrI(C6H6)2
in six crystallographically different positions. Three of them
are partially occupied by orientationally disordered C6H4Cl2,
one position is partially occupied by orientationally disor-
dered CrI(C6H6)2, and the last two neighboring positions are
shared by both CrI(C6H6)2 and C6H4Cl2. The fullerene
molecules form isolated pairs with a center-to-center bond
length of 10.16 ä and a shortened C ¥ ¥ ¥C contact of 3.216 ä.
[{CrI(C6H6)2}2][CoII(tpp){C60(CN)2}][C60(CN)2] ¥ 3C6H4Cl2 (3)
contains [CoII(tpp)][{C60(CN)2}2] units (Figure 1b). One
C60(CN)2 (A) has a �-type coordination to CoII(tpp) with
the shortest Co ¥ ¥ ¥C bond length being 2.283(3) ä. The
shortened Co ¥ ¥ ¥C contacts for carbon atoms closest to
coordinated carbon are 2.99 ± 3.09 ä (inset, Figure 1b). The
second C60(CN)2 molecule (B) forms only shortened van der -
Waals contacts with CoII(tpp) of the �2-type with Co ¥ ¥ ¥C
distances of 2.790(3) and 2.927(3) ä.


The packing of 3 is shown in Figure 3. The
[CoII(tpp)][{C60(CN)2}2] units form a cage structure with
channels (I and II) arranged along the a axis. I is occupied
by ordered CrI(C6H6)2 molecules. Each CrI(C6H6)2 is sur-
rounded by six C60(CN)2 molecules among which four
molecules (2A� 2B) project C�N groups toward one
CrI(C6H6)2 and the other two molecules (2B) toward the
CrI(C6H6)2 embedded in the neighboring channels I. The
N(C60(CN)2) ¥ ¥ ¥C(CrI(C6H6)2) contacts are 3.24 ± 3.26 ä.
Channel II is larger than I since its walls contain two
additional ordered CrI(C6H6)2, which form the shortened
C(C60) ¥ ¥ ¥C(CrI(C6H6)2) contacts of 3.38 ± 3.44 ä. Channel II
contains disordered CrI(C6H6)2 and C6H4Cl2 (not depicted in
Figure 3) in two crystallographically independent positions.
One of these positions is occupied only by C6H4Cl2 and the
other one is shared by both CrI(C6H6)2 and C6H4Cl2. Their
disorder is associated with the absence of shortened contacts
with fullerenes. In 3 the fullerene molecules form several
shortened C ¥ ¥ ¥C contacts to each other (3.17 ± 3.38 ä).


Figure 1. Different types of fullerene/porphyrin interaction in: a) [{CrI(C6H6)2}1.7][{CoII(tpp)(C60)}2] ¥ 3.3C6H4Cl2 (1). Inset: a detailed view of the Co ¥ ¥ ¥C �


bond in [CoII(tpp)(C60)] unit ™A∫ (the Co ¥ ¥ ¥C(n) lengths are n� 1: 2.29, n� 2: 3.00, n� 3: 3.00, n� 4: 3.20 ä. b) [{CrI(C6H6)2}2][CoII(tpp){C60(CN)2}]-
[C60(CN)2] ¥ 3C6H4Cl2 (3). Inset: a detailed view of the Co ¥ ¥ ¥C � bond in [CoII(tpp)(C60)(CN)2] unit (the Co ¥ ¥ ¥C(n) lengths are n� 1: 2.28, n� 2: 3.09, n� 3:
3.06, n� 4: 2.99 ä. c) [CoII(tpp)](C60) ¥ 2.5C6H4Cl2 (4). d) [CoII(tpp)](C70) ¥ 1.3CHCl3 ¥ 0.2C6H6 (6). The shortened van der Waals contacts (�3.0 ä) and the
�bonding are shown by dashed and full lines, respectively.
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[CoII(tpp)](C60) ¥ 2.5C6H4Cl2 (4) is isostructural to H2(tpp) ¥
C60 ¥ (C6H5Me)3,[22] [ZnII(tpp)](C70),[22] and [CuII(tpp)](C70) ¥
1.5C6H5Me ¥ 0.5C2HCl3.[23]


The main structural motif of the complex is zigzag chains of
alternating CoII(tpp) and C60 molecules (Figures 1c and 4).
Each C60 molecule forms shortened contacts with the two
[CoII(tpp)] units (A and B). The dihedral angle between the


planes of porphyrin macrocycles
of A and B is 44.1�. A forms
shortened van der Waals Co ¥ ¥ ¥ C
(C60) contacts (2.691(3) and
2.796(3) ä) of the �2 type with
the 6 ± 6 bond of C60, while B
forms only one shortened Co ¥ ¥ ¥C
(C60) contact of 2.690(3) ä (the
Co ¥ ¥ ¥C(C60) contact with another
carbon atom of this 6 ± 6 bond is
3.11 ä). There are also several
shortened N(CoII(tpp)) ¥ ¥ ¥C(C60)
contacts in the 2.95 ± 3.37 ä range.
The zigzag arrangement of C60 and
CoII(tpp) molecules in the chains
affords large cavities (Figure 4,
dashed circles) occupied by phenyl
substituents of CoII(tpp) and
C6H4Cl2. Each C60 molecule in 4
has two adjacent C60 molecules
with van der Waals C ¥ ¥ ¥C contacts
in the 3.11 ± 3.36 ä range and
a center-to-center distance of
10.10 ä.
[CoII(tpp)](C70) ¥ 1.3CHCl3 ¥


0.2C6H6 (6) contains C70 layers
parallel to the mirror (010) plane
of the lattice (Figure 5). There are
two crystallographically indepen-
dent C70 and CoII(tpp) molecules
(A and B). The saddle-shaped A
forms shortened Co ¥ ¥ ¥C(C70) con-
tacts in the 2.70 ± 2.90 ä range
with two crystallographically inde-
pendent C70 molecules, while the
planar B has a shortened contact
of 2.751(3) ä with only one C70


molecule and its crystallographic
equivalent (Figure 1d). There are
several shortened C ¥ ¥ ¥C contacts
(3.30 ± 3.48 ä) between the non-
equivalent C70 molecules in the
layer, so that the zigzag chains of
C70 molecules are clearly pro-
nounced (Figure 5). Disordered
solvent molecules occupy the cav-
ities within the C70 layer.


[Cr0(C6H6)2][CoII(tpp)] (9): The
complex has a layered structure.
An almost square network of
CoII(tpp) molecules in the layer


contains ordered Cr0(C6H6)2 molecules in the cavities formed
by the phenyl groups of CoII(tpp) (Figure 6).


Conformation of CoII(tpp) in the complexes : The main
geometric parameters of porphyrin macrocycles for 1, 3, 4,
6, 9 and related compounds are presented in Table 2. The
values of bond lengths and angles in the porphyrin ligand


Figure 2. The supramolecular arrangement of [{CrI(C6H6)2}1.7][{CoII(tpp)(C60)}2] ¥ 3.3C6H4Cl2 (1) (view along
the b axis). The cavities connected by the through channels are shown by dashed circles. The phenyl
substituents of the CoII(tpp), CrI(C6H6)2 and C6H4Cl2 moieties are omitted.


Figure 3. The two types of channel in [{CrI(C6H6)2}2][CoII(tpp){C60(CN)2}][C60(CN)2] ¥ 3C6H4Cl2 (3) (view
along the channels). The channels I and II are depicted by full and dashed circles, respectively. The positions of
the CoII(tpp) macrocycles are shown schematically by dashed lines.
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Figure 5. Fragment of the crystal structure of [CoII(tpp)](C70) ¥ 1.3CHCl3 ¥
0.2C6H6 (6). The view along the C70 layers is shown.


remain almost unchanged in 1, 3, 4, and 6 as compared with
the parent porphyrin,[34] whereas the N ¥ ¥ ¥Co bonds are
noticeably elongated. The cobalt atom in 1 and 3 coordinates
to fullerenes and TPP in a flattened square-pyramidal
manner, deviating by 0.096(3) and 0.091(3) ä (1) and
0.113(1) ä (3) from the mean plane of the porphyrin macro-
cycle toward fullerene. The deviations of the cobalt atom in 1
and 3 are comparable with that in [MII(tpp)(py)]2[FeII(Cp)2]-
(C60) ¥C6H5Me (the deviation of the cobalt atom toward
pyridine is 0.190 ä[26e]).


Porphyrin macrocycles in the
complexes with fullerenes have
nearly planar geometry except-
ing CoII(tpp) ™A∫ molecule in 6,
which has a noticeable saddle-
like deviation (Table 2). The
[CoII(tpp)] units in 9 are also
bent in a saddle-like manner as
in the parent CoII(tpp).[33]


IR spectra : Neutral C60 has four
IR-active absorption bands at
527, 577, 1181, and 1429 cm�1


(F1u(1 ± 4) modes, respectively).
The frequency of the F1u(4)
mode is sensitive to charge
transfer to the C60 molecule.[35]


This mode has two components
(1408 and 1398 cm�1) in 1,
which are noticeably shifted by
21 ± 31 cm�1 to smaller wave
numbers relative to parent C60,
and becomes close to that in C60


ionic salts with the 1� charge on
the C60 molecule: 1390 ±
1394 cm�1 in (Ph4X�)2 ¥ (C60


.�) ¥
Y� (X�P, As; Y�Cl, I),[36] and Rb�[C60]


.� at 1392 cm�1.[35]


The essential increase in the integral intensity of the F1u(2)
mode relative to that of F1u(1) is also characteristic of C60


.� .[35]


The splitting of the F1u(4) mode into two bands can be caused
by the presence of two differently charged fullerene mole-
cules or the lowering of C60 symmetry in the �-bonded
[CoII(tpp)(C60)] units. Several new weak bands at 548, 1196,
1204, 1232, 1262, and 1309 cm�1 can be attributed to the
™silent∫ symmetry-forbidden modes of C60, which appear as a
result of symmetry breaking[37] in C60 at the formation of the �-
bonded [CoII(tpp)(C60)] units.


Figure 6. Crystal packing of [Cr0(C6H6)2][CoII(tpp)] (9).


Figure 4. The fragment of crystal structure of [CoII(tpp)](C60) ¥ 2.5C6H4Cl2 (4) (the view on the bc plane). The
channels shown by the dashed circles are occupied by the C6H4Cl2 molecules (not depicted in figure). Only the
major orientation of the C60 molecules is shown.
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The most intense IR-active bands of neutral C70 at 535, 794,
and 1429 cm�1 are shifted in 2 to 530, 800, and 1391 cm�1. The
shift of the band of C70 from 1429 cm�1 (neutral) to 1391 cm�1


(2) is similar to that of the F1u(4) mode of C60 in its ionic
salts[35, 36] and 1, and indicates the formation of C70


.� .
Numerous new bands attributed to symmetry breaking in
C70 appear at 495, 546, 844, 944, 1110, 1154, 1204, 1244, 1259,
1280, and 1315 cm�1.
Neutral C60(CN)2 has more than 17 bands, with the most


intense ones at 766, 1430, and 2241 cm�1 (the C�N stretching
mode). These bands are noticeably shifted in 3 to 738, 1391,
and 2230 cm�1. The close position of the C�N stretching mode
was observed in ionic [CoIII(Cp)2]�[C60(CN)2]


.� ¥CS2
(2233 cm�1).[38]


Two IR bands are sensitive to charge transfer in Cr0(C6H6)2
and are shifted from 459 to 415 cm�1 and from 490 to 466 cm�1


at the transition from the neutral to the radical cation state in
[CrI(C6H6)2]


.� ¥ I�.[34] The position of these bands at 418 and
460 cm�1 in the spectra of 1 ± 3 indicates the radical cation
state of [CrI(C6H6)2]


.� .
The IR spectra of 4 ± 8 are a superposition of the spectra of


the starting components in their neutral states. The bands of
fullerenes retain both the positions (within �2 cm�1) and the
initial ratio of the intensities relative to parent molecules. The


position of the IR bands of CoII(tpp) in the spectra of 4 ± 8 is
shifted by 6 cm�1 relative to parent CoII(tpp); this indicates
small changes in its initial geometry in the complexes with
fullerenes.
The IR spectrum of 9 consists of the bands of CoII(tpp)


(shifted by up to 10 cm�1 relative to parent CoII(tpp)) and
those of Cr0(C6H6)2.


UV/vis/NIR spectra : The spectra of solid 1 ± 3 exhibit an
essentially ionic ground state (Table 3). The bands of ful-
lerenes and CoII(tpp) are shifted in the complexes by 300 ±
400 cm�1 to higher and lower energies, respectively, relative to
the parent compounds.
New bands are also observed in the NIR spectra of 1 ± 3.


The bands B at 9.3� 103 (1), 8.1� 103 (2), and 9.5� 103 cm�1


(3) are attributed to (fullerene) .� (Figure 7a ± c). These bands
have positions close to those in the solution spectra of C60


.�


and C60(CN)2
.� : 9.2 ± 9.4� 103,[4] and 9.8� 103 cm�1,[38] respec-


tively. The band of C70
.� in 2 is shifted to higher energy


relative to that of C70
.� in solution (7.2 ± 7.4� 103 cm�1[4]). The


intense bands A at 7.8� 103 (1), 10.9� 103 (2), and 8.3�
103 cm�1 (3) are ascribed either to transitions in the �-bonded
[CoII(tpp)(fullerene)] units or charge transfer between ful-
lerene anions. Relatively weak bands C in the visible range


Table 2. Geometry of the TPP macrocycle and selected bond lengths and angles in CoII(tpp) molecules along with the shortest metal ± fullerene contacts in 1, 3, 4,
and 6 and related compounds. For the notation for chemically equivalent bonds and bond angles see formula; for theA and Bmoieties see Figure 1a (1), b (3), c (4),
and d (6).


Compound 1 3 4 6 9 [{(Co(tpp)(py)}2]-
[Fe(Cp)2(C60)]
¥C6H5Me[26e]


[Co(tpp)][34]


porphyrin A/B A/B A/B
geometry planar planar planar saddle/planar saddle planar saddle
rms[a] [ä] 0.035/0.048 0.085 0.016/0.014 0.193/0.035 0.436 ± ±
� [�][b] [ä] 0.096(3)/0.091(3) 0.113(1) 0.0/0.0 0.009(1)/0.0 ± 0.190 ±
bond lengths [ä][c]


I 1.974(3)/1.974(2) 1.980(11) 1.979(9)/1.982(2) 1.976(5)/1.980(10) 1.923(2) 1.985(1) 1.948(1)
II 1.386(3)/1.388(8) 1.379(5) 1.381(3)/1.381(3) 1.379(4)/1.382(2) 1.402(5) 1.375(1) 1.378(1)
III 1.430(8)/1.440(8) 1.441(6) 1.440(4)/1.438(4) 1.432(4)/1.433(3) 1.435(7) 1.438(1) 1.441(1)
IV 1.353(16)/1.357(16) 1.347(5) 1.349(1)/1.352(1) 1.340(3)/1.346(4) 1.350(6) 1.348(2) 1.361(1)
V 1.387(6)/1.394(5) 1.387(5) 1.389(5)/1.391(2) 1.388(4)/1.389(4) 1.386(7) 1.391(1)
1.390(1)
bond angles [�][c]


I�II 127.7(2)/127.9(6) 127.5(2) 127.6(2)/127.5(4) 127.4(4)/127.6(4) 127.6(6) 127.4(1) 127.4(2)
II�II 104.3(5)/104.2(4) 104.9(5) 104.9(2)/105.0(1) 105.1(6)/104.8(2) 104.3(3) 104.9(1) 105.1(2)
II�III 110.8(6)/111.1(5) 110.6(4) 110.6(2)/110.5(2) 110.2(3)/110.5(2) 110.2(3) 110.7(1) 110.8(2)
III�IV 107.0(4)/106.8(6) 106.9(5) 107.0(2)/107.0(2) 107.3(2)/107.1(1) 107.5(6) 106.8(1) 106.6(2)
II�V 125.7(3)/125.7(1) 125.7(3) 126.0(2)/126.1(2) 125.8(7)/125.8(3) 124.0(6) 125.9(1) 125.6(2)
V�V 122.9(4)/122.8(6) 123.4(1) 122.9(2)/122.9(3) 123.5(5)/123.2(2) 122.3(3) 123.0(2) 121.9(2)
Co ¥ ¥ ¥C(fullerene) 2.294(10)/2.319(9) 2.283(3) ±C60(A), 2.691(3) and 2.701(3), 2.739(3) ± 2.82 ± 3.49 ±
lengths [ä] 2.790(3) and 2.796(3)/2.690(3) and


2.927(3) ±C60(B) 2.899(3)/2.751(3)


[a] Root-mean-square (rms) deviations of atoms from the mean plane in the porphyrin macrocycle. [b] Deviation of the cobalt atom from the mean plane of the
porphyrin macrocycle (�). [c] In brackets–standard deviation of the mean value over the porphyrin macrocycle.
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Figure 7. The UV/vis/NIR spectra of: a) [{CrI(C6H6)2}]1.7[{CoII(tpp)-
(C60)}2] ¥ 3.3C6H4Cl2 (1); b) [{CrI(C6H6)2}2][CoII(tpp)(C70)](C70) ¥ 2C6H4Cl2
(2); c) [{CrI(C6H6)2}2][CoII(tpp){C60(CN)2}][C60(CN)2] ¥ 3C6H4Cl2 (3);
d) [CoII(tpp)](C60) ¥ 2.5C6H4Cl2 (4). The arrows and dashed curves show
the positions of the bands in the vis ±NIR range. The assignment is given in
the text.


(Figure 7a and b) can be ascribed to charge transfer between
(fullerene�) and CrI(C6H6)2


.� .
The ground state of solid 4 ± 8 is a neutral CT one because


the UV/vis/NIR spectra do not exhibit the characteristic
bands of (fullerene) .� (Figure 7d). The bands of CoII(tpp) and
fullerenes are shifted in 4 ± 8 by up to 880 cm�1 (�0.07 eV) to
the red and blue sides, respectively, relative to parent
compounds (Table 3). Weak and broad bands with maxima
at 13 ± 14� 103 (4 ± 7) and 12.3� 103 cm�1 (8) are attributed to
intermolecular charge transfer from CoII(tpp) to fullerenes
(band D). The energy of CT for the C60(CN)2 complex (8) is
�0.1 eV lower than those for the C60 and C70 complexes (4 ±
7); this indicates stronger acceptor properties of C60(CN)2.
The spectrum of 9 reveals the bands ascribed to CoII(tpp)


(38.0, 23.8, and 18.8 �103 cm�1) and Cr0(C6H6)2 (30.9�
103 cm�1).


EPR spectra : The EPR parameters of the complexes are
listed in Table 4. Only one Lorenzian signal is observed in the
spectra of 1 and 3 (Figure 8a and c) at room temperature


(RT� 290 K). The g factor of the EPR signal of 1 is close to
that in ionic [CrI(C6H6)2]


.�[C60]
.� (g� 1.9860)[39] or


[CrI(C6H6)2]
.� in rigid solution (g� 1.9860).[40]


Figure 9 shows the temperature dependency of the g factor
and the line half width (�H) of the EPR signal of 3. The signal
becomes narrower with decreasing temperature down to
180 K, and then remains almost constant (1.5 ± 2.1 mT) in the
4 ± 180 K range. At T� 180 K, the signal becomes asymmetric
and is simulated by the two Lorenzian components with g1�
1.996 (�H� 1.6 mT) and g2� 1.988 (�H� 1.9 mT) at 150 K
(Figure 8c). After the splitting, the g factors of the two
components are shifted to lower values with decreasing
temperature. The temperature dependency of the g factor
and �H of the EPR signal of 1 is similar to that of 3 (for the
component with g2).
The EPR signal of 2 is asymmetric at RT with the two


components centered at g1� 2.0238 (�H� 14 mT) and g2�
1.9856 (�H� 5.3 mT) (Figure 8b). Both signals become broad
with decreasing temperature down to 4 K (�H� 21 and
6.7 mT, respectively) and are shifted to higher g factors.
The EPR spectra of 4, 6, and 8 have intense asymmetric


signals with g� � 2.28 ± 2.42 (�H� 31 ± 45 mT) and g	� 2.51 ±
2.64 (�H� 15 ± 30 mT) depending on fullerene (Figure 8d).
The values of g� and g	 become closer to each other with
decreasing temperature down to 4 K and are equal to 2.3 ± 2.4
and 2.46 ± 2.47, respectively.
Complex 9 is EPR silent at RT and shows a very broad


signal at 4 K (Table 4) attributed to CoII(tpp). The asymmetric
signal characteristic of [CrI(C6H6)2]


.�[40] is also observed at
4 K. However, its integral intensity is only 0.1% from that of
CoII(tpp).


Magnetic properties : The data of SQUID magnetic suscept-
ibility measurements (1.9 ± 300 K) of 1 ± 3 and 8 are presented
in Table 5. The experimental data were corrected by the
sample-holder contribution and core-diamagnetic contribu-
tions. Magnetic susceptibilities of 1 ± 3, and 8 follow the


Table 3. UV/vis/NIR spectra of the starting compounds and 1 ± 9.


Com-
pounds


The bands of fullerenes and CoII(tpp) CT bands
their anions, �103 cm�1 � 103 cm�1 � 103 cm�1


UV/vis range NIR
range


Soret
band


Q-band A C D


C60 37.6, 29.1, 23.0
C70 ±, 29.1, 25.8, 20.0
C60(CN)2 38.2, 30.5, 23.8
CoII(tpp) 23.8 18.7
1 37.9, 29.1 9.3 23.4 18.8 7.8 12.8
2 ±, 29.9 8.1 23.5 18.7 10.9 15.4
3 38.3, 30.7 9.5 23.4 18.8 8.3
4 38.1, 29.7 23.3 18.6 13.5
5 37.9, 29.6 23.4 18.7 13.5
6 39.5, 29.7 23.3 18.7 13.2
7 ±, 29.7 23.4 18.8 13.3
8 38.2, 30.8 23.3 18.7 12.3
9[a] 23.8 18.8


[a] The spectrum of 9 also contains the bands of CoII(tpp) at 38.0� 103 and of
Cr0(C6H6)2 at 30.9� 103 cm�1.


Table 4. EPR parameters (g factor and line half width (�H)) for the obtained
compounds at RT (290 K) and 4 K.


Com-
pound


Attribution of the signal RT 4 K
g factor �H [mT] g factor �H [mT]


1 [CrI(C6H6)2]
.� 1.9861 11.0 1.9863 2.4


2 [CrI(C6H6)2]
.� g2 1.9856 5.3 1.9924 6.7


C70
.� g1 2.0238 14.0 2.0606 21.0


3 [CrI(C6H6)2]
.� g2 1.9821 1.5


[CrI(C6H6)2]
.� � g1 1.9912 10.3 1.9934 2.1


C60(CN)2
.� [a]


4 [CoII(tpp)], 	 2.5705 29.4 2.4731 24.6
[CoII(tpp)], � 2.2872 44.6 2.3966 36.8


6 [CoII(tpp)], 	 2.6397 26.8 2.4654 22.4
[CoII(tpp)], � 2.4226 43.0 2.3241 35.0


8 [CoII(tpp)], 	 2.5110 15.2 2.4605 16.6
[CoII(tpp)], � 2.3240 31.0 2.3046 27.0


9 [CoII(tpp)] absent 2.52 286.0
[CrI(C6H6)2]


.� , 	 1.9899 2.1
[CrI(C6H6)2]


.� , � 1.9828 1.1


[a] The signal is characteristic of strong exchange coupling between
CrI(C6H6)2


.� and corresponding fullerene radical anions.
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Figure 9. Temperature dependency of EPR parameters a) g factors and
b) the line half width (�H) of the EPR signal from [{CrI(C6H6)2}2]-
[CoII(tpp){C60(CN)2}][C60(CN)2] ¥ 3C6H4Cl2 (3) in the 4 ± 300 K range. Open
and closed symbols correspond to the g1 and g2 components, respectively.
™T∫ denotes the temperature of the splitting of the EPR signal into two
components.


Curie ±Weiss law. The Weiss constants (�) determined from
the plots based on the equation 1/�M�C(T� �) are also
shown in Table 5.
The number of spins per formula unit was calculated from


the magnetic moment of the complexes at 300 K (Table 5).


The temperature dependencies of �eff
for 1 ± 3 and 8 are qualitatively similar.
Figure 10 shows the results for 3 as an
example. A small decrease of �eff is
observed with the temperature de-
crease down to 200 K, then �eff re-
mains unchanged down to 50 K. At
2 ± 50 K, the magnetic moment de-
creases in 1 ± 3 and 8 due to antiferro-
magnetic interactions of spins.


Conductivity : The compounds are
semiconductors with RT (290 K) con-
ductivity: 4� 10�5 for 1, 4� 10�6 for 2,
and 2� 10�3 Scm�1 for 3. The com-
plexes 4 ± 8 are dielectric (��
10�7 Scm�1).


Discussion


The complexes of CoII(tpp) with ful-
lerene radical anions : H2(tpp),
CoII(tpp), CuII(tpp), and ZnII(tpp)
form various complexes with neutral
fullerenes.[22, 23, 26] However, only
CoII(tpp) forms ionic multicomponent
complexes 1 ± 3 with fullerene radical
anions.
According to the X-ray structure


analysis, [{CrI(C6H6)2}1.7]-
[{CoII(tpp)(C60)}2] ¥ 3.3C6H4Cl2 (1) contains a nonstoichiomet-
ric amount of CrI(C6H6)2 relative to C60 (�1.7:2). Since


Figure 8. EPR spectra of: a) [{CrI(C6H6)2}1.7][{CoII(tpp)(C60)}2] ¥ 3.3C6H4Cl2 (1) at RT (285 K) and 4 K;
b) [{CrI(C6H6)2}2][CoII(tpp)(C70)](C70) ¥ 2C6H4Cl2 (2) at 4 K; c) [{CrI(C6H6)2}2][CoII(tpp){C60(CN)2}]-
[C60(CN)2] ¥ 3C6H4Cl2 (3) at RT and 4 K; d) [CoII(tpp)](C60) ¥ 2.5C6H4Cl2 (4) at 4 K. Dotted and dashed
lines show the simulation of the EPR spectrum by the two Lorenzian lines.


Table 5. Data of magnetic measurements.


Compound � T range �eff at 300 K [�B] �eff calcd[a]


[K] [K] Obs[b] Calcd


1 � 0.83 10 ± 200 2.40 2.26 (1.7 spins with S� 1³2) 4.14
2 � 3.76 20 ± 230 2.98 3.00 (3 spins with S� 1³2) 3.87
3 � 2.43 20 ± 200 2.91 3.00 (3 spins with S� 1³2) 3.87
8 � 2.87 25 ± 200 1.83 1.73 (1 spin with S� 1³2) 1.73


[a] From the composition of the complex (S� 1³2 for CoII(tpp), CrI(C6H6)2
.� and


(fullerenes) .�). [b] From SQUID measurements


Figure 10. Temperature dependency of the effective magnetic moment of
[{CrI(C6H6)2}2][CoII(tpp){C60(CN)2}][C60(CN)2] ¥ 3C6H4Cl2 (3) in the 1.9 ±
300 K range.
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CrI(C6H6)2 forms radical cations in 1, the formal charge on the
two C60 molecules is 1.7� . Thus, two differently charged
fullerene molecules can be present in the complex. Actually,
two different fullerenes were observed in the crystal structure,
and two bands for the F1u(4) mode were pronounced in the IR
spectrum. A 1:1 molar ratio of CrI(C6H6)2


.� to C70 or C60(CN)2
in 2 and 3 gives the 1� formal charge on fullerene molecules
that is consistent with the optical data.
The number of spins estimated from the magnetic suscept-


ibility of 1 ± 3 at 300 K (Table 5) is essentially smaller than
that expected from the composition of these complexes
(CoII(tpp), CrI(C6H6)2


.� , and (fullerenes) .� formally have S�
1³2 each). The magnetic moment of 1 (2.4�B per formula unit)
is close to an uncorrelated 1.7S� 1³2 system (�eff of 2.26�B).
Since the EPR signal of 1 is characteristic of CrI(C6H6)2


.� ,[40] it
is deduced that these spins are localized mainly on
CrI(C6H6)2


.� .
The magnetic susceptibilities of 2 and 3 at 300 K (2.91 ±


2.98�B) are defined by three noninteracting spins per formula
unit (the spin-only value is 3.00�B). The EPR signal of 2 has
two components at RT, whereas that of 3 is split into two
components below 180 K (Figures c and 9, Table 4). The two
components (g1 and g2) can be attributed to CrI(C6H6)2


.� (g2)
and C70


.� (g1) in 2 and to CrI(C6H6)2
.� (g2) and the resonating


signal (g1) between C60(CN)2
.� and CrI(C6H6)2


.� in 3. The
resonating signal is characteristic of a strong exchange
coupling and has a mean g factor between those of
CrI(C6H6)2


.� (g� 1.9860[40]) and C60(CN)2
.� (g� 1.9998[38]).


The EPR signal of C70
.� has a higher g factor value (g�


2.0238) in 2 than that in (Ph4P�)2(C70
.�) ¥ I� (gav� 2.0047[42]).


Therefore, an exchange coupling between C70
.� and CoII(tpp)


is possible. Additional structural data allow the nature of this
coupling to be elucidated. In accordance with the EPR data,
three spins per formula unit are basically localized in 2 and 3
on CrI(C6H6)2


.� (two spins with S� 1³2) and the nonbonding
fullerene .� (one spin with S� 1³2). Consequently, the �-bonded
[CoII(tpp)(fullerene)]� anions are deduced to be diamagnetic
in 1 ± 3.
X-ray-diffraction analysis shows that both C60 molecules are


�-bound with the CoII(tpp) units in 1, whereas only one
of two fullerene anions has such coordination in 3.
Accordingly, the ionic formulas of 1 and 3 are:
[{CrI(C6H6)2}


.�]1.7[{CoII(tpp)(C60)}2]1.7� ¥ 3.3C6H4Cl2 (1), and
[{CrI(C6H6)2}


.�]2[CoII(tpp){C60(CN)2}�][C60(CN)2
.�] ¥ 3C6H4Cl2


(3). Complexes 2 and 3 have similar composition and a close
value of the magnetic moment. By analogy with 3, the ionic
formula of 2 might be given as [{CrI(C6H6)2}


.�]2[CoII-
(tpp)(C70)�](C70)


.� ¥ 2C6H4Cl2.
The Co�C(fullerene) bond lengths for � bonding vary over


the 2.28 ± 2.32 ä range. These bond lengths are longer than
those in the strong covalent Co�C bond in alkylcobaltoamines
(1.99 ± 2.03 ä)[43] but are essentially shorter than the M ¥ ¥ ¥
C(fullerene) bond lengths (in the 2.61 ± 3.00 ä range) in the
complexes of neutral fullerenes with metal-containing tetra-
phenyl- and octaethylporphyrins.[22, 23, 25±28] The UV/vis/NIR
spectra of 1 ± 3 exhibit a noticeable redistribution of electronic
levels in both CoII(tpp) and fullerene anions relative to the
starting ones. Thus, the � bonding results in noticeable
changes in the electronic structure of the starting components.


The Co(tpp) complexes with neutral fullerenes : According to
the IR and UV/vis/NIR spectra, 4 ± 8 have a neutral ground
state. However, a noticeable interaction of the � system of
fullerenes with the d ±� system of Co(tpp) is observed. The
EPR spectra of 4, 6, and 8 and magnetic susceptibility
measurements for 8 reveal only one unpaired electron per
formula unit localized on CoII(tpp) with an S� 1³2 ground
state. The EPR spectra of the complexes are essentially
different from that of parent CoII(tpp) (g	� 3.322, g� �
1.798)[44] due to the changes in the hyperfine interaction
parameters, which are the most sensitive to the local environ-
ment of the metal center. The EPR spectra of 4, 6, and 8 are
similar to those of the CoII(tpp) ¥A compounds in which A is a
strongly coordinated CO, P(OCH3)3, or py ligand. These
compounds have asymmetric spectra with g� � 2.017 ± 2.027
and g	� 2.17-2.32 in solution.[41] That the g� value in
CoII(tpp) ¥A is larger than the theoretically calculated g�
2.002 expected for a pure (dz2)1 ground state is attributed to
the elevation of the dz2 level and the contribution of dx2�y2 to
the ground state due to orbital mixing.[41, 45] A similar increase
in the g�-factor values relative to 2.002 is also observed in the
CoII(tpp) ± fullerene complexes.
Shortened contacts are formed in 4 and 6 between the


cobalt or nitrogen atoms of CoII(tpp) and the C60 or C70


carbons (d ±� and � ±� interactions, respectively). The
Co ¥ ¥ ¥C(C60 or C70) contacts of 2.69 ± 2.75 ä in 4 and 6 are
close to those in various neutral C60 and C70 complexes with
cobalt-containing tetraaryl- and octaethylporphyrins:
[CoII(tbp)](C60): 2.61 ä,[26d] [CoII(tmpp)](C60) ¥C6H5Me:
2.64 ä,[26e] [CoII(oep)]2(C60) ¥CHCl3: 2.74 ä,[25a] and
[CoII(oep)](C70) ¥C6H6 ¥CHCl3: 2.80 ä.[25a] These contacts
are shorter than nonbonded van der Waals contacts (3.1 ±
3.3 ä) but are significantly longer than strong �2-coordination
(2.1 ± 2.2 ä) and can be described as a secondary bonding.
The red shift of the Soret and Q-bands of CoII(tpp) in the


UV/vis/NIR spectra of 4 ± 8 relative to those of the parent
CoII(tpp) is similar to the shift of these bands in 1 ± 3, and
reported for the [CoII(tpp)(A)] compounds.[41] Thus, these
shifts are common for the coordination of different ligands
(including fullerenes) to CoII(tpp).


The complex [Cr0(C6H6)2][CoII(tpp)] (9): is afforded as a
result of crystallization of CoII(tpp) in toluene in the presence
of [Cr0(C6H6)2]. The [Cr0(C6H6)2] and [CoII(tpp)] units
interact weakly through � ±� interactions between the C6H6


groups of [Cr0(C6H6)2] and the phenyl constituents of
[CoII(tpp)] According to the UV/vis/NIR and EPR spectra,
9 has a neutral ground state.


Bonding model of CoII(tpp)]with neutral fullerenes and their
radical anions : The [CoII(tpp)(fullerene)n�] (n� 0, 1) com-
plexes have some similarities with the [Co(tpp)(A)] com-
pounds, in which A is a diatomic ligand CO or NO.[46]


The model qualitatively describing the interaction between
the CoII(tpp) and A�B ligands with a bent Co ¥ ¥ ¥A�B
fragment can be used to describe the CoII(tpp) ± fullerene
interaction. In this model C60 (�*0), and C60


.� (�*1) have the
same number of electrons on the �* level as CO (�*0), and
NO (�*1).
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The interaction of the dz2 orbital of CoII(tpp) (d7) and C60 t1u
�* orbital removes the triple degeneracy of the C60 �* level to
produce two molecular orbitals (MO), which are essentially
C60 �* orbitals, and a third orbital capable of � bonding with
the metal dz2 . The generalized MO scheme for the interaction
of CoII(tpp) with C60


.� is shown in Figure 11 (only Co d and
C60 �* orbitals are shown).


Figure 11. Schematic molecular-orbital diagram for the interaction of
neutral C60 and its radical anion with CoII(tpp) (C60 (�*0), C60


.� (�*1), and
CoII(tpp) (d7)).


For the interaction of CoII(tpp) (d7) with neutral C60 (�*0),
seven 3d-orbital electrons are placed in the MO scheme. Only
one unpaired electron occupies the � MO. The secondary
bonding observed in 4 can be a result of the single occupancy
of this � MO. In this relation, 4 is similar to paramagnetic
[CoII(tpp)(CO)].[41]


The electronic configuration for the interaction of CoII(tpp)
(d7) with C60


.� (�*1) is obtained by placing one additional
electron in the MO Scheme (Figure 11). The � MO is
occupied by two electrons. A two-electron covalent bond
between Co and C60


.� is formed. Given two-electron occu-
pancy of the �MO, the [CoII(tpp)(C60)�] anion is diamagnetic.
It should be noted that covalently bonded [CoII(tpp)(NO)]
with a similar electronic configuration (CoII (d7), NO (�*1)) is
also diamagnetic and EPR silent.[41]


Thus, the difference in the interaction of neutral and
negatively charged fullerenes with CoII(tpp) is associated with
the presence of an additional electron at the �* level of the
fullerene anion, which can be involved in the � bonding.
The electronic configuration (CoII(tpp) (d7), fullerene .�


(�*1)) for the interaction of CoII(tpp) with C60(CN)2
.� or


C70
.� is similar to that for C60


.� . As a result, � bonding is also
observed in 2 and 3, and the resulting [CoII(tpp)(fullerene)]�


anions are diamagnetic. However, the � bonding of CoII(tpp)
to C60(CN)2


.� in 3 is only observed for one of the two fullerene
anions. Similarly, in [FeII(tpp)(NO)] ¥NO only one of the two
NO ligands coordinates to FeII(tpp).[45]


Conclusion


New fullerene complexes of CoII(tpp) with ionic (1 ± 3) and
neutral (4 ± 8) ground states have been obtained. The multi-
component approach has allowed us to study the interaction
of CoII(tpp) with negatively charged fullerenes C60, C70, and


C60(CN)2 for the first time. This interaction is characterized by
� bonding between CoII(tpp) and a carbon cage with
essentially shortened Co ¥ ¥ ¥C contacts of 2.28 ± 2.32 ä. Thus,
it is shown that fullerene radical anions are able to be
essentially more strongly bound to CoII(tpp) than neutral
fullerenes. The possibility for � bonding is associated with the
presence of an additional electron on the �* level of ful-
lerenes .� that interacts with the dz2 orbital of CoII(tpp).
This bonding results in the diamagnetism of the
[CoII(tpp)(fullerene)]� anions.
The complexes have cage structures with large cavities or


channels accommodating CrI(C6H6)2
.� and C6H4Cl2. The size


of the cavities allows the insertion of small donor molecules
into the [CoII(tpp)(fullerene)] framework. The D1 component
affects the charged state of fullerenes and, consequently,
conductive, magnetic, and optical properties of the complexes.
The size of the D1 component must be comparable to that of
the solvent molecules to be incorporated in the complex,
otherwise a multicomponent complex is not formed, as in the
case of CrII(Cp*)2.
The characteristic features of the CoII(tpp) complexes with


neutral fullerenes (4 ± 8) are secondary M ¥ ¥ ¥C(fullerene)
bonding with the shortest Co ¥ ¥ ¥C contacts in the 2.69 ±
2.75 ä range and minor changes in the electronic structure
of the parent components. The absence of a noticeable degree
of CT between CoII(tpp) and fullerenes is associated with the
relatively weak donor properties of CoII(tpp) (E��0


1�2 of
CoII(tpp) is �0.52 V[46]).
Complexes 1 ± 3 are paramagnets due to the magnetic


dilution of the paramagnetic [CrI(C6H6)2]
.� and the non-


bonded (fullerene) .� by the diamagnetic [CoII(tpp)-
(fullerene)]� anions. The semiconductive behavior of 1 ± 3,
with conductivities of 2� 10�3 ± 4� 10�6 Scm�1, is character-
istic of fullerene salts with bulky cations[5] and is attributed to
the presence of diamagnetic [Co(tpp)(fullerene)]� anions,
which gave rise to the localized nature of the (fullerene) .�


electrons rather than an itinerant one. At the same time, the
photoactive properties of the compounds containing
[Co(tpp)(fullerene)]� anions make them interesting as dyad
analogues.[47] The multicomponent complexes can be devel-
oped by varying either the D1 or D2 components.


Experimental Section


Materials : CoII(tpp) and Cr0(C6H6)2 were purchased from Aldrich and
Strem Chemicals. C60 and C70 of 99.98 and 99.0% purity were used from
MTR Ltd. C60(CN)2 was synthesized according to the literature proce-
dure.[48] o-Dichlorobenzene was distilled over CaH2 at reduced pressure
under an argon atmosphere. Toluene, benzene, and hexane were distilled
over Na/benzophenone under argon. Acetonitrile was distilled over CaH2,
P2O5, and K2CO3 under argon. CHCl3 was passed through a column with
activated alumina and distilled over CaH2 under argon. The solvents were
degassed before the synthesis of air-sensitive complexes 1 ± 3 and 9 and
were put into a glove box. All manipulations during the synthesis and
isolation of the crystals of 1 ± 3 and 9 were carried out in a MBraun 150B-G
glove box with controlled atmosphere and a content of H2O and O2 of less
than 1 ppm. The crystals were stored in the glove box and were sealed in
2 mm quartz tubes for EPR and SQUID measurements at 10�5 Torr. KBr
pellets for IR and UV/vis/NIR measurements were also prepared in the
glove box.
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General : UV/vis/NIR spectra were measured on a Shimadzu-3100
spectrometer in the 240 ± 2600 nm range. FTIR spectra were measured in
KBr pellets with a Perkin ±Elmer 1000 Series spectrometer (400 ±
7800 cm�1). A Quantum Design MPMS-XL SQUID magnetometer was
used to measure static susceptibilities down to 1.9 K. A sample-holder
contribution and core diamagnetic susceptibility (�0) were subtracted from
the experimental data. The core diamagnetic contributions of �440,
�141,[49] �83.2, �54.8, �59.2� 10�6 emumol�1 were used for CoII(tpp),
Cr0(C6H6)2, C6H4Cl2, C6H6, and CHCl3, respectively. The contribution of
fullerenes to total susceptibility can be ignored since the diamagnetic and
paramagnetic components cancel out.[50, 51] EPR spectra were recorded
down to 4 K with a JEOL JES-TE 200 X-band ESR spectrometer equipped
with a JEOL ES-CT470 cryostat. Conductivity was measured by a two-
probe technique in the glove box on pressed pellets.


Synthesis : Crystals of 1 ± 3 were obtained by diffusion. CoII(tpp)
(0.027 mmol), Cr0(C6H6)2 (0.054 mmol), and fullerenes (0.027 mmol) were
dissolved at a 1:2:1 molar ratio in C6H4Cl2 (20 mL), and the solution was
filtered in a glass tube of 1.5 cm diameter and 40 mL volume. n-Hexane
(20 mL) was layered over the C6H4Cl2 solution, and after 1 month, the
crystals of 1 ± 3 were formed. The solvent was decanted, and the crystals of
1 ± 3 were washed with n-hexane (50 ± 70% yield).


The crystals of 5 and 8were obtained by slow evaporation of C6H5Me (5) or
C6H6/CHCl3 (1:1) (8) solutions (30 mL) containing fullerene (0.027 mmol)
and CoII(tpp) (0.027 mmol) over 2 weeks. The crystals of 5 were washed
with acetonitrile (70 ± 90% yield). They were unstable in storage and
decomposed over several weeks.


Crystals of 4 and 7 were obtained by diffusion of acetonitrile (20 mL) into a
solution containing fullerene (0.027 mmol) and CoII(tpp) (0.027 mmol)
in C6H4Cl2 (20 mL) over 1 month (40 ± 60% yield). The crystals were
unstable due to the loss of the solvent and were stored in C6H4Cl2/
acetonitrile (1:1).


Crystals of 6 were obtained by diffusion of a solution of C70 (0.027 mmol) in
C6H6 (20 mL) into a solution of CoII(tpp) (0.027 mmol) in CHCl3 (10 mL)
over 3 weeks. The solvent was decanted, and the crystals were washed with
acetonitrile (40% yield).


Crystals of 9 were obtained by diffusion of a solution of Cr0(C6H6)2
(0.15 mmol) in acetonitrile (15 mL) into a solution of CoII(tpp) (0.03 mmol)
in C6H5Me (15 mL) (CoII(tpp)/Cr0(C6H6)2 1:5 molar ratio). The crystals
were washed with acetonitrile to give a 30 ± 60% yield.


The compositions of 1, 3, 4, 6, 9 and 2, 5, 7, 8 were determined by X-ray and
elemental analyses, respectively. The composition of 1 ± 3 was confirmed by
microprobe analysis for a Co/Cr/Cl atomic ratio on a single crystal. The
elemental analysis data and the shape of the crystals are presented in
Table 1.


Crystal structure determination : The intensity data for the structural
analysis were collected on a MAC Science DIP-2020 K oscillator-type
X-ray imaging plate diffractometer with graphite monochromated MoK�


radiation at 120 K by using an Oxford Cryostream cooling system or at
room temperature. Raw data reduction to F2 was carried out by using the
DENZO program.[52] The structures were solved by direct method and
refined by the full-matrix least-squares method against F2 with SHELX-


Table 6. Crystal data for 1, 3, 4, 6 and 9.


Compound 1 3 4 6 9


structural formula [{Cr(C6H6)2}1.7][{Co(tpp)}2(C60)2] [{Cr(C6H6)2}4][{Co(tpp)}2{C60(CN)2}4] [{Co(tpp)}2(C60)2] [{Co(tpp)}2(C70)2] [Cr(C6H6)2][Co(tpp)]
¥ 3.3C6H4Cl2 ¥ 6C6H4Cl2 ¥ 5C6H4Cl2 ¥ 2.6CHCl3 ¥ 0.4C6H6


empirical formula C248.47H89.89Cl6.59Co2Cr1.73N8 C420H128Cl12Co2Cr4N16 C238H76Cl10Co2N8 C233.08H61.08N8Cl7.76Co2 C56H40CoCrN4


Mr [gmol�1] 3627.87 6148.64 3519.43 3365.57 879.85
shape black prism black parallelepiped black prism black prism black prism
size [mm3] 0.44� 0.18� 0.12 0.75� 0.25� 0.14 0.4� 0.4� 0.4 0.50� 0.4� 0.25 0.25� 0.20� 0.15
crystal system orthorhombic triclinic triclinic orthorhombic monoclinic
space group Pmn21 P1≈ P1≈ Pnma P2/n
a [ä] 15.5340(10) 13.967(1) 14.226(1) 26.240(3) 14.805(5)
b [ä] 19.1650(10) 15.928(1) 16.808(1) 23.869(3) 9.506(6)
c [ä] 27.0380(15) 30.332(1) 17.002(1) 22.006(3) 14.657(4)
� [�] 90 92.30(1) 68.974(1) 90 90
� [�] 90 100.89(1) 85.982(1) 90 92.21(2)
� [�] 90 103.46(1) 77.651(1) 90 90
V [ä3] 8049.5(8) 6419.3(6) 3706.8(5) 13783(3) 2061.2(1.5)
Z 2 1 1 4 2
	calcd [gcm�3] 1.497 1.591 1.577 1.622 1.418
radiation graphite monochromated MoK� , 
� 0.71073
� [mm�1] 0.497 0.494 0.479 0.468 0.712
absorption correction none none none semiempirical none


from equivalents
max./min. transmission 0.94/0.91 0.93/0.89 ± 0.89/0.71 0.89/0.84
T [K] 120 120 120 120 300
max. 2� [�] 55 55 55 50 53
reflns measured 42103 37757 23502 77463 14600
unique reflns 8885 22474 14555 12462 4464
Rint , R� 0.046, 0.034 0.026, 0.043 0.019, 0.033 0.053, 0.046 0.094,0.131
parameters 1238 2383 1552 1234 277
restraints 668 818 378 217 0
reflns Fo� 4�Fo 7628 17869 11895 8373 2453
R1 [Fo� 4�Fo] 0.085 0.067 0.056 0.049 0.068
wR2 (all data)[a] 0.243 0.188 0.142 0.128 0.160
a 0.149 0.104 0.054 0.075 0.036
b 15.2 9.0 4.8 0.0 0.0
G.O.F 1.041 1.024 1.034 1.012 0.999
restr. G.O.F 1.013 1.042 1.022 1.011
largest diff. peak/hole 1.78/� 0.55 1.60/� 0.90 0.54/� 0.54 1.16/� 0.32 0.51/� 0.30
rms 0.10 0.07 0.06 0.08 0.06


[a] w� 1/[�2(F 2
o
 � (aP)2 � bP], P� [max(F 2


o,0) � 2F 2
c ]
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97.[53] The details of crystal structure analysis for the structures are given in
the Table 6.
CCDC-193661 ± 5 (compounds 9, 1, 4, 6, 3, respectively) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.
cam.uk).
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High-Pressure Selectivity Studies–A Simple Route to a
Homochiral Wistarin Precursor


Costanze Knappwost-Gieseke,*[a] Frank Nerenz,[b] Rudolf Wartchow,[c] and
Ekkehard Winterfeldt*[d]


Abstract: The cycloaddition of spirobutenolide 3 to the homochiral cyclopentadiene
1 at 6.5 kbar leads exclusively to cycloadduct 5. Subsequent Diels ±Alder or Michael
additions again favour the cyclohexenone double bond; this perfect chemo- regio-
and face selectivity was employed for a short and efficient approach to the wistarin
framework.


Keywords: cycloaddition ¥ diaster-
eoselectivity ¥ Diels ±Alder
reactions ¥ high-pressure chemistry


Introduction


High pressure Diels ±Alder cycloadditions to the homochiral
cyclopentadiene 1 have been shown to result in perfect kinetic
resolution with various chiral dienophiles.[1] The differentia-
tion of enantiotopic double bonds in prochiral dienophiles–
such as spirolactone 2–provided only one homochiral cyclo-
adduct in high yield, thus transforming all the material into
one single enantiomer.[2, 3]


In all other similar cases studied thus far, the oxygen atom
in the five-membered ring always proved to be less sterically
demanding than the corresponding CH2 group (see C3 in 3);
this predictably and reliably led to the exclusive formation of
only one cycloadduct which secures the � orientation for the
carbon atom in position 3.[4]


The leading role of the steric hindrance over any electronic
contributions was clearly shown by theoretical calculations of
these cycloadditions.[5]


Although the model compounds indicated that the same
outcome should be expected for an sp2 carbon atom located at
the spirocenter (C3)–as for example present in spirobuteno-


lide 3–no experimental data are available at this stage to
support this expectation.


Our preceding cycloaddition experiments, which had pro-
ven that rather small differences in the steric hinderance can
lead to the exclusive population of only one transition state,[6]


and the fact that lactones and butenolides are frequently
found as substructures in the framework of natural products[7]


(see also below) prompted us to further investigate the
cycloaddition reactions of spirobutenolide 3.


Furthermore a closer look at adduct 5 (Scheme 1) clearly
indicated that 3 in contrast to 2 would not only pose a face-
selectivity but more of a chemoselectivity problem, as the
butenolide double bond can also serve as a dienophile.


Scheme 1.
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The preparation of spirobutenolide 3 : Since spirolactone 2 is
very easily available by oxidative cyclisation (using phenyl-
iodoso-bistrifluoroacetate, PIFA) of the corresponding p-
hydroxydihydrocinnamic acid[8] the very low yield of 3 (1%)
reported for the anodic oxidation of the very similar Z-
cinnamic acid 6 came as a great surprise.[9]


However, our efforts to prepare the butenolide moiety by
metathesis[10] or by spirocyclisation of �-hydroxy acid 10[11±13]


failed at an early stage. The selective hydrogenation of the
triple bond in 8 and 10 was also unsuccessful.


For the benefit of chemistry aiming at substituted spirobu-
tenolides we also report the result of the conjugate addition of
methanol which along with the corresponding Z ester 12
(27%) provided spirobutenolide 13 directly in 30% yield
(Scheme 2).


Scheme 2.


The selective Z additions to triple bonds, which are well
documented in the literature, appear to be an excellent option
for substituted compounds of this type.[14, 15]


At this stage we returned to the optimisation of the PIFA
oxidation.[8] We finally succeeded using lower temperatures
(see Experimental Section). The reaction provided spirobu-
tenolide 3 in 80% yield, related to the pure Z acid present in
the starting material (similar NMR data). This represented a
reliable basis for the preparation of our starting material and
the investigation of its cycloaddition chemistry.


Diels ±Alder chemistry : Surprisingly cycloaddition of spiro-
butenolide 3 to the enantiomerically pure cyclopentadiene 1
the 6.5 kbar provided one single adduct after 4 d at room
temperature in 93% yield. Although the NMR data (typical
butenolide pattern) did agree with structure 5 (Scheme 3), we


Scheme 3.


corroborated this result by an independent preparation of this
compound.


Thus, the lithium enolate of spirolactone 4 was treated with
phenylselenyl bromide and the resulting phenylselenide gave
rise to spirobutenolide 5 in an oxidative elimination.[16] As the
constitution and configuration of lactone 4 had been proved
by X-ray structure determination,[3] this transformation con-
stitutes unequivocal proof that we are dealing with a perfect
chemo-, face- and regioselective Diels ±Alder cycloaddition;
this reaction discriminates between three electron-poor
double bonds in which again the oxygen atom is recognized
as the less sterically demanding centre. Although this is in
agreement with the observations made with the spirolactone 2
and spiroether 14, the higher reaction rate of 3 compared with
2 and 14 (see Scheme 4) indicates that there are additionally
electronic contributions to the rate of this transformation.


Scheme 4.


This triggered a detailed investigation, which should define
the balance between steric and electronic effects in cyclo-
additions of this type by comparing experimental data with
the results of FMO analysis.[17] To document the crucial role of
the oxygen atom in the one possible transition state of these
spirodienophiles we extended the investigations to spirocy-
clopentenone 15 (Schem 5). As the ™small∫ oxygen atom
present in 3, 2 and 14 is replaced by a CH2 group, a severe
drawback for the cycloaddition reaction can be predicted,
which was also observed experimentally.


Compound 15, which can easily be prepared by an
improved literature procedure (see Experimental Section)
from p-methoxyphenylacetic chloride and acetylene in the
presence of aluminiumchloride,[18] could not be added to
diene 1 using our standard reaction conditions (6.5 kbar, room
temperature). However, when the pressure was increased to
14 kbar the main reaction product could be isolated after 7 d
in 42% yield.
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Scheme 5.


IR and NMR spectroscopical data of this 1:1 cycloadduct
(ratio determined by MS) indicated addition to the cyclo-
pentenone double bond. Structure 16 was obtained from an
X-ray structure investigation (Figure 1).


This constitutes a further
proof for the dominating role
of the oxgen atom in the five-
membered ring in directing the
selectivity of the cycloadditions.


Diastereoselective transforma-
tions of Diels ±Alder adducts :
In spite of the moderate yield of
16 we performed several reac-
tions to compare the similar
chemistry of spirobutenolide 5
(see Scheme 6). However, the
conjugate addition or epoxida-
tion of diketone 16 were unsuc-
cessful.


Even the so called ™flash
hydroxylation∫[19] which had
been routinely and highly reli-
ably applied to other cyclohex-
enones in this series took at
least two hours in this case and
still provided only a mere 19%
of the corresponding �-diol 18
(Scheme 5).[3, 6] The only satis-
factory reaction so far turned
out to be the conjugate hydride
addition with potassium selec-
tride which gave rise to the
saturated diketone 17 in 60%


Figure 1.


yield in 10 minutes at �78 �C. While this special reduction is
similar to the corresponding reaction with spirobutenolide 5
(see 19), this spirolactone differs completely in all the other
transformations which generally show a strong preference for
reactions at the cyclohexenone double bond (see Scheme 6).
This started with the fast and selective ™flash hydroxylation∫
to form diol 20 exclusively, followed by epoxidation which
after 3 h provided mono-epoxide 21 as the sole reaction
product; it took more than 15 h to generate the corresponding
bis-epoxide 24, which was also finally observed in the Diels ±
Alder cycloadditions.


Scheme 6.
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Cyclopenta-1,3-diene and 1-methoxybuta-1,3-diene both
added exclusively to the cyclohexenone double bond of 5
and provided endo-adducts 22 and 23, respectively.


While the configuration, which demonstrates the endo-
attack in the formation of 22, was confirmed by the X-ray data
(see Figure 2) of the very rigid, polycyclic cycloadduct itself.
The configuration of 23 was obtained by an X-ray structure
determination of the corresponding nicely crystalline retro-
Diels ±Alder product 36 (see Scheme 11 and Figure 3).


Figure 2.


These two examples prove
that 5 holds numerous options
for selective annulation reac-
tions at the cyclohexenone dou-
ble bond and to probe the scope
of this chemistry we focussed
next on conjugate additions
which under high-pressure con-
ditions proved to be of excel-
lent chemo-, regio- and diaster-
eoselectivity. Two typical exam-
ples demonstrating the
efficiency of this process are
the addition of sodium malo-
nate giving rise to a quantitative
yield of diester 25 and the
formation of methanol adduct
26 in 96% yield (see Scheme 7).


It has to be mentioned at this
stage, however, that more steri-
cally demanding nucleophiles
such as isopropylate and pyrro-
lidine did not undergo the Mi-
chael addition under compara-
ble conditions.


The ease of malonate addi-
tion on the other hand called
for a closer investigation of �-
dicarbonyl systems and so we
turned to double donors with
the intention to annulate fur-
ther rings to the spiro moiety.


Scheme 7.


First, the anion of methyl acetoacetate was checked as
double addition of this potential bisnucleophile could lead to
the tricylic core of the quite unusual and certainly easily
accessible wistarin framework (see 31 Scheme 8).[20, 21]


To shift theMichael equilibrium completely toward the side
of products we ran this reaction at 14 kbar in the presence of
N-methylmorpholine and were pleased to obtain the 1:1
annulation product 28 in 93% yield.


The structure in Scheme 8 is based on MS and NMR data
including NOE experiments (see Experimental Section). The
most revealing features are the following: the complete


Scheme 8.
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absence of any olefinic proton resonances connected to a
cyclohexenone or butenolide double bond, the appearance of
a three-proton singlet at �� 2.21 for a methyl group bound to
an sp2 carbon atom and of a one-proton doublett at �� 4.70
for HC which proves enolate addition to the butenolide.


Although these data support also primary attack at the
cyclohexenone double bond for this addition, a very convinc-
ing proof of this outcome resulted from an investigation of the
chemical behaviour of the retro Diels ±Alder product 30
which is discussed below.


With the intention to investigate the regioselectivity of the
cyclisation step we finally treated 5 with dimethyl acetonedi-
carboxylate under high-pressure conditions. Again a 1:1
annulation product (32) was isolated but as contrary to 28
the �� 4.7 proton resonance was lacking as well as in the
corresponding retro-product 33, the formation of a carbon ±
carbon bond was indicated.


Although complete enolisation could be concluded from
NMR data, the regioselectivity of this process remained
unclear. The direction of enolisation given in 32 and 33
(Scheme 9) is therefore arbitrary and merely based on simple
ring-strain considerations.


Scheme 9.


Retro Diels ±Alder chemistry : Since in all the reactions the
reported diene 1 is operating as a chiral template, which
secures the enantioselectivity via chiral recognition in the first
cycloaddition and induces high diastereoselectivity in subse-
quent transformations, one is of course particularly interested
in the outcome of the retro process to yield the desired
homochiral compounds.


There are in principle always two options available to
enforce retro-splitting.[22] It can either be achieved by acid or
Lewis acid catalysis or one can rely on a purely thermal
procedure. For the latter microwave treatment or vapour-
phase thermolysis (VPT) are certainly the most popular
versions.[23, 24]


A very efficient trifluoroacetic-acid catalysis was encoun-
tered with cyclohexadienone adducts such as 5 and 34
(Scheme 10).


Upon treatment with dilute trifluoroacetic acid in dichloro-
methane at 0 �C both compounds 5 and 34 provided a
quantitative yield of the corresponding cyclohexadienones 3
and 35. Unfortunately this technique could not be applied to
the more complicated reaction products prepared from 5.


Scheme 10.


Although in every case the appearance of diene 1 in the
crude reaction mixtures (TLC) indicated retro-splitting, none
of the desired spiro compounds could be isolated.


We then turned to thermolysis and were pleased to note
that the methoxy-butadiene adduct 23 was indeed cleaved at
300 �C to yield spirocyclohexenone 36 (38%) in the first run
without any optimisation (Scheme 11); compound 36 provid-
ed nice crystals for X-ray strucure determination after
chromatography (Figure 3).


Even more exciting and of considerable synthetic value was
the result with wistarin-precursor 28. Despite its complexity
and the fact that product 30 shows a high tendency to


Scheme 11.


Figure 3.
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rearrange (see below, Scheme 12) the retro product was
generated in quantitive yield and very high optical purity
(�95% ee) (see Scheme 8).


The functional groups present in 30 offer a number of
synthetic options for this wistarin intermediate (cf. 31,
Scheme 8, bold lines indicate wistarin core). The cyclohex-
enone double bond allows cycloadditions for annulation of
five- or six-membered rings; the corresponding carbonyl
group give easy access to many variations of the trisubstituted
double bond[25] present in wistarin.


While first orientating experiments led to quite encourag-
ing results they also revealed a high tendency for 30 to
rearrange under even mild basic conditions.[26]


Even at 0 �C treatment with tetraalkylammonium fluoride
led to a very fast and clean spot to spot transformation to
generate spirobutenolide 38 in quantitative yield (see
Schem 12).


For a quite obvious rationalisation of this outcome we
assume that the retro-Michael process (see arrows) forms 37
(Scheme 12) which collapses in a conjugate addition to the
unsaturated ketone thus giving rise to 38.


Scheme 12.


As the most convincing argument in favour of this structure
we noticed the disappearance of the two cyclohexenone
protons (�� 6.22, 6.70; J� 10 Hz) which are replaced by the
very characteristic butenolide pattern (�� 6.27, 7.62; J�
6 Hz).


Since the cyclohexenone moiety as well as the 1,3-
dicarbonyl system are still present in 38 in a mutually
protected manner it allows further cyclisations and rearrange-
ments.


Conclusion


In summary it has been demonstrated that spirobutenolide 3
in spite of the availability of three electron-poor double bonds
at 6.5 kbar adds to the homochiral diene 1 with perfect
chemo-, regio-, endo- and face selectivity leading to cyclo-
adduct 5 exclusively. Subsequent conjugate additions or
cycloadditions to this Diels ±Alder adduct showed absolute
preference for the cyclohexenone double bond.


In the case of acetoacetate the reaction gave rise to the
polycyclic adduct 28 in a predictable sequence of high-
pressure Michael additions; the adduct then underwent a very
clean retro-Diels ±Alder fission to provide a quantitative
yield of the potential wistarin precursor 30 showing high
synthetic flexibility.


Experimental Section


General techniques : Dry solvents were freshly distilled, and if necessary,
dried according to usual procedures. Reactions with dry solvents were
carried out under Ar atmosphere. All reactions were monitored by thin-
layer chromatography (Merck silica gel glass plates 60F-254) using UV
light and acidic phosphomolybdic acid/cerium(��) sulfate. Silica gel from
Baker (30 ± 60 �m) was used for flash column chromatography. High-
pressure was applied in a 14 kbar high-pressure apparatus from the Hofer
company.


NMR spectra were recorded on Bruker WP200 and AM400 instruments.
�H values are given relative to tetramethylsilane� 0; J values in Hz; �C


values are given relative to CDCl3� 77.05; multiplicities of 13C NMR were
determined by DEPT (90�/135�). IR spectra were recorded on Bruker FS25
(PtBr) and Vector22 (CHCl3 and Golden Gate). Mass spectra were
recorded on a MAT312 Finigan by 70 eV. FAB spectra were recorded on a
VG-Autospec in a m-nitrobenzylalcohol matrix. The high resolution mass
spectra (HRMA) were recorded on a VG-Autospec. Melting points are
uncorrected and were recorded on a Gallenkamp melting point apparatus.


Specific rotation � were recorded with a Perkin ±Elmer 241 with the
sodium � line.


Cyclopentadiene 1 was prepared according to the procedure described by
Winterfeldt et al.[27]


Spirobutenolide 3 : 4-Hydroxy-Z-dihydrocinnamic acid[28] (243 mg,
�1.48 mmol, 1 equiv) was dissolved in CH2Cl2 (3 mL) and a few drops of
dry acetonitrile. The mixture was slowly added to a solution of PIFA
(828 mg, 1.93 mmol; 1.3 equiv) in dry CH2Cl2 (10 mL) at 0 �C. After 30 min
stirring at 0 �C and 4.5 h at RT the reaction mixture was quenched with sat.
aq. NaHCO3. The aqueous layer was extracted with ethyl acetate, dried
(MgSO4) and purified by chromatography to yield as a yellow solid
(137 mg, 0.85 mmol, 57%). 1H NMR (400 MHz, CDCl3): �� 6.37 (d, J�
5.5 Hz, 1H), 6.42 (d, J� 10 Hz, 2H), 6.56 (d, J� 10 Hz, 2H), 7.17 (d, J�
5.5 Hz, 1H); UV (MeOH): �� 214 nm; IR (KBr): �� � 3092 (w), 1766 (vs),
1664 (s), 1628 (m), 1200 (m), 1060 (m), 832 cm�1(s); MS:m/z (%): 162 (41)
[M�], 134 (100), 121 (25), 106 (51), 82 (47), 78 (59); HRMS: m/z : calcd for
C9H6O3: 162.0317; found: 162.0320.


Spirobutenolide 5


a) A solution of diene 1 (160 mg, 0.667 mmol) and spirobutenolide 3
(108 mg, 0.667 mmol, 1 equiv) in dry CHCl3 (3.5 mL) was introduced into a
Teflon hose and submitted to 6.5 kbar for 2 d. Purification of the raw
material by flash chromatography (PE/Et2O 1:1) yielded a white solid
(244 mg, 91%).


b) Spirolactone-adduct 4 (500 mg, 1.24 mmol) in dry THF (15 mL) was
slowly added at �78 �C to a solution of LiHMDS (2.72 mL, 1�, 2.72 mmol,
2.2 equiv) in dry THF (3 mL) After 1 h at this temperature a solution of
phenylselenylbromide (351 mg, 1.49 mmol; 1.2 equiv) in dry THF (3 mL)
was added, and the mixture was stirred for 30 min. The reaction mixture
was poured into sat. aq. NH4Cl and extracted with CH2Cl2. The combined
organic layers were washed with water and brine and dried over MgSO4.
Chromatography yielded (PE/Et2O 2:1) the seleno intermediate, which was
dissolved in acetone (10 mL) at RT. To this solution was added a solution of
NaIO4 (256 mg, 1.24 mmol; 1 equiv) in acetone (10 mL) and water
(0.5 mL). After 12 h at RT the reaction was quenched with sat. aq.
NaHCO3. The aqueous layer was extracted with CH2Cl2, dried (MgSO4)
and concentrated. Chromatographic purification (PE/Et2O 1:1) yielded a
white solid (204 mg, 41%). [�]20D ��230.9� (c� 1.03, CHCl3); UV
(MeOH): �� 227 nm; IR (CHCl3): �� � 3028 (w), 1776 (vs), 1680 (s), 1192
(m), 1068 (m), 820 cm�1(s); 1H NMR (400 MHz, CDCl3): �� 0.46 (brd, J�
13 Hz, 1H), 0.79 (s, 3H), 1.10 ± 1.45 (m, 4H), 1.64 (brd, J� 13 Hz, 1H), 1.84
(brdt, J� 13, 4 Hz, 1H), 2.39 (d, J� 12 Hz, 1H), 2.77 (d, J� 8 Hz, 1H), 3.81
(s, 3H), 3.89 (d, J� 8 Hz, 1H), 5.90 (d, J� 5.5 Hz, 1H), 5.91 (d, J� 10 Hz,
1H), 6.10 (d, J� 5 Hz, 1H), 6.13 (d, J� 10 Hz, 1H), 6.23 (d, J� 5.5 Hz,
1H), 6.89 (d, J� 9 Hz, 2H), 7.24 (d, J� 5.5 Hz, 1H), 7.32 (d, J� 9 Hz, 2H);
13C NMR (100 MHz, CDCl3): �� 15.15 (q), 20.97 (t), 23.80 (t), 27.37 (t),
28.43(t), 46.31 (d), 49.64 (d), 55.18 (q), 61.65 (s), 63.00 (s), 71.85 (s), 86.64(s),
113.12 (d), 118.96(d), 128.29(s), 129.13 (d), 132.77 (d), 136.28 (d), 138.68
(d), 144.05 (d), 158.43 (s), 160.12 (d), 171.97 (s), 197.63 (s); MS: m/z (%):
402 (3) [M�], 344 (2), 312 (2), 241 (20), 240 (100), 225 (25), 197 (22), 181 (9),
165 (10), 134 (22), 106 (12), 91 (10), 78 (15); HRMS: m/z : calcd for
C26H26O9: 402.1831; found: 402.1829.
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Z-ester 12 : nBuLi (15.3 mL, 1.6�, 22.24 mmol, 1.65 equiv) was added at
�120 �C to a solution of methyl propiolate (2 mL, 22.2 mmol, 1.5 equiv) in
Trapp mixture (40 mL).[29] After stirring for 5 min (2.205 g, 13.14 mmol,
1 equiv) quinone dimethylketal was added. After 5 min the reaction
mixture was raised to room temperature and the reaction was quenched
with sat.aq. NH4Cl. The aqueous layer was extracted with Et2O, dried
(MgSO4) and concentrated. Chromatographic purification (PE/MTBE 1:1)
led to ketal splitting and yielded cream-coloured solid propargyl ester 11
(2.011 g, 10.47 mmol, 73%).


Lithium methanolate (0.032 g, 0.84 mmol, 2 equiv) was added to a solution
of propargylester 11 (0.100 g, 0.42 mmol, 1 equiv) in dry MeOH (9 mL)
under Ar. After 3 h at RT the reaction was quenched with water and
extracted with CH2Cl2 and ethyl acetate. The combined organic layers were
dried (Na2SO4) and concentrated. Chromatographic purification (PE/
MTBE 1:1 to ethyl acetate) yielded a yellow solid (0.025 g, 0.112 mmol,
27%). IR (CHCl3): �� � 3580 (w), 3000(w), 2856(w), 1716 (s), 1672 (s), 1640
(s), 1454 (m), 1388 (w), 1268 (w), 1184 (m), 1092 (w), 1048 (w), 1004 cm�1


(w); 1H NMR (400 MHz, CDCl3): �� 3.68 (s, 3H), 3.94 (s, 3H), 5.68 (s,
1H), 6.25 (d, J� 10 Hz, 2H), 6.73 (d, J� 10 Hz, 2H); MS (FAB): m/z (%):
224 (15) [M�], 206 (26), 192 (98), 178 (6), 165 (24), 149 (31), 137 (38), 115
(25), 110 (51), 101 (27), 81 (23), 69 (100); HRMS: m/z : calcd for C11H12O5:
224.0685; found: 224.0688.


Spirobutenolide 13 : Lithium methanolate (0.096 mg) was added under Ar
to a solution of propargylester 11 (0.300 g, 1.26 mmol, 1 equiv) in dry
MeOH (25 mL). After 72 h at RT the reaction was quenched with water
and extracted with CH2Cl2 and ethyl acetate. The combined organic layers
were dried (Na2SO4) and concentrated. Chromatographic purification (PE/
MTBE 1:1 to ethyl acetate) yielded an orange solid (0.138 g, 0.72 mmol,
57%). IR (CHCl3): �� � 3304 (w), 3040 (w), 2944 (w), 1760 (s), 1640 (s), 1452
(w), 1440 (w), 1318 (m), 1284 (m), 1252 (m), 1192 (m), 1168 (m), 1064 (m),
956 cm�1(m); 1H NMR (400 MHz, CDCl3): �� 3.92 (s, 3H), 5.32 (s, 1H),
6.44 (d, J� 10 Hz, 2H), 6.63 (d, J� 10 Hz, 2H); 13C NMR (100 MHz,
CDCl3): �� 29.2 (q), 60.2 (s), 78.6 (s), 89.7 (d), 132.0 (d), 141.9 (d), 179.2 (s),
183.9 (s); MS:m/z (%): 192 (64) [M�], 164 (17), 149 (23), 136 (9), 123 (18),
97 (11), 83 (13), 69 (100); HRMS:m/z : calcd for C10H8O4: 192.0423; found:
192.0417.


Spirocyclopentenone 15 : A solution of 4-methoxyphenyl-acetic chloride
(0.52 mL, 3.4 mmol, 1 equiv) in dry CH2Cl2 (8 mL) was 15 min saturated
with acetylene. Aluminiumchloride (1.342 g, 9.2 mmol, 2.7 equiv) was
added in portions in a acytelene stream. The solution turned red and was
quenched after 10 min stirring at 0 �C the reaction by solid Na2CO3, ice and
few mL of sat. aq. Na2CO3. Immediate chromatography with florisile
(Et2O/PE 1:1) yielded a yellow solid (246 mg, 1.54 mmol, 45%). For
characterization see [17].


Spirocyclopentenone adduct 16 : A solution of spirocyclopentenone 15
(246 mg, 1.54 mmol, 1 equiv) and diene 1 (406 mg, 1.69 mmol, 1.1 equiv) in
dry CH2Cl2 (2 mL) was introduced into a Teflon hose and submitted to
14 kbar for one week. Purification of the raw material by flash chromatog-
raphy (PE/Et2O 1:1) yielded a yellow crystalline solid (256 mg, 42%,
0.64 mmol). [�]20D ��39.7� (c� 0.93, CHCl3); IR (CHCl3): �� � 2928 (s),
2856 (m), 1720 (s), 1664 (s), 1612 (w), 1588 (w), 1516 (m), 1404 (m), 1288
(w), 1252 (m), 1180 (m), 1036 cm�1 (w); 1H NMR (400 MHz, CDCl3): ��
0.64 (d, J� 13 Hz, 1H), 0.75 (s, 3H), 1.14 ± 1.39 (m, 3H), 1.54 ± 1.69 (m, 2H),
1.94 ± 2.06 (m, 2H), 2.08 (d, J� 18.4 Hz, 1H), 2.56 (d, J� 18.4 Hz, 1H), 2.75
(d, J� 8 Hz, 1H), 3.82 (s, 3H), 3.92 (d, J� 8 Hz, 1H), 6.17 (d, J� 5.8 Hz,
1H), 6.21 (dd, J� 2, 10 Hz, 1H), 6.37 (d, J� 5.6 Hz, 1H), 6.39 (dd, J� 10,
2 Hz, 1H), 6.80 (dd, J� 3, 10 Hz, 1H), 6.91 (d, J� 9 Hz, 2H), 6.97 (dd, J�
3, 10 Hz, 1H), 7.30 (d, J� 9 Hz, 2H). NOE experiment:


0.75� 2.75 (3.9%), 3.92 (2.1%), 6.91 (0.3%), 7.30 (0.8%);


2.75� 0.77 (11.3%), 3.92 (8.6%), 6.39 (0.5%);


3.92� 0.77 (6.3%), 2.75 (10.3%), 6.80 (4.6%), 6.97 (0.5%), 7.30 (27.2%);


MS:m/z (%): 400 (3) [M�], 279 (4), 266 (3), 240 (99), 225 (15), 205 (19, 160
(16), 149 (57), 132 (29), 121 (10), 104 (19), 86 (100), 78 (23); HRMS: m/z :
calcd for C27H28O3: 400.2039; found: 400.2040.


Adduct 17: K-selectride(0.1 mL, 1� in THF) was added at �78 �C to a
solution of spirocyclopentenone adduct 16 (20 mg, 0.05 mmol, 1 equiv) in
dry THF (2 mL). After 1 h at �78 �C and 10 min at RT H2O2(1 mL, 30%)
and NaOH (0.5 mL, 10%) were added. The aqueous layer was extracted
with ethyl acetate. The combined organic layers were dried (MgSO4) and
concentrated. Chromatographic purification (Et2O/PE 1:2) yielded a light


yellow oil (12 mg, 0.03 mmol, 60%). [�]20D ��75.5� (c� 0.90, CHCl3); IR
(CHCl3): �� � 2928 (s), 2856 (m), 1739 (m), 1613 (w), 1516 (m), 1464 (m),
1264 (s), 1181 (m), 1036 (m), 909 cm�1 (m); 1H NMR (400 MHz, CDCl3):
�� 0.55 (brd, J� 12 Hz, 1H), 0.77 (s, 3H), 0.80 ± 2.36 (m, 13H), 2.89 (m,
1H), 2.96 (d, J� 6.9 Hz, 1H), 3.59 (dd, J� 1.6, 4.5 Hz, 1H), 3.75 (d, J�
6.9 Hz, 1H), 3.81 (d, J� 6.1 Hz, 1H), 3.81 (s, 3H), 4.04 (d, J� 4.4 Hz, 1H),
5.89 (d, J� 5.9 Hz, 1H), 5.95 (d, J� 5.9 Hz, 1H), 6.89 (d, J� 8.8 Hz, 2H),
7.20 (d, J� 8.8 Hz, 2H).


Diol 18 : RuCl3 ¥ xH2O (1.3 mg, 0.006 mmol) and NaIO4 (8 mg, 0.04 mmol)
in water (0.08 mL) were added to vigorously stirred solution of spirocy-
clopentenone adduct 16 (10 mg, 0.025 mmol, 1 equiv) in ethyl acetate
(0.25 mL) and acetonitrile (0.3 mL). After 2 h at 0 �C the reaction mixture
was quenched with sat. aq. NaHSO3 and extracted with ethyl acetate. The
combined organic layers were dried (MgSO4) and purified by chromatog-
raphy (PE/Et2O 1:1) to yield a yellow oil (2 mg, 0.005 mmol; 19%). [�]20D �
6.42� (c� 0.72, CHCl3); IR (CHCl3): �� � 3582 (w), 2957 (w), 2927 (s), 2855
(m), 1725 (s), 1697 (m), 1667 (w), 1613 (w), 1516 (m), 1464 (m), 1289 (s),
1120 cm�1 (m); 1H NMR (CDCl3): �� 0.63 (brd, J� 12 Hz, 2H), 0.75 (s,
3H), 0.83 ± 1.75 (m, 6H), 1.90 ± 2.70 (m, 2H), 2.23 (d, J� 19.4 Hz, 1H), 2.59
(d, J� 19.2 Hz, 1H), 2.73 (d, J� 7.8 Hz, 1H), 3.81 (s, 3H), 3.87 (d, J�
7.9 Hz, 1H), 4.42 (t, J� 2.4 Hz, 1H), 4.50 (d, J� 2.4 Hz, 1H), 6.06 (d, J�
10 Hz, 1H), 6.14 (d, J� 5.4 Hz, 1H), 6.35 (d, J� 5.8 Hz, 1H), 6.47 (dd, J�
2.4, 10 Hz, 1H), 6.90 (d, J� 8.8 Hz, 2H), 7.29 (d, J� 8.9 Hz, 2H).


Spirolactone adduct 19


a) K-Selectride (0.05 mL, 1� in THF) was added dropwise to a solution of
spirobutenolide 5 (10 mg, 0.025 mmol, 1 equiv) in dry THF (2 mL) at
�78 �C. After 1 h at at �78 �C and another hour at RT the reaction was
quenched with NaOH (0.1 mL, 10%ig) and H2O2 (0.5 mL, 30%). After
stirring for 3 h, the aqueous layer was extracted with ethyl acetate and the
combined organic layers were dried (MgSO4). Chromatographic purifica-
tion (PE/Et2O 1:1) yielded a white solid (13 mg, 0.025 mmol; 100%).


b) Pd/C (3 mg, 10%ig) was added to a solution of spirobutenolide 5 (25 mg,
0.06 mmol) in dry THF (0.5 mL). After 2 h under a H2 atmosphere the
catalyst was removed by filtration through silica gel. Chromatographic
purification (PE/Et2O 1:1) yielded 19 (22 mg, 0.05 mmol; 87%). For
characterization see [3].


Diol 20 : A mixture of RuCl3 ¥ x H2O (3 mg, 0.015 mmol, 0.25 equiv) and
NaIO4 (19 mg, 0.11 mmol, 1.8 equiv) in water (0.2 mL) was added at 0 �C
under vigorous stirring to a solution of spirobutenolide 5 (25 mg,
0.06 mmol) in ethyl acetate (0.6 mL) and acetonitrile (0.7 mL). After
50 min at 0 �C the reaction was quenched with sat. aq. NaHSO3 and
extracted with ethyl acetate. The combined organic layers were dried
(MgSO4)and purified by chromatography (Et2O) to yield a white foam
(15 mg, 0.034 mmol, 56%). [�]20D ��32.5� (c� 1.12, CHCl3); IR (CHCl3):
�� � 3588 (w), 3496 (w), 3000 (w), 2932 (s), 2856 (m), 1768 (s), 1708 (s), 1676
(m), 1604 (m), 1511 (s), 1252 (s), 1180 (s), 1128 (m), 1096 (s), 1064 (m),
1036 cm�1(m); 1H NMR (400 MHz, CDCl3): �� 0.49 (brd, J� 13 Hz, 1H),
0.86 ± 1.43 (m, 9H), 1.62 (m, 2H), 1.87 (dt, J� 4, 13 Hz, 1H), 3.10 (d, J�
9 Hz, 1H), 3.66 (d, J� 2 Hz, 1H), 3.81 (s, 3H), 3.97 (d, J� 9 Hz, 1H), 4.24
(d, J� 2 Hz, 1H), 6.02 (d, J� 6 Hz, 1H), 6.14 (d, J� 5.5 Hz, 1H), 6.42 (d,
J� 6 Hz, 1H), 6.88 (d, J� 9 Hz, 2H), 7.30 (d, J� 9 Hz, 2H), 7.84 (d, J�
5.5 Hz, 1H); 13C NMR (100 MHz, CDCl3): �� 16.27 (q), 21.10 (t), 23.74 (t),
26.89 (t), 28.56 (t), 47.11 (d), 52.66 (d), 55.38 (q), 62.06 (s), 63.38 (s), 68.81
(s), 76.58 (d), 78.81 (d), 88.01 (s), 113.40 (d), 120.59 (d), 128.65 (s), 129.13
(d), 131.43 (d), 133.13 (d), 142.49 (d), 143.06 (d), 158.66 (s), 162.28 (d),
172.12 (s), 210.80 (s).


Monoepoxide 21: tBuOOH (0.08 mL, 5.5 equiv, 80%) and 1,8-diazabicy-
clo[5.4.0]undec-7-en (DBU) (0.2 mL) were added to a solution of
spirobutenolide 5 (40 mg, 0.1 mmol) in dry CH2Cl2 (3 mL). After 3 h
stirring at RT the reaction was quenched with sat. aq. NaHSO3 and the
reaction mixture extracted with CH2Cl2. The combined organic layers were
dried (MgSO4), concentrated and purified by chromatography (PE/Et2O
4:1) to yield a white foam (29 mg, 0.07 mmol; 69%). [�]20D � 37.3� (c� 0.85,
CHCl3); IR (CHCl3): �� � 2933 (m), 2856 (w),1767 (s), 1722 (m), 1613 (w),
1516 (m), 1086 (m), 1039 (w), 920 (w), 819 (m); 1H NMR (400 MHz,
CDCl3): �� 0.54 (brd, J� 13 Hz, 1H), 0.75 (s, 3H), 0.84 ± 1.58 (m, 6H), 1.93
(m, 1H), 3.09 (d, J� 4 Hz, 1H), 3.12 (d, J� 10 Hz, 1H), 3.37 (d, J� 4 Hz,
1H), 3.79 (s, 3H), 4.62 (d, J� 10 Hz, 1H), 5.95 (d, J� 6 Hz, 1H), 6.18 (d,
J� 6 Hz, 1H), 6.24 (d, J� 5.5 Hz, 1H), 6.85 (d, J� 9 Hz, 2H), 7.12 (d, J�
8.7 Hz, 2H), 7.74 (d, J� 5.5 Hz, 1H); 13C NMR (100 MHz, CDCl3): ��
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15.76 (q), 20.99 (t), 23.31 (t), 27.39 (t), 28.08 (t), 49.05 (d), 52.45 (d), 55.04
(d), 55.31 (q), 60.13 (d), 60.14 (s), 61.68 8s), 63.54 (s), 87.21 (s), 113.64 (d),
122.43 (d), 127.84 (d), 130.19 (s), 135.82 (d), 139.02 (d), 15832 (d), 159.24
(d), 171.06 (s), 203.23 (s); MS:m/z (%): 418 (5) [M�], 338 (4), 323 (11), 267
(7), 241 (100), 240 (4), 197 (9), 165 (5), 121 (5); HRMS: m/z : calcd for
C26H26O5: 418.1780; found: 418.1780.


Bisepoxide 24 : tBuOOH (0.02 mL, 5.5 equiv, 80%)and 1,8-diazabicy-
clo[5.4.0]undec-7-en (DBU) (0.2 mL) were added to a solution of
spirobutenolide 5 (10 mg, 0.025 mmol) in dry CH2Cl2 (1 mL). After 15 h
of stirring at RT the reaction was quenched with sat. aq. NaHSO3 and the
reaction mixture extracted with CH2Cl2. The combined organic layers were
dried (MgSO4), concentrated, purified by chromatography (PE/Et2O 4:1)
and yielded a white foam (5 mg, 0.012 mmol, 46%). [�]20D � 4.0� (c� 0.33,
CHCl3); IR (CHCl3): �� � 2927 (vs), 2854 (m), 1790 (m), 1780 (m), 1723 (s),
1252 (s), 1181 (m), 1058 (m), 910 (w); 1H NMR (400 MHz, CDCl3): �� 0.59
(brd, J� 13 Hz, 1H), 0.80 (s, 3H), 0.80 ± 1.64 (m, 6H), 1.97 (m, 1H), 2.98 (d,
J� 10 Hz, 1H), 3.39 (d, J� 4 Hz, 1H), 3.70 (d, J� 4 Hz; 1H), 3.79 (s, 3H),
3.95 (d, J� 2 Hz, 1H), 4.07 (d, J� 10 Hz, 1H), 4.21 (d, J� 2 Hz, 1H), 5.85
(d, J� 6 Hz, 1H), 6.19 (d, J� 6 Hz, 1H), 6.86 (d, J� 9 Hz, 2H), 7.11 (d, J�
9 Hz, 2H).


NOE experiment


2.98� 0.80 (0.12%),4.07 (0.13%), 4.21 (0.19%);
13C NMR (100 MHz, CDCl3): �� 14.21 (q), 27.79 (t), 29.79 (t), 30.76 (t),
30.49 (t), 32.03 (t), 50.67 (d), 51.78 (d), 52.61 (d), 54.63 (d), 55.30 (q), 56.27
(d), 59.31 (s), 60.01 (d), 61.86 (s), 63.66 (s), 83.04 8s), 113.68 (d), 129.89 (s),
136.52 (d), 138.06 (d), 158.39 (s), 168.14 (s), 203.23 (s); MS: m/z (%): 434
(3) [M�], 402 (2), 266 (3), 240 (100), 219 (82), 197 (7), 71 (9); HRMS: m/z :
calcd for C26H26O6: 434.1729; found: 434.1728.


Cyclopentadiene adduct 22 : A solution of spirobutenolide 5 (10 mg,
0.03 mmol, 1 equiv) and cyclopentadiene (3 mg, 0.04 mmol, 1.3 equiv) in
dry CH2Cl2 (1 mL) was introduced into a Teflon hose and submitted to
14 kbar for one week. Purification of the raw material by flash chromatog-
raphy (PE/Et2O 1:2) yielded a white solid (14 mg, 0.03 mmol; 100%).
[�]20D � 38.7� (c� 0.99, CHCl3); IR (CHCl3): �� � 2932 (m),2864 (w), 1757 (s),
1694 (m), 1613 (w), 1516 (m), 1464 (w), 1287 (w), 1252 (m), 1182 (m), 1089
(m), 1038 (m), 928 (w), 829 cm�1(m); 1H NMR (400 MHz; CDCl3): �� 0.58
(brd, J� 13 Hz, 1H), 0.66 (s, 3H), 2.00 (dt, 1H, J� 4, 12 Hz, 1H), 2.16
(brd, J� 13 Hz, 1H), 2.40 (d, J� 10 Hz, 1H), 2.79 (dd, J� 3, 11 Hz, 1H),
2.89 (br s, 1H), 2.99 (dd, J� 3, 11 Hz, 1H), 3.06 (br s, 1H), 3.79 (s, 3H), 5.92
(d, J� 6 Hz, 1H), 6.03 (dd, J� 3, 5 Hz, 1H), 6.22 (d, J� 6 Hz, 1H), 6.26 (d,
J� 6 Hz, 1H), 6.31 (dd, J� 3, 5 Hz, 1H), 6.86 (d, J� 9 Hz, 2H), 7.19 (d, J�
9 Hz, 2H), 7.38 (d, J� 6 Hz, 1H); 13C NMR (100 MHz, CDCl3): �� 15.69
(q), 21.23 (t), 23.50 (t), 26.97 (t), 27.58 (t), 28.91 (t), 45.06 (d), 45.39 (d),
51.31 (d), 53.16 (d), 54.27 (d), 55.26 (q), 55.44 (d), 61.83 (s), 64.71 (s), 66.98
(s), 91.48 (s), 113.49 (d), 118.04 (d), 128.44 (d), 129.40 (s), 135.69 (d), 136.29
(d), 136.35 (d), 139.01(d), 158.43 (s), 161.92 (d), 171.92 (s), 211.51 (s); MS:
m/z (%): 468 (2) [M�], 402 (2), 280 (1), 266 (1), 240 (100), 197 (14), 149 (8);
HRMS: m/z : calcd for C31H32O4: 468.2301; found: 468.2303.


Methoxybutadiene adduct 23 : A solution of spirobutenolide 5 (30 mg,
0.08 mmol, 1 equiv) and catalytic amounts of TEMPO and methoxybuta-
diene (2 mg, 0.016 mmol, 2 equiv) in dry CH2Cl2 (2 mL) was introduced
into a Teflon hose and submitted to 14 kbar for 6 d. Purification of the raw
material by flash chromatography (PE/Et2O 1:1) yielded a white solid
(38 mg, 0.08 mmol, 100%). [�]20D � 5.6� (c� 0.56, CHCl3); IR (CHCl3): �� �
2929 (s), 2856 (w), 1759 (s), 1612 (w), 1516 (m), 1464 (m), 1253 (m), 1230
(w), 1082 (s), 909 (m), 860 cm�1(s); 1H NMR (400 MHz, CDCl3): �� 0.45
(brd, J� 13 Hz, 1H), 0.74 (s, 3H), 0.79 ± 1.75 (m, 6H), 1.84 (m, 1H), 2.05
(brm, 2H), 2.41 (br s, 1H), 2.78 (br s, 1H), 2.87 (d, J� 9 Hz, 1H), 3.34 (s,
3H), 3.79 (s, 3H), 3.79 (m, 1H), 3.85 (m, 1H), 5.73 (m, 1H), 5.91 (m,
1H),5.98 (brd, J� 5 Hz, 1H), 6.16 (brd, J� 6 Hz, 1H), 6.30 (d, J� 6 Hz,
1H), 6.85 (d, J� 9 Hz, 2H), 7.23 (d, J� 9 Hz, 2H), 7.95 (br s, 1H); 13C NMR
(100 MHz, CDCl3): �� 16.13 (q), 19.30 (t), 23.89 (t), 27.02 (t), 27.34 (t),
28.44 (t), 30.43 (t), 30.69 (d), 48.67 (d), 55.30 (s), 57.24 (s), 62.15 (t), 91.18
(s), 113.18 (d), 125.62 (d), 128.95 (d), 128.97 (d), 130.26 (s), 131.01 (d),
136.23 (d), 158.14 (s), because of the width of the peaks, it was not possible
to identify more signals; MS: m/z (%): 486 (20) [M�], 473 (47), 472 (100),
434 (22), 410 (21), 402 (35), 358 (55), 296 (48); HRMS: m/z : calcd for
C31H34O5: 486.2406; found: 486.2403.


Diester 25 : Malonic diethylester (0.01 mL, 0.05 mmol, 2 equiv) was added
at 0 �C to a solution of NaH (3 mg, 0.05 mmol, 2 equiv) in dry THF (2 mL).


After 20 min stirring at 0 �C a solution of spirobutenolide 5 (10 mg,
0.025 mmol, 1 equiv) in dry THF (1 mL) was added. The reaction was
quenched after 2.5 h with sat. aq. NH4Cl. The reaction mixture was
extracted with ethyl acetate and the combined organic layers were dried
(MgSO4). Purification of the raw material by flash chromatography (PE/
Et2O 2:1) yielded a yellow foam (14 mg, 0.025 mmol, 100%). [�]20D �
�38.2� (c� 1.06, CHCl3); IR (CHCl3): �� � 2982 (m), 2932 (m), 2865 (w),
1767 (s), 1730 (s), 1614 (w), 1516 (m), 1250 (m), 1181 (m), 1089 (m), 1028
(m); 1H NMR (400 MHz, CDCl3): �� 0.49 (brd, J� 13 Hz, 1H), 0.73 (s,
3H), 0.85 ± 1.61 (m, 2H), 1.23 (m, 2H), 1.28 (t, J� 7 Hz, 6H), 1.90 (m, 1H),
2.22 (d, J� 12 Hz, 1H), 2.41 (dd, J� 9, 19 Hz, 1H), 2.56 (m, 2H), 3.30 (d,
J� 8 Hz, 1H), 3.45 (t, J� 9 Hz, 1H), 3.78 (d, 1H), 3.79 (s, 3H), 4.21 (q, J�
7 Hz, 4H), 6.15 (d, J� 6 Hz, 1H), 6.38 (d, J� 6 Hz, 1H), 6.86 (d, J� 9 Hz,
2H), 7.23 (d, J� 9 Hz, 2H), 7.43 (d, J� 6 Hz, 1H); MS: m/z (%): 562 (11)
[M�], 517/17), 402 (28), 322 (48), 304 (100), 278 (62), 254 (34); HRMS:m/z :
calcd for C33H38O8: 562.2567; found: 562.2568.


Methanol adduct 26 : NaOMe (10 mg, 0.019 mmol, 3 equiv) was added to a
solution of spirobutenolide 5 (25 mg, 0.06 mmol, 1 equiv) in dry MeOH
(3 mL). After stirring for 1 day at RT the reaction mixture was extracted
with CH2Cl2. The combined organic layers were washed with sat. aq.
NH4Cl, dried (MgSO4) and concentrated. Chromatographic purification
(PE/Et2O 2:1) yielded a white foam (25 mg, 0.06 mmol, 96%). [�]20D �
�97.8� (c� 1.50, CHCl3); IR (CHCl3): �� � 2984 (w), 2932 (w), 2856 (w),
1764 (m), 1708 (w), 1600 (w), 1516 (m), 1464 (w), 1264 (s), 1096 (w);
1H NMR (400 MHz, CDCl3): �� 0.50 (brd, J� 13 Hz, 1H), 0.78 (s, 3H),
0.79 ± 1.63 (m, 5H), 1.92 (m, 1H), 2.48 (dd, J� 4, 19 Hz, 1H), 2.63 (dd, J� 2,
19 Hz, 1H), 3.20 (d, J� 10 Hz, 1H), 3.25 (dd, J� 2, 4 Hz, 1H), 3.35 (s, 3H),
3.76 (d, J� 10 Hz, 1H), 3.80 (s, 3H), 6.04 (d, J� 6 Hz, 1H), 6.10 (d, J�
6 Hz, 1H), 6.13 (d, J� 5.5 Hz, 1H), 6.86 (d, J� 9 Hz, 2H), 7.20 (d, J� 9 Hz,
2H), 7.81 (d, J� 5.5 Hz, 1H); 13C NMR (100 MHz, CDCl3): �� 16.23 (q),
21.08 (t), 23.50 (t), 27.29 (t), 28.35 (t), 40.74 (t), 47.28 (d), 53.87 (d), 55.29 (q),
47.21 (q), 59.74 (s), 61.89 (s), 66.22 (s), 82.85 (d), 88.31 (s), 113.32 (d), 121.19
(d), 128.25 (d), 130.76 (s), 135.57 (d), 139.87 (d), 158.11 (s), 161.68 (d),
171.75 (s), 207.80 (s); MS:m/z (%): 434 (1) [M�], 402 (3), 310 (81), 280 (5),
240 (60), 220 (16), 205 (57), 167 (10), 149 (100), 97 (15), 84 (33); HRMS:
m/z : calcd for C27H30O5: 434.2093; found: 434.2102.


Methyl acetoacetate adduct (wistarin precursor) 28 : A solution of
spirobutenolide 5 (100 mg, 0.25 mmol, 1 equiv). N-Methylmorpholine
(0.4 mL) and methyl acetoacetate (0.1 mL, 87 mg, 0.75 mmol, 3 equiv) in
dry CH2Cl2 (4 mL) was introduced into a Teflon hose and submitted to
14 kbar for one week. Purification of the raw material by flash chromatog-
raphy (PE/Et2O 1:1) yielded 28 (121 mg, 0.23 mmol, 93%) as a white foam.
[�]20D ��101.0� (c� 0.92, CHCl3); IR (CHCl3): �� � 2928 (s), 2858 (w), 1785
(s), 1708 (s), 1639 (m), 1614 (w), 1516 (s), 1439 (m), 1381 (w), 1253 (s), 1183
(w), 1153 (w), 1104 (w), 1074 (m), 909 (m), 792 (s); 1H NMR (400 MHz,
CDCl3): �� 0.46 (brd, J� 12 Hz, 1H), 0.77 (s, 3H), 0.79 ± 1.71 (m, 5H), 1.85
(m, 1H), 2.08 (dd, J� 12, 18 Hz, 1H), 2.21 (s, 3H), 2.42 (brd, J� 12 Hz,
1H), 2.52 (dd, J� 7, 17 Hz, 1H), 2.57 (d, J� 9 Hz, 1H), 2.70 (d, J� 18 Hz,
1H), 3.17 (dd, J� 5, 18 Hz, 1H), 3.64 (dd, J� 7, 12 Hz, 1H), 3.70 (s, 3H),
3.79 (d, J� 8 Hz, 1H), 3.80 (s, 3H), 4.70 (d, J� 5 Hz, 1H), 6.30 (d, J� 6 Hz,
1H), 6.42 (d, J� 6 Hz, 1H), 6.87 (d, J� 9 Hz, 2H), 7.23 (d, J� 9 Hz, 2H).


NOE experiment:


3.64� 2.52 (7.8%), 6.30 (2.2%), 6.42 (13.5%);


4.70� 2.08 (3.0%), 2.57 (5.1%), 3.17 (2.3%);
13C NMR (100 MHz, CDCl3): �� 16.05 (q), 20.29 (q), 20.90 (t), 23.85 (t),
27.42 (t), 28.23 (t), 30.43 (s), 31.84 (d), 37.37 (t), 43.79 (t), 50.35 (d), 51.69 (q),
54.70 (d), 55.30 (q), 62.71 (s), 63.21 (s), 69.83 (s), 77.98 (d), 87.91 (s), 104.97
(s), 113.35 (d), 128.70 (d), 129.08 (d), 137.20 (d), 139.49 (d), 158.41 (s),
164.04 (s), 167.03 (s), 173.49 (s), 208.19 (s); MS: m/z (%): 519 (M�� 1, 6),
473 (5), 391 (12), 307 (37), 240 (43), 154 (100); HRMS: m/z : calcd for
C31H34O7: 518.2306; found: 518.2308.


Retro-Diels ±Alder product 30 : Methyl acetoacetate adduct 28 (45 mg,
0.09 mmol) was sublimed at 2� 10�2 mbar into a pyrolysis tube heated to
300 �C. Diene 1 was trapped on a cooling finger. Purification of the raw
material by flash chromatography (PE/Et2O 1:1) yielded a white foam
(25 mg, 0.09 mmol, 100%). [�]20D ��198.6� (c� 1.03, CHCl3); IR (CHCl3):
�� � 2927 (m), 2855 (w), 1798 (s), 1695 (s), 1636 (m), 1437 (w), 1384 (m),
1285 (w), 1198 (m), 1107 (s), 1042 (m), 860 (w); 1H NMR (400 MHz,
CDCl3): �� 2.25 (m, 1H), 2.31 (s � dd, J� 13.5/17 Hz, 3H), 2.63 (d, J�
18 Hz, 1H), 2.90 (dd, J� 4/17 Hz, 1H), 3.02 (dd, J� 4.5/18 Hz, 1H), 3.68
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(dd, J� 4.5/13.5 Hz, 1H), 3.73 (s, 3H), 4.84 (d, J� 4.5 Hz, 1H), 6.22 (d, J�
10 Hz, 1H), 6.70 (d, J� 10 Hz, 1H); 13C NMR (CDCl3): �� 20.18 (q),
34.44 (d), 38.33 (t), 41.70 (t), 51.71 (q), 75.23 (d), 81.88 (s), 101.42 (s),
132.71 (d), 146.38 (d), 163.67 (s), 166.69 (s), 172.75 (s), 195.11 (s); MS: m/z
(%): 278 (2) [M�], 240 (2), 219 (29), 176 (3), 149 (100), 131 (10), 109 (50),
91 (12), 72 (11); HRMS: m/z : calcd for C14H14O6: 278.0790; found:
278.0793.


Acetone dicarboxylate adduct 32 : A solution of spirobutenolide 5 (100 mg,
0.25 mmol, 1 equiv). N-Methylmorpholine (0.5 mL) and acetone dicarbox-
ylate (0.044 mL, 0.3 mmol, 1.2 equiv) in dry CH2Cl2 (3 mL) was introduced
into a Teflon hose and submitted to 14 kbar for one week. Purification of
the raw material by flash chromatography (PE/Et2O 1:1) yielded a white
foam (95 mg, 0.17 mmol, 66%). [�]20D ��82.2� (c� 4.19, CHCl3); IR
(Golden Gate): �� � 2923 (w), 2852 8w), 1773 (m), 1741 (m), 1704 (m),
1663 (m), 1616 (m), 1516 (m), 1440 (m), 1249 (s), 1222 (s), 1180 (s), 1160
(m), 823 (m); 1H NMR (400 MHz, CDCl3): �� 0.43 (brd, J� 13 Hz, 1H),
0.74 (s, 3H), 1.11 ± 1.45 (m, 5H), 1.37 (m, 1H), 1.62 (m, 1H), 1.89 (m, 1H),
2.05 (dd, J� 6, 19 Hz, 2H), 2.40 (dd, J� 6, 19 Hz, 1H), 2.50 (dd, J� 8,
18 Hz, 1H), 2.75 (d, J� 9 Hz, 1H), 3.08 (dd, J� 9, 18 Hz, 1H), 3.36 (m,
1H), 3.69 (d, J� 9 Hz, 1H), 3.72 (s, 3H), 3.79 (s, 3H), 3.84 (s, 3H), 6.07 (d,
J� 6 Hz, 1H), 6.23 (d, J� 6 Hz, 1H), 6.86 (d, J� 9 Hz, 2H), 7.21 (d, J�
9 Hz, 2H), 12.37 (s, 1H); 13C NMR (100 MHz, CDCl3): �� 16.20 (q), 21.03
(t), 23.73 (t), 27.66 (t), 27.83 (t), 28.47 (t), 30.15 (d), 35.95 (t), 37.32 (d), 39.86
(d), 49.51 (d), 52.45 (q), 52.88 (q), 53.73 (d), 55.23 (q), 84.40 (s), 98.99 (s),
113.12 (d), 128.52 (d), 130.02 (s), 135.20 (d), 140.54 (d), 158.38 (s), 166.27
(s), 169.55 (s), 171.96 (s), 173.77 (s), 207.74 (s), because of the width of the
peaks, it was not possible to identify more; MS (FAB): m/z (%): 577 (100)
[M��H], 576 (50), 566 (38), 550 (42), 535 (26).


Retro Diels ±Alder product 33 : Acetone dicarboxylat adduct 32 (38 mg,
0.066 mmol) was sublimed at 2� 10�2 mbar into a pyrolysis tube heated to
300 �C. The diene 1 was trapped on a cooling finger. Purification of the raw
material by flash chromatography (PE/Et2O 2:1) yielded a white foam
(18 mg, 0.05 mmol, 80%). 1H NMR (400 MHz, CDCl3): �� 2.46 (dd, J�
11, 17 Hz, 1H), 2.58 (dd, J� 5, 18 Hz, 1H), 2.77 (dd, J� 5, 17 Hz, 1H), 3.10
(dd, J� 9, 18 Hz, 1H), 3.19 (d, J� 5 Hz, 1H), 3.32 (dt, J� 11, 5 Hz, 1H),
3.43 (dd, J� 5, 9 Hz, 1H), 3.76 (s, 3H), 3.85 (s, 3H), 6.09 (d, J� 10 Hz, 1H),
6.80 (d, J� 10 Hz, 1H), 12.34 (s, 1H).


Spirobutenolide 3 : TFA (0.3 mL) was added at 0 �C to a solution of
spirobutenolide 5 (40 mg, 0.1 mmol) in dry CH2Cl2 (8 mL). The reaction
was quenched with sat. aq. Na2CO3 after 15 min stirring at 0 �C and 30 min
at RT. The aqueous layer was extracted with ethyl acetate. The combined
organic layers were washed with brine, dried (MgSO4) and concentrated.
Chromatographic purification (PE/Et2O 1:1) yielded a yellow solid (16 mg,
0.099 mmol, 100%).


Spiroisoxazoline 35 : TFA (0.2 mL) was added at 0 �C to a solution of
spiroisoxazoline adducst 34 (20 mg, 0.05 mmol) in dry CH2Cl2 (3 mL). The
reaction was quenched with sat. aq. Na2CO3 after 15 min stirring at 0 �C and
30 min at RT. The aqueous layer was extracted with ethyl acetate. The
combined organic layers were washed with brine, dried (MgSO4) and
concentrated. Chromatographic purification (PE/Et2O 1:1) yielded a
cream-coloured solid (9 mg, 0.05 mmol, 100%). For characterization
see [30].


Retro Diels ±Alder product 36 : Methoxybutadiene adduct 23 (31 mg,
0.06 mmol) was sublimed at 2� 10�2 mbar into a pyrolysis tube heated to
300 �C. The diene 1 was trapped on a cooling finger. Purification of the raw
material by flash chromatography (PE/Et2O 4:1) yielded 36 as a light


Table 1. Crystal data for 16, 22, 36.[a]


16[b] 22[c] 36[d]


empirical formula C27H28O3�C6H12 C31H32O4 C14H14O4


Fw 484.6 468.59 246.26
crystal system orthorhombic orthorhombic orthorhombic
space group P212121 (no. 19) P212121 (no. 19) P212121 (no. 19)
a [ä] 6.486(1) 10.074(1) 7.760(1)
b [ä] 20.332(2) 11.089(1) 12.210(2)
c [ä] 21.374(2) 21.698(3) 13.028(2)
�, �, � [�] 90, 90, 90 90, 90, 90 90, 90, 90
V [ä3] 2818.7(6) 2423.9(5) 1234.4(3)
Z 4 4 4
�obs, �calcd [gcm�3] 0.000, 1.142 0.000, 1.284 0.000, 1.325
F(000) [electrons] 1048 1000 520
	 (MoK�) [cm�1] 0.7 0.8 1.0
crystal colorless needle colorless plate colorless plate
size [mm] 2.6� 0.06� 0.07 0.48� 0.59� 0.06 0.56� 0.06� 0.37
T [K] 300 173 300
2
min,max [�] 3.8, 41.7 3.8, 48.1 4.6, 52.2
scan type/exposures 150 150 222
�� [�] 1.2 1.1 1.5
data set hkl limits � 6:6; �20:20; �21:20 � 11:11; �10:12; �24:24 � 9:9; �15:15; �16:16
total data 10914 12555 16444
unique data 2868 3788 2427


(Friedel pairs kept separate)
R(I) 0.057 0.185 0.070
completeness of data set but [%] 96.8 100 100
absorption correction none none none
extinction correction none none none
observed data [I� 2.0�(I)] 1890 1039 1999
Nref, Npar 2868, 319 3877, 316 2427, 163
R1, wR2, S 0.0502, 0.1052, 1.17 0.0407, 0.0806, 0.46 0.0300, 0.0417, 0.88
min/max resd. dens. [eä�3] � 0.11, 0.20 � 0.14, 0.15 � 0.15, 0.11


[a] � MoK�� 0.71073 ä (fine-focus sealed tube, graphite monochromator); diffractometer: Stoe IPDS (imaging plate), for technical details see refs. [31] and
[32]; structure solution: Direct methods, program used: SHELXS-86,[33] program used: Stoe IPDS software and SHELXL;[34] refinement, program used:
SHELXL-93;[34] Programs used for plots�PLATON.[35] Program used for checks and tables�PLATON (16, 36)[35] and MOPLO (22);[36] hydrogen atoms in
geometrically calculated positions. [b] R1 is based on F of 1890 reflections with Fo� 4�(Fo). wR2 is based on F2 of all 2868 unique reflections. A disordered
solvent molecule (C6H12) was not resolved. [c] R1 is based on F of 1039 reflections with Fo� 4�(Fo). wR2 is based on F2 of all 3788 unique reflections.
�� 1/(�2(F 2


o�� (0.03*P)2), where P� (max(F 2�0
o ��2F 2


c �/3. [d] R1 is based on F of 1199 reflections with Fo� 4�(Fo). wR2 is based on F2 of all 2427 unique
reflections. �� 1/�2F 2


o.
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cream-coloured solid (6 mg, 0.024 mmol, 38%). [�]20D � 88.6� (c� 0.54,
CHCl3); m.p. 168 �C; IR (CHCl3): �� � 2925 (w), 1754 (s), 1678 (m), 1392
(w), 1267 (m), 1189 (m), 1069 (s), 1013 (w), 928 (m), 817 (m), 725 (m);
1H NMR (400 MHz, CDCl3): �� 1.90 (dd, J� 5.3, 19.6 Hz, 1H), 2.03 (ddd,
J� 2, 7, 19.4 Hz, 1H), 3.00 (t, J� 6 Hz, 1H), 3.08 (t, J� 7 Hz, 1H), 3.31 (s,
3H), 3.99 (br t, J� 4 Hz, 1H), 5.78 (m, 1H), 6.01 (brd, J� 10 Hz, 1H), 6.08
(d, J� 6 Hz, 1H), 6.20 (d, J� 10 Hz, 1H), 6.39 (d, J� 10 Hz, 1H), 8.04 (d,
J� 6 Hz, 1H).


Spirobutenolide 38 : Tetra-n-butylammoniumfluoride (0.4 mL, 1.25�) was
added dropwise at 0 �C to a solution of retro-Diels ±Alder-product 30
(17 mg, 0.06 mmol) in dry CH2Cl2 (2 mL). The reaction was quenched after
5 min stirring at 0 �C with sat. aq. K2CO3. The aqueous layer was extracted
with CH2Cl2. The combined organic layers were dried (MgSO4) and
concentrated. Chromatographic purification (PE/Et2O 1:1) yielded a
yellow oil (17 mg, 0.06 mmol, 100%). [�]20D ��4.2� (c� 0.50, CHCl3); IR
(Golden Gate): �� � 2952 (w), 2253 (w), 1772 (m), 1713 (s), 1617 (m), 1435
(w), 1327 (m), 1218 (m), 1118 (w), 1075 (s), 1020 (w), 911 (m), 818 (m), 730
(m); 1H NMR (400 MHz, CDCl3): �� 2.29 (s, 3H), 2.71 (t, J� 19 Hz, 2H),
2.98 (dd, J� 4, 16 Hz, 1H), 3.07 (dd, J� 4, 16 Hz, 1H), 3.14 (m, 1H), 3.71 (s,
3H), 4.40 (m, 1H), 6.27 (d, J� 6 Hz, 1H), 7.62 (d, J� 6 Hz, 1H); 13C NMR
(100 MHz, CDCl3): �� 19.68 (q), 37.01 (d), 43.16 (t), 45.34 (t), 51.84 (q),
76.60 (d), 82.79 (s), 102.88 (s), 122.55 (d), 156.55 (d), 163.35 (s), 166.08 (s),
170.48 (s), 205.69 (s); MS: m/z (%): 279 (67) [M��H], 246 (47), 192 (22),
169 (68), 137 (100); HRMS: m/z : calcd for C14H14O6: 278.0790; found:
278.0788.


X-ray data are collected in Table 1.
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Abstract: The new tetradentate ligand
1,4-bis(5H-dibenzo[a,d]cyclohepten-5-
yl)-1,4-diazabuta-1,3-diene (Htropdad)
allows the syntheses of the 16-electron
cationic rhodium complexes [M(Htrop-
dad)](O3SCF3) (M�Rh, Ir). The struc-
ture of the rhodium complex was deter-
mined by X-ray analysis and points to a
description of these as [M�1(Htropdad)0]
with short C�N bonds (av 1.285 ä) and a
long C�C bond (1.46 ä) in the diazabu-
tadiene (dad) moiety, that is the M�
dad charge-transfer is negligible. Both
[Rh(Htropdad)]� and [Ir(Htropdad)]� are
reduced at very low potentials (E1


1/2�
�0.56 V and E1


1/2��0.35 V, respec-


tively) which allowed the quantitative
synthesis of the neutral paramagnetic
complexes [M(Htropdad)]0 (M�Rh, Ir)
by reacting the cationic precursor com-
plexes simply with zinc powder. The
[M(Htropdad)]0 complexes are stable
against protic reagents in organic sol-
vents. Continuous wave and pulse EPR
spectroscopy was used to characterize
the paramagnetic species and the hyper-
fine coupling constants were deter-


mined: [Rh(Htropdad)]0:Aiso(14N)� 11.9
MHz, Aiso(1H)� 14.3 MHz, Aiso(103Rh)�
� 5.3 MHz; [Ir(Htropdad)]0: Aiso(14N)�
11.9 MHz, Aiso(1H)� 14.3 MHz. In com-
bination with DFT calculations, the
experimentally determined g and hyper-
fine matrices could be orientated within
the molecular frame and the dominant
spin density contributions were deter-
mined. These results clearly show that
the complexes [M(Htropdad)]0 are best
described as [M�1(Htropdad) .�] with a
[16� 1] electron configuration.Keywords: EPR spectroscopy ¥


HYSCORE spectroscopy ¥ iridium
¥ N ligands ¥ rhodium


Introduction


The resonance forms shown in Equation (1) can be used to
approximate the electronic structure of a metal complex with
a ™non-innocent∫ ligand L.[1]


M(L)�M�(L .�)�M2�(L2�) (1)
A B C


As ™non-innocent∫ ligands L, chelates such as quinones Q
and their diimine derivatives,[1a] N-heterocyclic chelates
(NHchel), such as bipyridine or phenanthroline, and their


derivatives,[1b±g] and 1,4-diazabutadienes (e.g., dad�
RN�CR1�CR1�NR), are most frequently employed.[1h,i]


These types of ligands contribute actively to the redox state
of the complex. For some complexes even an internal
electron-transfer equilibrium (™redox isomerism∫ or ™valence
tautomerism∫) of the type M�(L .�)�M2�(L2�) has been
established.[2] With respect to this work, the rhodium and
iridium complexes I ± III are especially relevant (Scheme 1).


Scheme 1. Neutral rhodium and iridium complexes with N-heterocyclic
chelates (NHchel) or 1,4-diazabutadiene (dad) as ™non-innocent∫ ligands.


The neutral complexes of type I containing formally
rhodium(0) or iridium(0) have been intensively studied by
DeArmond and co-workers[1b±e] by electrochemical means but
they were never obtained in monomeric form.[3] The electro-
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chemistry of mixed N-heterocyclic olefin complexes of type II
was also studied, but the complexes were not isolated to our
knowledge.[1f,g] Kaim and co-workers studied the irreversible
(ECE mechanism) two-electron reduction of the complexes,
[Cp*MCl(dad)]� � 2e�� [Cp*M(dad)] (III)�Cl� (M�Rh,
Ir), and isolated the complexes III.[4] The reduction of the
non-innocent [dad]0 ligand to its 1,2-diamidoethylene form
[dad]2� was unambiguously demonstrated in these cases.


An interesting property of the cited rhodium and iridium
complexes is that their reduction potentials are relatively low.
Using the tropp ligand (see inset in Scheme 2 below), we
isolated the first examples of stable low-valent tetracoordi-
nate Rh0 and Ir0 complexes[5a,b] which were characterized by
pulse EPR spectroscopy.[5c] The interpretation of these results
led us to conclude that the unpaired electron is predominantly
located on the metal center in the corresponding [M(tropp)2]0


complexes (M�Co-Ir). We wondered whether we could also
employ the tropylidenyl unit, trop, for the synthesis of stable
formally zerovalent rhodium and iridium complexes in which
a 1,4-diazabutadiene (dad) unit[1h,g] was an archetype of a
™non-innocent∫ ligand. Herein we report: 1) the first exam-
ples of isolated neutral mononuclear paramagnetic rhodium
and iridium dad complexes which are best represented by the
resonance form B in Equation (1), and 2) a detailed inves-
tigation of these compounds by continuous wave (CW) and
pulse EPR spectroscopy. Remarkably, the new ligand trop-
dad, which we report here, allows the synthesis of complexes
whose reduction potentials are sufficiently low to make them
stable against protic solvents.


Results


Syntheses : We synthesized compound 3 (Scheme 2) to use as a
ligand. It contains both, a trop unit, which we have found
useful in the synthesis of stable low-valent Rh and Ir
complexes, and a diazadiene moiety. This potentially tetra-
dentate ligand, named hereafter Htropdad [IUPAC: 1,4-
bis(5H-dibenzo[a,d]cyclohepten-5-yl)-1,4-diazabuta-1,3-di-
ene], is readily obtained in excellent yields by a condensation
reaction of tropamine 1 [IUPAC: (5H-dibenzo[a,d]cyclohept-
en-5-yl)amine] with glyoxal 2 (Scheme 2).[6]


In most organic solvents, 3 is almost insoluble, however,
upon reaction with the complexes [M(cod)2]O3SCF3 (4 : M�
Rh; 5 : M� Ir; cod� �4-1,5-cyclooctadiene) in THF, deep red
solutions are obtained from which the 16-electron Htropdad
complexes 6 and 7, respectively, can be precipitated as intense
red crystals in almost quantitative yields. The structure of the
rhodium complex 6 determined by X-ray diffraction[7] is
shown in Figure 1.[8]


In this almost perfect C2v-symmetric structure, the Htropdad
acts as a tetradentate ligand and wraps around the rhodium
atom preventing any intermolecular stacking.[3] This is nicely
demonstrated by the view of the molecule given in Figure 1
(top). Note that Htropdad offers a remarkably rigid coordi-
nation sphere containing no rotating groups. Two conjugated
� systems, that is the dad unit and the C�C bonds of the trop
units, are arranged in an almost perfect perpendicular fashion
(N1-Ct-C4 89.4�, N1-Ct-C5 90.6� ; Ct�midpoint of the C4�C5


Scheme 2. Synthesis of the ligand Htropdad (3) and the [M(tropdad)]n


complexes 6 ± 9 (M�Rh, Ir; n��1, 0), DFT-calculated [M(chtdad)]n


complexes 10 ± 13.


Figure 1. Molecular structure and numbering scheme for compound 6 ;
thermal ellipsoids are drawn at the 50% probability level. The atoms of the
counterion (OTf �) are omitted for clarity; hydrogen atoms are drawn with
arbitrary radii ; selected bond lengths [ä] and angles [�]: Rh�N1 2.025(5),
Rh�N1� 2.012(5), Rh�C4 2.185(7), Rh�C4� 2.185(6), Rh�C5 2.199(7),
Rh�C5� 2.182(6), N1�C16 1.289(9), N1��C16� 1.281(8), C16�C16� 1.46(1),
N1�C1 1.455(9), N1��C1� 1.486(8), C4�C5 1.38(1), C4��C5� 1.39(1); N1-Rh-
N1� 78.9(2), N1-Rh-C4 90.0(3), N1-Rh-C5 90.2(2), N1�-Rh-C4� 90.6(2), N1�-
Rh-C5� 90.4(2), C4-Rh-C4� 92.6(2), C5-Rh-C5� 94.7(3).
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bond). Selected structural parameters of 6 are listed in Table 1
together with calculated values of the model complexes
[M(chtdad)]n 10 ± 13 (Scheme 2; chtdad� 1,4-bis(cyclohepta-
trienyl)-1,4-diazabutadiene).


The experimental data for 6 agree well with the calculated
values for 10 and leave no doubt about the assignment of the
formal oxidation states as Rh�(Htropdad0).[4, 8] Indeed, in the
1H NMR spectrum the N�CH�CH�N protons of the dad unit
are shifted to higher frequencies (��� �complex� �free ligand); 6 :
��� 0.55 ppm; 7: ��� 1.66 ppm) upon coordination of 3,
indicating that charge shifts from the dad unit to the metal,
that is the dad unit serves as a donor and not as an acceptor.
This shift is especially pronounced for the iridium complex 7.
On the contrary, shifts to lower frequencies are observed
when the metal fragment serves as donor and charge is
accumulated on the ligand.[4] This is the case for the olefinic
protons of the CH�CH unit within the trop fragment which
are shifted to lower frequencies, that is the coordination
shifts �� become negative (6 : ����1.46 ppm; 7: ���
�1.09 ppm). This phenomenon indicates efficient metal-to-
olefin back-bonding.


Both complexes, 6 and 7, are (quasi)reversibly reduced to
the neutral complexes 8 and 9, respectively, at the lowest
potentials reported to date for any 16-electron rhodium or
iridium complex (6 : E1


1/2��0.56 V; 7: E1
1/2��0.35 V refer-


enced versus the Fc/Fc� couple which has a potential of
�0.352 V versus Ag/AgCl under our conditions). A super-
position of the cyclic voltammograms obtained with 6 (solid
line) and 7 (dotted line) in THF/0.1� nBu4NPF6 as electrolyte
is shown in Figure 2.


A second (quasi)reversible redox wave is observed for the
process [M(Htropdad)]0 � e� � [M(Htropdad)]� (M�Rh, Ir)
at E2


1/2��1.29 V (8) and E2
1/2��1.10 V (9), respectively.


The disproportionation constants Kdisp for the reaction
2 [M(Htropdad)]0� [M(Htropdad)]�� [M(Htropdad)]� are
calculated to be 4.6� 10�13 for M�Rh and 2.1� 10�13 for
M� Ir, and are 5 to 6 orders of magnitude smaller than for the
comparable [M(troppph)2]�1/0/�1 complexes.[5] This observation
indicates the high thermodynamic stability of the new


Figure 2. Cyclic voltammetry of 6 (solid line) and 7 (dotted line) at room
temperature in THF. Scan rate 100 mVs�1, Pt/nBu4NPF6/Ag.


[M(Htropdad)]0 complexes. Chemically, the reduced 17-elec-
tron complexes 8 and 9 can simply be prepared in quantitative
yields by stirring a solution of the cationic precursors in THF
with zinc powder. Unfortunately, all attempts to grow single
crystals suitable for an X-ray analysis failed. Although a wide
variety of different solvents and crystallization conditions
were tried, only microcrystalline powders were obtained.


EPR spectroscopy : Information about the electronic struc-
ture of 8 and 9 was obtained from CW and pulse EPR
spectroscopy, that is EPR spectroscopy at various microwave
frequencies (X-, Q-, and W-band), pulse ENDOR (electron
nuclear double resonance), and HYSCORE (hyperfine sub-
level correlation) spectroscopy.[9] These investigations were
combined with DFT calculations.[10] The g values as well as the
metal, nitrogen, and proton hyperfine couplings for the
rhodium and iridium complexes are listed in Table 2. The
calculated hyperfine couplings for the model complexes
[M(chtdad)]0 12 (M�Rh) and 13 (M� Ir) are also given.


The CW EPR spectra of 8 in THF at 298 K (a), 120 K (b),
and 77 K (c), and of 9 at 120 K (d) are shown in Figure 3,
together with the corresponding simulated spectra. The small
anisotropy of the axial g matrix of 8 is resolved only in the
frozen solution spectra at Q- and W-band (see insets of
Figure 4 for the spectrum at Q-band). The solution spectrum
of 9 exhibits a single broad line with no resolved hyperfine
structure (not shown).


The anisotropic hyperfine interactions of the nitrogens,
rhodium, and protons in 8 and 9 were obtained from
orientation-selective HYSCORE and ENDOR spectra at
Q- and X-band. Two representative Q-band HYSCORE
spectra of 8 are shown in Figure 4.


Figure 4a shows the Q-band HYSCORE spectrum ob-
tained when orientations close to g� are selected. Since the
nitrogens are strongly coupled, the cross-peaks representing
the correlations of the nuclear frequencies in the two electron
spin manifolds are predominately in the second quadrant.[9]


The hyperfine coupling is found to be strongly anisotropic
(Ax� 0.9 MHz,Ay� 34 MHz) which is manifested by two long
ridges (red double arrow). Cross-peaks assigned to rhodium
(Ax��10 MHz, Ay��12 MHz) are also labeled (yellow
arrows). In the spectrum shown in Figure 4b only orientations
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Table 1. Selected experimental bond lengths [ä] for 6 and calculated
values (DFT) for 10–13, and calculated NBO charges (DFT) for 10 ± 13.
C�Cdad denotes the C�C bond in the diazadiene moiety and C�Ctrop


denotes the metal-coordinated C�C double bond.


Metal n M�N C�N C�Cdad C�Ctrop


6[a] Rh � 1 2.025, 2.012 1.289, 1.281 1.46 1.38, 1.39
10 Rh � 1 2.030 1.291 1.453 1.409
11 Ir � 1 2.017 1.298 1.445 1.423
12 Rh 0 2.015 1.334 1.400 1.409
13 Ir 0 2.005 1.336 1.400 1.445


NBO charges (DFT)
Metal n q(Metal) q(N) q(C�Cdad) q(C�Ctrop)


10 Rh � 1 � 0.43 � 0.39 � 0.64 � 0.57
11 Ir � 1 � 0.52 � 0.41 � 0.64 � 0.62
12 Rh 0 � 0.45 � 0.50 � 0.36 � 0.62
13 Ir 0 � 0.58 � 0.52 � 0.40 � 0.69


[a] values in 6 : Rh�N1, Rh�N1�; C1�N1, C1��N1�; C16�C16�; C4�C5,
C4��C5�.
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close to g� are observed. In this single-crystal like spectrum, a
small nitrogen (Az� 0.9 MHz, red arrows) and rhodium (Az�
6 MHz, yellow arrows) interaction is found. The HYSCORE
spectra of 9 (not shown) exhibit virtually the same nitrogen
signals. In accord with the above assignment, none of the
signals assigned to rhodium in the spectrum of 8 are observed
in the spectrum of 9.


Additional information used to assign the rhodium signals
was obtained from a hyperfine-decoupling experiment using
the two-pulse spin-locked �SEEM sequence.[11]


In this 2D experiment the ESEEM frequencies �ESEEM are
correlated to the hyperfine-decoupled nuclear frequencies


�dec, which for an I� 1³2 nucleus and a sufficently large
decoupling field approach the nuclear Larmor frequency �I of
the corresponding nucleus. Figure 5 shows the spectrum for
complex 8 obtained at an observer position close to g�. The
peaks at about 4.8 MHz and 11 MHz along the ESEEM
dimension are assigned to rhodium, since they are correlated
to the Larmor frequency of rhodium (�Rh� 1.7 MHz) along
the decoupling dimension. These data confirm the assignment
of the rhodium peaks at 4.8 MHz in the HYSCORE spectrum.
Satisfactory simulation of the Rh signals of the HYSCORE
spectra and agreement with the isotropic hyperfine value
determined from the CW solution spectrum was achieved
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Table 2. Experimental hyperfine coupling constants [MHz] of the [M(Htropdad)] complexes 8 and 9 and calculated values of the [M(chtdad)] (M�Rh, Ir)
complexes 12 and 13.[a]


Experimental [Rh(Htropdad)] (8) DFT [Rh(chtdad)] (12)


nuclei Aiso Ax Ay Az �exp
[c] Aiso Ax Ay Az �DFT


[d]


14N[b] 11.9 0.9 34 0.9 17.7 4.8 43.8 4.6
1H[b] 14.3 22.5 15.3 5.0 	 41� � 15.4 � 23.0 � 18.4 � 4.8 	 41�
103Rh � 5.3 � 10.0 � 12.0 6.0 0.00 � 0.04 � 0.01 0.05


Experimental [Ir(Htropdad)] (9) DFT [Ir(chtdad)] (13)


14N[b] 11.9 0.9 34.0 0.9 15.5 3.9 39.2 3.5
1H[b] 14.3 22.5 15.3 5.0 	 41� � 15.7 � 23.4 � 18.6 � 5.2 	 41�


[a] g values 8 : giso� 2.0022, gx � gy � g�� 1.9977, gz � g� � 2.0113. 9 : giso� 2.0024, gx� gy� g�� 1.9870, gz� g� � 2.0332. DFT spin densities: 12 :
�(N)� 29.5% (�2), �(C-Cdad)� 16.1% (�2), �(C�Ctrop)� 2.1% (�4). 13 : �(N)� 26.3% (�2), �(C�Cdad)� 16.6% (�2), �(C�Ctrop)� 3.2% (�4).
[b] Absolute values are given for the experimental data. Estimated error of 	1 MHz. [c] Angle �exp defines a rotation of the Ax axis (from gx) around the gy


axis. [d] Angle �DFT defines a rotation of the Ax axis (from x) around the y axis.


Figure 3. Experimental (Exp.) and simulated (Sim.) CW EPR spectra of 8 in THF: a) at room temperature at X-band, b) at 120 K at X-band, c) at 77 K at the
W-band, and d) of 9 at 120 K at the X-band.
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Figure 4. Q-band HYSCORE spectra of the rhodium complex 8 recorded
at 20 K in THF. Orientations close to g� (a) and g� (b) are selected. The red
arrows [(a) and (b)] indicate the large anisotropy of the 14N coupling. The
yellow arrows indicate the rhodium peaks. Inset: Q-band CW EPR spectra
with corresponding observer positions.


Figure 5. Q-band hyperfine-decoupling experiment of the rhodium com-
plex 8 recorded at 20 K in THF at an observer position close to g�.


with principal values of �10, �12, and 6 MHz. The Rh
hyperfine matrix can be split into an isotropic part (Aiso�
�5.3 MHz) and a dipolar part with principal values of �6.7,
�4.7, and 11.4 MHz (the gn value of Rh is negative and
positive spin density was assumed). The anisotropic part is
mainly due to a d-orbital contribution, with the value of
11.4 MHz pointing along the Az axis and being collinear with
g�. These data highlight the influence of the Rh nucleus in
determining the g matrix.


ENDOR spectra used to determine the proton hyperfine
couplings for 8 are given in Figure 6 (the spectra for 9 are
given in the Supporting Information). The simulations


Figure 6. Q-band 1H Davies ± ENDOR spectra of the rhodium complex 8
recorded at 20 K in THF at different observer positions. a) FID-detected
EPR spectrum (1st derivative) with the selected field positions,
b) corresponding ENDOR spectra and simulations (dashed lines).


(dashed lines) were achieved with non-coaxial g and A
matrices with the hyperfine Ax axes of H16� and H16 rotated
by �exp�	 41� around the gy axis, respectively.


The DFT calculations allow the experimentally determined
g and hyperfine matrices to be orientated within the
molecular frame. Calculations for nitrogen N1 and N1� show
that the Ay axis (largest hyperfine value) points in the y
direction defined in Figure 7a , thus gy is parallel to y (see
Table 2). The gx and gz axes orientations can be inferred from
the H16� and H16 hyperfine matrices. DFT data orientate the
Ax axes of H16� and H16 in the xz plane with Ax rotated
around the y axis by �DFT��41� and �DFT��41�, respec-
tively. Satisfactory simulations of the experimental data
(Figure 6) were indeed achieved by rotating Ax (from gx)
around gy by �exp�	 41�, so that gx is parallel to X and gz is
parallel to z.


Noteworthy, the DFT calculations on the model complexes
[M(chtdad)] 12, 13 do not reproduce the experimentally
determined metal hyperfine couplings, while the agreement
between the experimental and calculated data is very
satisfactory for the nonmetal nuclei. A comparison of Fig-
ure 7b and 7c shows, that the SOMO (Figure 7b) reflects
essentially the spin density distribution and both are localized
on the N�C�C�N unit of the ligand. A very small negative
spin density (�0.019 and �0.027, respectively) is calculated
for the metal centers in 12 and 13 (grey shaded isosurface in
Figure 7c).
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Figure 7. a) Schematic representation of the orientation of the x, y, and z
axes and the 1H hyperfine principal axes of H16 and H16� calculated by
DFT. b) SOMO calculated by DFT. Note that there is an excellent
agreement between the DFT and experimentally determined ligand
contributions. c) Spin density distribution calculated by DFT.


Combining the results from the CW EPR, HYSCORE, and
ENDOR experiments, the hyperfine couplings of nitrogens,
protons, and rhodium were obtained. These hyperfine
couplings and the isotropic g values (8 : 2.0022; 9 : 2.0024)
are typical for paramagnetic complexes in which the un-
paired electron is located predominantly on the dad
moiety.[4]


We used the nitrogen hyperfine matrix of 8 and 9 to
estimate the spin density in the s and p orbitals of the nitrogen
atoms by comparing the data with those computed for the free
ion. A total spin density �tot� 45% was found for the two
nitrogens; about 1% residing in the s orbitals (0.5% each) and
about 44% (22% each) in the p orbitals (estimated from the
dipolar part of the hyperfine couplings). As discussed above,
the DFT calculations agree with this finding and also show
that the spin density distribution is not significantly influenced
by the metal (see values given in footnote to Table 2).


Comparison of the computed NBO charges (see values
listed in the bottom of Table 1) of the 16-electron complexes
10 and 11 with those of the 17-electron complexes 12 and 13
shows that neither the metal charges nor the charge on the
coordinated olefin C�Ctrop of the trop unit are significantly
influenced, whereas the negative charge on the nitrogens
increases and the positive charge on the CH�CHdad bridge
decreases. Consequently, the [M(Htropdad)]0 complexes 8, 9
(M�Rh, Ir) are best described by the Lewis structure
[M�(Htropdad .�)] and their valence-electron configuration is
assigned as [16� 1].[1i] Importantly, 8 and 9 are stable in


deoxygenated THF/H2O for at least several days and no
significant decrease of the EPR signal intensity was observed.


Conclusion


The new tetradentate Htropdad ligand lowers the reduction
potentials of the 16-electron complexes [M(Htropdad)]� (M�
Rh, Ir) significantly when compared to those of related
complexes such as [M(bipy)(cod)]� or [M(phen)(cod)]� (see
II in Scheme 1). Importantly, the neutral paramagnetic
complexes [M(Htropdad)]0 8 (M�Rh) and 9 (M� Ir) can be
quantitatively prepared by a mild and cheap reducing agent of
zinc powder and are stable in deoxygenated THF/H2O for at
least several days (no significant decrease of the EPR signal
intensity was observed). This will allow us to investigate the
reactivity of an organic radical (here a dad .� radical) coupled
functionally to an unsaturated metal center, here a 16-
electron rhodium or iridium center, even under protic
conditions. Complexes 8 and 9 react cleanly with oxygen
and nucleophiles. These reactions are currently under inves-
tigation.


We have applied high-resolution pulse EPR methods to
determine experimentally the proton, nitrogen, and rhodium
(for 8) hyperfine couplings. By using this data in combination
with DFT calculations we were able to determine the
orientation of the g and hyperfine matrices within the
molecular frame. This level of detail is frequently achieved
in single-crystal work but is not that common in frozen
solution studies due to the inherent low resolution. It is found
that the axes of the largest principal value of the nitrogen
hyperfine tensors (Ay� 34 MHz) point in the direction of the
nitrogen p orbitals that are perpendicular to the central plane
of the complex. The EPR data leave no doubt that the
electronic structure is best described as [M�(Htropdad .�)] with
the unpaired electron mainly located on the ligand. Accord-
ingly, the rhodium couplings of 8 (
Aiso 
� 5.3 MHz) are
somewhat smaller than those determined for the mixed
phosphine olefin complexes cis/trans-[Rh(troppPh)2]0 (
Aiso 

� 17 MHz and 21 MHz, respectively).[5c] Although the rho-
dium hyperfine coupling (and presumably the spin density on
the rhodium) is small in 8 there is a measurable influence on
the g matrix which is axial and has an anisotropy larger than
that typically observed in organic radicals. It must be noted
that the hyperfine coupling constants of the rhodium are not
satisfactorily reproduced by the DFT calculations, while the
agreement for main group element nuclei is good.[12, 13] There
is certainly a need to refine the theoretical methods further
and we hope that this work will contribute to efforts in this
direction.


Experimental Section


General : All manipulations were performed under an argon atmosphere.
All solvents were dried and purified by using standard procedures and were
freshly distilled under argon from sodium/benzophenone (THF), from
sodium/diglyme/benzphenone (n-hexane), or calcium hydride (CH2Cl2)
prior to use. Air-sensitive compounds were stored an weighed in a glove
box (Braun MB 150 B-G system), and reactions on small scale were
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performed directly in the glove box. NMR spectra were either recorded on
an AMX-500, Avance DRX-400, Avance DPX-300, or Avance DPX-250
system. The chemical shifts are given as � values and were referenced
against tetramethylsilane (TMS) for 1H and 13C. Coupling constants J are
given in Hz as positive values regardless of their real individual signs. The
multiplicity of the signals is indicated as s, d, or m for singlets, doublets, or
multiplets, respectively. The abbreviation br. is given for broadened signals.
Quaternary carbon atoms are indicated as Cquart , aromatic units as CHar


when not noted otherwise. IR spectra were measured with the ATR-
technique on a Perkin-Elmer 2000 FT-IR spectrometer in the range from
4000 cm�1 to 550 cm�1 using a KBr beamsplitter. The intensity of the
absorption band is indicated as w (weak), m (medium), and s (strong). The
UV/Vis spectra were measured with a UV/Vis/NIR Lambda 19 spectrom-
eter in 0.5 cm quartz cuvettes. Cyclic voltammetry measurements were
perfomed with EG&G potentiostate model 362. Mass spectra were taken
on a Finnigan MAT 95 in the FAB mode.


Syntheses of [Rh(Htropdad)](SO3CF3) (6) and [Ir(Htropdad)](SO3CF3) (7):
A solution of [M(cod)2]Otf (4 : M�Rh; 5 : M� Ir) in CH2Cl2 (3 mL) was
added dropwise at room temperature to a suspension of Htropdad 3
(0.109 g, 0.25 mmol) in CH2Cl2 (3 mL). Upon addition of the metal
precursor the initially colorless mixture turned into a dark red solution,
which was stirred for one hour. The reaction mixture was concentrated to
about half of its volume, layered with n-hexane, and stored at �30 �C. After
12 h, the dark red, crystalline product was isolated, washed with n-hexane,
and dried in vacuum to give the analytically pure complex.


6 : Yield: 86%. M.p. 271 ± 276 �C (decomp). 1H NMR (300 MHz, CD2Cl2,
298 K): �� 8.40 (d, 3J(Rh,H)� 3.0 Hz, 2H; N�CH), 7.59 ± 6.91 (m, 16H;
CHar), 5.94 (d, 3J(Rh,H)� 1.7 Hz, 2H; CHN), 5.47 ppm (d, 2J(Rh,H)�
1.4 Hz, 4H; C�CH); 13C NMR (75 MHz, CD2Cl2, 298 K): �� 165.5
(N�CH), 137.3 (Cquart), 134.3 (Cquart), 131.3, 130.7, 130.2, 129.7, 128.9, 128.6
(CHar), 85.3 (C�CH), 75.9 ppm (CHN); IR (golden gate): �� � 1484 m, 1428
w, 1397 w, 1289 m, 1253 s, 1222 m, 1160 m, 1142 m, 1027 s, 951 m, 807 m, 754
s, 703 m, 636 s, 625 cm�1 s; UV/Vis (THF): �max� 409, 280 nm; MS (FAB):
m/z (%): 539 (25) [M��OTf], 191 (85) [trop�], 147 (100) [OTf�]. 7: Yield:
91%. M.p. 283 ± 288 �C (decomp). 1H NMR (300 MHz, CD2Cl2, 298 K):
�� 9.51 (s, 2H; N�CH), 7.64 ± 7.31 (m, 16H; CHar), 6.56 (s, 2H; CHN),
5.84 ppm (s, 4H; C�CH); 13C NMR (75 MHz, CDCl3, 298 K): �� 171.1
(N�CH), 139.4 (Cquart), 133.5 (Cquart), 130.5, 129.2, 128.6 (CHar), 75.8
(CHN), 74.5 ppm (C�CH); IR (golden gate): �� � 1488 m, 1252 s, 1223 s,
1154 s, 1026 s, 951 m, 897 m, 806 m, 754 s, 635 s, 626 cm�1 s; UV/Vis (THF):
�max� 405, 275 nm; MS (FAB): m/z (%): 629 (15) [M��OTf], 191 (90)
[trop�], 147 (100) [OTf�].


Syntheses of [Rh(Htropdad)] (8) and [Ir(Htropdad)] (9): The cationic
complexes [M(Htropdad)]OTf 6 or 7 (0.5 mmol) were dissolved in THF
(5 mL). An excess (�5 equiv) of activated zinc powder was added and the
suspension was stirred for one hour at room temperature. The solution
containing the rhodium complex 8 turned goldish red, whereas the solution
containing the iridium complex 9 became dark green. The turbid solution
was filtered, the residue washed with THF (ca. 1 mL) and subsequently the
filtrate was concentrated to about half of its volume under vacuum. After
the solution was layered with n-hexane and cooled to �30 �C, the
paramagnetic, air-sensitive complex was isolated as an intensely colored
powder, which was dried in vacuum and stored under argon.


8 : Yield: 85%. M.p. 201 ± 204 �C (decomp). IR (golden gate): �� � 1473 m,
1436 w, 1375 w, 1289 m, 1255 s, 1201 m, 1008 s, 952 m, 807 m, 768 m,
616 cm�1 s; UV/Vis (THF): �max� 443 nm. 9 : Yield: 78%. 234 ± 237 �C
(decomp). IR (golden gate): �� � 1587 w, 1478 m, 1412 m, 1267 m, 1251 m,
1223 s, 1113 s, 1063 m, 984 m, 856 m, 767 m, 756 s, 682 cm�1 s; UV/Vis
(THF): �max� 449 nm.


EPR spectroscopy: Continuous wave (CW) electron paramagnetic reso-
nance measurements were performed at X-band on a Bruker ESP300
spectrometer (microwave frequency 9.43 GHz) equipped with a liquid
nitrogen cryostat and at W-band on a Bruker ESP680 (microwave
frequency 94.2 GHz) equipped with a liquid Helium cryostat. The spectra
at X-band (W-band) were measured with a modulation amplitude of 0.05
(0.1) mT and a modulation frequency of 100 kHz, and the field was
calibrated by using 2,2-diphenyl-1-picrylhydrazyl (DPPH) with a g value of
2.0036. Hyperfine sublevel correlation (HYSCORE) experiments were
carried out at Q-band at 20 K on a home-built instrument[14] (mw frequency
35.3 GHz) with the pulse sequence �/2-�-�/2-t1-�-t2-�/2-�-echo. The


following parameters were used: mw pulses of length t�/2� 16 ns and t��
16 ns, starting times of 96 ns for t1 and t2 , and time increment �t� 12 ns. To
increase the modulation depth, the second and third �/2 pulses were
replaced by pulses of length 64 ns.[15] To minimize blind spots spectra were
measured with � values of 96 and 154 ns. The two-pulse spin-locked
electron spin echo envelope modulation (ESEEM) experiment[11] used the
pulse sequence �/2-�-T-�-echo, where time � and the length of the
decoupling pulse T were varied. The following parameters were used:
t�/2� 12 ns, ��� 8 ns, T0� 24 ns, �T� 16 ns and an mw field strength of 	1/
2�� 20.83 MHz. Davies-ENDOR experiments[9] used the pulse sequence
�-T-�/2-�-�-�-echo with t�� 80 ns and a 10 �s rf pulse (� pulse for matrix
1H nuclei) of variable frequency applied during the time interval T. CW
EPR and HYSCORE simulations were calculated using the EasySpin
package[16] and programs written in-house,[17] respectively.
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Electrostatic Complexation and Photoinduced Electron Transfer between
Zn-Cytochromec and Polyanionic Fullerene Dendrimers


Martin Braun,[a] Stefan Atalick,[b] Dirk M. Guldi,*[b] Harald Lanig,[c] Michael Brettreich,[a]
Stephan Burghardt,[a] Maria Hatzimarinaki,[a] Elena Ravanelli,[a] Maurizio Prato,[d]
Rudi van Eldik,[e] and Andreas Hirsch*[a]


Abstract: Two dendritic fullerene (DF) monoadducts, 2 and 3, which can carry up to
9 and 18 negative charges, respectively, were examined with respect to electrostatic
complexation with Cytochromec (Cytc). To facilitate comprehensive photophysical
investigations, the zinc analogue of Cytc (ZnCytc) was prepared according to a novel,
modified procedure. The association of ZnCytc and DF, and consequential photo-
induced electron transfer within ZnCytc-DF from the photoexcited protein to the
fullerene, was proven by fluorescence spectroscopy and transient absorption
spectroscopy. These findings were also supported by circular dichroism as well as
by extensive molecular dynamics (MD) simulations.


Keywords: charge separation ¥
dendrimers ¥ fullerenes ¥ metallo-
proteins


Introduction


Mitochondrial cytochromec (Cytc) is a polycationic redox
protein that serves as a mediator for electron-transfer
processes in biological systems. We recently discovered that
partially deprotonated and therefore negatively charged
monolayers of amphifullerene 1, generated at the air/water
interface, show a strong coupling to Cytc, present in the
subphase, and lead to the formation of a 3 nm-thick protein
layer underneath the amphifullerene layer.[1] The Cytc/full-
erene coupling is provided by electrostatic interactions
between the two oppositely charged entities. This important
finding prompted us to investigate the association and


electronic interaction of dendritic fullerenes (DF) 2[2] and 3
with Cytc in homogeneous solutions. In contrast to the
amphiphilic hexakisadduct 1, water-soluble systems 2 and 3
contain only a single addend covalently attached to the C60
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core. In monoadducts of C60, the characteristic electron-
accepting behavior of the parent system is largely retained,
while in hexakisadducts, such as 1, significant alterations of
the fullerene character occur.[3, 4] As a consequence, the
fullerene core within 2 and 3 provides a more sensitive probe
for the investigation of electrostatic interactions between Cytc
and anionic oligoelectrolytes. Hybridization of redox proteins
with molecules that modify their electron-transfer proper-
ties[5] and conformational behavior,[6, 7] is currently an impor-
tant topic within bioorganic chemistry.


Results and Discussion


The synthesis of the new water-soluble adduct 3 was
performed according to Scheme 1. Starting with the formation
of the mono-spacer malonate 8 by a new protective-group
strategy and subsequent cyclopropanation of C60,[8] the final
coupling of the polyamide dendron 11[9] yielded the dendro-
fullerene precursor 12. Cleavage of the tert-butyl groups leads
to the target compound 3. The monoadduct 2 was synthesized
according to literature procedures.[2] Both dendrofullerene


monoadducts 2 and 3 represent oligoelectrolytes, whose
number of negative charges (n), which is regulated by the
degree of deprotonation of the peripheral carboxylic acid
groups, is expected to depend on the pH value of the aqueous
solution. Conceptually, the n values can vary between 0 and 18
for 2, and 0 and 9 for 3. At a given pH value, the n values of
these adducts should be very different and lead to a different
interaction with Cytc, which carries eight positive charges at
pH 7.[7]


For the analysis of the electrostatic interactions between
Cytc and 2 and 3, respectively, it is mandatory to determine
the number of negative charges, n, on the corresponding
adducts as a function of pH. We used pH titrations to analyze
the range of pKa values of the carboxylic acid groups and, at
the same time, to deduce additional information on the
aggregation behavior of 2 and 3.[10] We discovered that, at the
physiological pH of 7.2, adduct 2 carries approximately
16 negative charges, whereas 3 carries about seven negative
charges.


By virtue of electrostatic attractions, supramolecular Cytc-
DF complexes are assembled in buffered solutions upon
simple mixing of Cytc and DF components, namely 2 or 3. An
accurate and widely applied method to investigate such
complexes is fluorescence spectroscopy coupled with optical
transient absorption spectroscopy. The iron center in the
heme group of Cytc, however, exerts a significant deactivation
on the excited states of the Cytc porphyrin and, therefore,
necessitates replacement, for example, by zinc. In addition,
iron ions contain partially filled 3d orbitals and undergo
thermal redox reactions. This is in contrast to zinc(��) ions
which have a 3d10 configuration. The inactivity of zinc-
substituted hemes in the electronic ground state, as well as
its properties in the excited state, renders ZnCytc a very
suitable candidate for fluorescence investigations.


ZnCytc is a previously reported derivative of Cytc. It is
widely investigated within the scope of conformational
fluctuation studies[11] and of complexation studies with
porphyrins and other metalloproteins.[12±15] The preparation
method of ZnCytc is based on the first method published by
�anderkooi et al.[16, 17] Although several minor modifications
of this method concerning buffer, workup, and purification
are reported,[11, 14, 18, 19] the crucial step of demetalation of the
heme group with anhydrous hydrogen fluoride (AHF), which
is difficult to handle, was always performed as described in the
original literature.[16, 20] To avoid these handling difficulties, a
new method to remove the iron ion was developed that used
pyridinium-bound poly(hydrogen fluoride) which is both
commercially available and easy to handle.[21, 22] The two-step
preparation of ZnCytc starts with the demetalation of
commercially available horse-heart ferricytochromec (FeIII-


Cytc) with pyridinium poly(hydrogen fluoride). In the second
step, zinc was inserted into the heme group of the cytochro-
mec. The thus-obtained ZnCytc was characterized as descri-
bed in the literature.[17, 18]


In principle, formation of 1:1 and 2:1 complexes may evolve
from the association of ZnCytc and 2. Considering a 2:1
complex for ZnCytc/2–see modeling below–we ran parallel
assays with ZnCytc/3, whose structure precludes a 2:1
stoichiometry.
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In the associated ensembles (i.e. , ZnCytc-DF) the strongly
fluorescent (�� 0.04) and energetically high-lying (Esinglet �
2.1 eV) photoexcited ZnCytc state, is quenched by an
electron-transfer process involving the electron-accepting
C60 core in DF (vide infra). For example, at pH 7.2 upon
titration of a 2.6� 10�6� solution of ZnCytc with DF (i.e.,
either 2 or 3) in the concentration range 0.38 ± 3.5� 10�5�, the
intensity of the ZnCytc emission decreases until a minimum
value is reached. Figure 1 documents the ZnCytc emission
spectra for a few selected concentrations of 3. In the minimum
region the complexation of ZnCytc is assumed to be complete
with an effective ZnCytc-DF concentration of at least 95 %.


In Figure 2 the I/I0 versus concentration relationship is
shown for an entire set of concentrations of 3. The fitting of
such titration curves to a previously developed procedure[23]


gave values of 1.7(�0.3)� 105��1 and 3.1(�0.4)� 105��1 for
the stability constants of ZnCytc-2 and ZnCytc-3, respective-
ly, at pH 7.2. These values are in good agreement with
previously published stability constants of ZnCytc with fern
cupriplastocyanin,[24] plastocyanin,[25] and several free-base
porphyrins.[26]


Note that in our fluorescence experiments the effective
ZnCytc concentrations are much smaller than those of 2 and


Figure 1. Fluorescence spectra (�exc � 420 nm) of ZnCytc (2.6� 10�6�)
and different concentrations of 3 (0.38 ± 3.5� 10�5�) in H2O at room
temperature, pH 7.2, 0.05� Na2HPO4. Arrows indicate the decreased
fluorescence of ZnCytc with increasing concentration of 3.


3, namely [ZnCytc]� [DF]. These conditions are necessary to
guarantee a detectable fluorescence quenching, whereas
working at [ZnCytc]� [DF], does not lead to any observable
changes in the fluorescence spectra. Thus at [ZnCytc]� [2],


Scheme 1. Synthesis of a new water-soluble dendrofullerene 3. DBU� 1,8-diazabicyclo[5.4.0]undec-7-ene, DCC� dicyclohexylcarbodiimide, HOBT� 1-
hydroxy-1H-benzotriazole, TFA� trifluoroacetic acid.
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Figure 2. I/I0 versus [3] relationship used to determine the association
constant. The fitted curve gives a �2 value of 0.00007.


formation of a 2:1 ZnCytc/2 complex is believed to be
precluded. Additional support for this assumption is obtained
from the I/I0 versus [2] relationship, for which we only found
satisfying fits (i.e. , �2 at least 0.005) of the experimental data
by applying a 1:1 complex stoichiometry.


Prior to the addition of DF, the fluorescence signal of
ZnCytc is well fitted by a monoexponential decay, for which a
lifetime of 2.98 ns was determined in deoxygenated aqueous
solutions at pH 7.2. On addition of 2 or 3, a double-
exponential decay is observed with lifetimes of �0.26 ns and
2.98 ns, respectively. The two lifetimes are maintained
throughout the titration assay, with, however, a relative
increase in statistical weight of the short-lived component
on increasing the concentration of DF until the plateau region
is reached. Addition of acid restores the original fluorescence
intensity, concomitant with the disappearance of the short-
lived component.


In summary, the decrease in fluorescence intensity in
ZnCytc on addition of DF, and the presence of only one
short lifetime (0.26 ns), which is invariant throughout the
titration assay, suggest a static quenching event inside the
well-defined ZnCytc-DF complexes. The restoration of the
original fluorescence and the disappearance of the short-lived
component upon addition of acid, on the other hand, result
from the protonation of the carboxylic groups and the
consequent dissociation of ZnCytc-DF into separate frag-
ments.


In the ZnCytc-DF associate, the fluorescent state of
ZnCytc, which is a good electron donor (E1/2 � 0.8 V versus
NHE),[27] is quenched by a thermodynamically allowed
electron transfer (��GET �0.9 eV) to the electron-accepting
C60 moiety of DF (2 : E1/2��0.44 V versus NHE; 3 : E1/2 �
�0.5 V versus NHE).[28]


The rate constant for the electron-transfer quenching
process is obtained from Equation (1), where � and �0 are
the short-lived (0.26 ns) and long-lived (2.98 ns) fluorescence
components, respectively. The value of k was calculated to be
3.5� 109 s�1.


k� 1


�
� 1


�0


(1)


This estimate is in good agreement with the value derived
by Equation (2) (2.6� 109 s�1), which uses the fluorescence
quantum yields � recorded for ZnCytc and ZnCytc-3.


k� ��	ZnCytc
 ��	ZnCytc-C60
�
��	ZnCytc
 ��	ZnCytc-C60
�


(2)


Evidence for an electron-transfer scenario (��GET�
0.9 eV), opposing to a less exothermic transduction of singlet
excited-state energy (��GEnergyT � 0.34 eV), was obtained
from transient absorption measurements with ZnCytc and
ZnCytc-DF, following 8 ns laser excitation at 532 nm. Differ-
ential absorption spectra of ZnCytc in an oxygen-free
aqueous solution reveal the growth of a near-infrared
absorption centered around 880 nm. Generally, a distinct
near-infrared absorption peak in this region is seen in the
triplet ± triplet absorption spectra of tetraphenylporphyrin-
based metalloporphyrins. Thus, we ascribe the transient to the
ZnCytc triplet state. In the visible region, additional maxima
at 575, 610, and 720 nm and minima at 540 and 580 nm
corresponding to ground-state bleaching of the zinc porphyrin
Q-band transitions, complete the transient characteristics. The
ZnCytc triplet transient decays by a first-order process with a
lifetime of 80� 10 �s, regenerating the singlet ground state.


A different picture emerges for ZnCytc-DF. Immediately
following the short laser excitation into the ZnCytc×s Q bands
at 532 nm, spectral characteristics were monitored that
correspond to the attributes of the one-electron oxidized
form of ZnCytc and the one-electron reduced form of the C60


moiety of DF. Maxima in the visible (600 ± 700 nm) and the
near-infrared (1040 nm, see Figure 3) clearly attest to the
successful formation of ZnCytc .�-C60


.� , for which we deter-
mined a lifetime of 1.8 microseconds in deoxygenated aque-
ous solutions. The only appreciable changes seen upon
varying the concentration of 2 or 3 were different yields of
the ZnCytc .�-C60


.� radical pair.


Figure 3. Transient absorption spectrum (NIR part) of ZnCytc (2.6�
10�6�) and 3 (3.5� 10�5�) in H2O at pH 7.2, recorded 50 ns after a 8 ns
laser pulse (�exc � 532 nm), which shows the characteristic C60


.� fingerprint
with �max � 1040 nm.


An elegant means to control the ZnCytc-DF association is
to vary the pH and/or the ionic strength of the medium. At
pH 6 or 7.2 and by the use of the same C60 increments of DF,
the fluorescence is, for example, stronger relative to that seen
at pH 8.4. This implies less effective interactions between the
two redox-active moieties at more acidic pH values. This
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assumption is further corroborated by a weaker stability
constant (ZnCytc-3 ; pH 6: 1.7(�0.3)� 105��1). In contrast, at
a more alkaline pH, a higher stability constant (ZnCytc-3 ;
pH 8.4: 3.9(�0.5)� 105��1) reflects the stronger interactions.


Similarly, ionic strengths of 0.1 ± 0.01� (i.e., Na2HPO4-
based solutions) effected the ZnCytc ± DF association. We
noticed differences in K as large as one order of magnitude
(ZnCytc-3 ; 0.05� Na2HPO4: 3.9(�0.1)� 104��1). Consider-
ing that HPO4


2�, despite its double charge, possesses a large
radius, studies of smaller and single-charged anions were
deemed necessary. To explore the function of charge and size,
we probed solutions of 0.1� chloride and 0.1� bromide, while
keeping the cation (i.e., sodium) constant. The smaller Cl� is
more effective in influencing the ZnCytc ± DF association,
relative to what we determined for HPO4


2� : a factor of �2
was found at the same (0.1�) ionic strength. On the other
hand, the differences seen between chloride and bromide are
insignificant.


As far as the fluorescence lifetime of ZnCytc-3 is con-
cerned, the presence of the different ions has no impact on the
chromophore deactivation.


Contrary to what happens for 2 or 3, a complementary assay
performed with a positively charged trans-2 bis-pyrrolidini-
um[29] salt 13 did not lead to quenching of the ZnCytc
fluorescence. The reason for this different behavior relates to


the repulsive forces that dominate the interactions between
the two fragments. On the nanosecond scale, evidence for the
longer-lived triplet excited state is gathered, which then–on
the lower microsecond timescale–starts to decay. The triplet
decay depends linearly on the bis-pyrrolidinium salt concen-
tration and infers an intermolecular deactivation of ZnCytc.
For the reaction of photoexcited ZnCytc with 13, an
intermolecular electron-transfer rate constant of �108��1 s�1


was determined.
To elucidate further details on the structure of the Cytc-2


complexes, circular dichroism (CD) spectra and molecular
dynamics (MD) simulations were carried out. CD spectro-
scopy demonstrated that Fe was successfully replaced by Zn
since a spectrum (Figure 4) identical to that reported in the
literature was obtained.[18] The complexation of ZnCytc with 2
itself is demonstrated by the difference in the CD spectra of
parent ZnCytc and ZnCytc-2 (Figure 4) which is comparable
to the changes in the CD spectra observed by the complex-
ation of free base uroporphyrin and tetrakis(4-carboxyphe-
nyl)porphyrin with cytochromec.[26] No indication for signifi-
cant changes of the protein conformation, either by the


Figure 4. a) Circular dichroism spectra of ZnCytc, b) difference spectra of
ZnCytc-2 hybrids (complexed minus uncomplexed) with 3.6-fold excess of
2, and c) 13-fold excess.


variation of the preparation method of ZnCytc or by the
complexation with 2 was found, since the protein-dominated
region of the CD spectra at 200 to 260 nm is not affected.[18]


Previous NMR spectroscopic studies also support the fact that
the replacement of iron by zinc in Cytc does not cause
perturbation of the protein conformation.[30]


By interaction of Cytc with 2, different complex structures
are possible. The distinct 1:1 and 2:1 complexes (Figure 5)
were investigated by MD simulations. We used corrected
X-ray structure data[31] and a semiempirically optimized


Figure 5. Different possible structures of Cytc-2 hybrids.


model of 2. The cytochrome molecule carries a net charge of 8
at pH 7. For the fullerene, almost complete deprotonation of
the carboxylic end groups of the dendrimer is assumed on the
basis of the titration experiments, which leads to a highly
negative net surface charge (Figure 6 a). Both molecules were
separately preoptimized by a subsequent geometrical force-
field optimization and MD simulation over a period of 510 ps.
The conformation of the protein remains the same during
preoptimization, whereas the charges on the dendrimer
sidechains of the fullerene cause a strong electrostatic
repulsion and lead to widely extended dendrimer branches.
First, we determined whether there is a energetically favored
complexation site found for protein ± protein complexes at the
heme edge region,[32] or if the strong electrostatic attraction
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Figure 6. a) Optimized structure (PM3) of 216� in the gas phase, trans-
lucent surface net charge (red). b) Result of the MD simulation of the
hybrid Cytc-2 with the dendrofullerene 2 directed towards the preferred
site for the protein ± protein complexes.[25] The fullerene, dendrimer, and
heme moieties are colored purple, red, and green, respectively. The protein
backbone is shown in blue. c) Result of the MD simulation of the hybrid
Cytc-2 (2:1 stoichiometry).


does not allow for a specific site selection. Therefore, we
compared the number of salt bridges as well as the total
energy of six different complexes after MD simulation (see
the Experimental Section). In the starting geometry of these
six complexes, 2 was located at six cubic sites at a distance of
30 ä to the protein. The resulting complex of the simulation


with 2 directed towards the preferred site for the protein ±
protein complexes[32] is shown in Figure 6 b. The simulations
revealed no significant difference between the different
complexation sites with respect to the observed binding
energy or the number and nature of the formed interactions.
In addition to the expected salt bridges between the
carboxylate end groups of 2 and the charged lysine residues
of Cytc, several other interactions with the protein×s sidechain
as well as with its backbone were observed (Figure 7).
Analogous MD simulations of the formation of the 2:1
complexes (Figure 6 c) revealed qualitatively the same strong
complexation with an over supply in electrostatic interactions.
Interestingly, 1:1 complexes of Cytc and 3 show an even
stronger interaction than 1:1 complexes with 2. The complete
spatial adaptation of the single dendritic branch of 3 to the
surface of the Cytc seems to be facilitated compared to the
two dendritic branches of 2. The major limitation of these
calculations carried out in the gas phase is the irreversible
formation of the electrostatic interactions between Cytc and
DF. However, the gas phase conditions provide the possibility
to evaluate many different interaction patterns of such
complexes on a reasonable timescale. More detailed simu-
lations of the complexes in a periodic water box are currently
under way.


Conclusion


On account of the pronounced electrostatic interaction
between the positively charged ZnCytc and the polyanionic
dendrofullerenes (DF) 2 and 3, stable protein ± fullerene
hybrids are formed. Both the dendrofullerenes and the
protein contain redox-active chromophores that can be used
as reporter moieties for the detection of hybridization and
subsequent electronic interaction within the complexes. If a
large excess of DF is used, fluorescent measurements revealed
the 1:1 hybrids ZnCytc-2 and ZnCytc-3. The association
constants were determined to be �105��1. The hybridization
to ZnCytc-2 and ZnCytc-3 causes fluorescence quenching of
the porphyrine emission within ZnCytc. The reason for the
fluorescence quenching is a photoinduced electron transfer
between the redox protein and the fullerene chromophore.[33]


Our photophysical results prove unequivocally that the
connection between ZnCytc and DF (either 2 or 3) is affected
by the pH and by the ionic strength of the medium, which
leads to an acute control over the number of protonated/
deprotonated carboxylate groups of DF. The hybridization
leading to ZnCytc-2 and ZnCytc-3 was further investigated by
CD spectroscopy and molecular modeling. This new hybrid-
ization concept that uses the fullerene chromophore as a
reporter unit has a great potential for the investigation of
electronic and functional properties of a broad range of
charged proteins. Moreover, the discovery of very strong
electrostatic interactions between the protein and charged
dendrimers can be used for the self-assembly of molecular
electronic devices. The investigation of layer-by-layer assem-
blies of Cytc and the dendrofullerenes 2 and 3 leading to
photoconductive nanomaterials are currently underway.







Electrostatic Complexation between Fullerene Dendrimers and Cytochromec 3867 ± 3875


Chem. Eur. J. 2003, 9, 3867 ± 3875 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3873


Experimental Section


General : 1H NMR and 13C NMR: Jeol JNM EX 400 and Jeol JNM GX 400.
MS: Varian MAT311A (EI), Micromass ZabSpec (FAB). UV/VIS:
Shimadzu UV 3102 PC. TLC: Merck, silica gel 60F254. Reagents used were
commercially available reagent grade. Solvents were distilled and dried
according to standard procedures. Products were isolated where possible by
flash column chromatography (silica gel 60, particle size 0.04 ± 0.063 nm,
ICN). Compounds 5 and 7 were prepared by modified literature
procedures.[34, 35]


Preparation of ZnCytc : This procedure represents a modification of the
standard given in the literature and several later alterations.[16, 17] The two-
step preparation of ZnCytc includes the demetalation of the commercially
available horse-heart FeCytc (Equus caballus) and the insertion of zinc into
the heme group of Cytc. Horse-heart cytochromec was purchased from
Fluka.


Metal-free porphyrin Cytc : FeCytc (103 mg) was dissolved in Py(HF)x
(pyridinium poly(hydrogen fluoride, 6 mL) in a plastic vessel (e.g. PE)
inside a strong fumehood at room temperature. The color of the solution
changed almost immediately to dark purple. After the mixture had been
stirred with a Teflon stirring bar for 10 min at ambient temperature,
NH4OAc buffer (3 mL, 50 m�) was added and the solvent was then
removed by a stream of nitrogen. The remaining solid was redissolved in
NH4OAc buffer (6 mL, 50 m�) and purified by gel permeation chroma-
tography with a Sephadex (G-50 ™fine∫) column with the same buffer as the
mobile solvent. The main fraction comprising the free-base porphyrin Cytc
was eluted first (like normal FeCytc, which has the similar molecular size).
After the first sharp fraction, a small amount remained in the tailing of this
band; this was discarded. Finally the sample fraction was concentrated to a
small volume (�2 mL) and dialyzed with aid of dialysis tubes against
phosphate buffer (pH 7.2) for 1 h. The molecular weight cut-off of the
dialysis membranes was 5000. UV/Vis (H2O) of free-base porphyrin Cytc :
�max (�)� 274 (36 600), 403 (81 400), 504 (18 700), 539 (16 200), 569 (14 400),
622 nm (12 000).


Insertion of zinc : The metal-free porphyrin Cytc (90 mg) was dissolved in a
minimum volume of phosphate buffer and the pH value of the solution was
lowered to 2.5 with glacial acetic acid. ZnCl2 or ZnAc2 was added in an
approximately 10-fold molar excess, and the mixture was stirred for 30 min
in a water bath at 50 �C to complete the reaction. The reconstitution can be
monitored by the characteristic bands in the visible absorption spectrum.
After the pH was adjusted to 6 with a saturated solution of Na2HPO4,
ZnCytc was purified by gel filtration. The first and the last portions of the
sharp band eluted almost at the front were discarded. Dialysis followed by
lyophilization yielded a purple solid, which can be stored at �30 �C in the
dark for several months. Since both metal-free porphyrin Cytc and ZnCytc
seem to be light-sensitive and less stable then FeCytc, all procedures should
be performed under exclusion of light. UV/Vis (H2O) of ZnCytc : �max (�)�
267 (80 300), 356 sh (42 800), 421 (228 000), 547 (17 000), 581 nm (11 700).
The total yield of the two steps after lyophilization is 54 %.


Preparation of dendrofullerene 3


4-Benzyloxybutyric acid (5): A solu-
tion of benzyl bromide (20 mL,
168 mmol) and �-butyrolactone
(3.19 mL, 41.8 mmol) in toluene
(75 mL) was treated with freshly
crushed 85% KOH (10 g, 178 mmol).
The suspension was stirred under
reflux for three days, then diluted with
Et2O (40 mL) and H2O (75 mL). The
aqueous layer was washed with Et2O
(2� 40 mL). The Et2O/toluene layers
were set aside. The aqueous layer was
acidified with 3� H2SO4 (40 mL) and
the product extracted into CH2Cl2.
The organic layer was dried over
anhydrous MgSO4, filtered, and con-
centrated under reduced pressure to
yield a yellowish oil (2.11 g; 26%).
The Et2O/toluene layer was concen-
trated to �80 mL. The solution was


treated with a solution of NaOH (4 g) in H2O (20 mL) and heated to reflux
overnight. After hte mixture had been cooled, the aqueous layer was
diluted with H2O (50 mL) and extracted with Et2O (3� 20 mL). The
aqueous layer was acidified with a slurry of H2SO4 (5 mL) in ice (20 mL)
and extracted with CH2Cl2 (3� 30 mL). The organic layer was dried over
anhydrous MgSO4, and filtered. After removal of the solvent, 5.19 g (64 %)
of product were obtained. The overall yield was 7.30 g (90 %). 1H NMR
(400 MHz, CDCl3, RT, TMS): �� 1.97 (m, 2H; CH2CH2CH2), 2.50 (t,
3J(H,H)� 7.15 Hz, 2H; CH2COOH), 3.55 (t, 3J(H,H)� 6.05, 2H; OCH2),
4.53 (s, 2 H; PhCH2), 7.36 (m, 5 H, Ph), 8.90 ppm (br s, 1 H; COOH);
13C NMR (100.5 MHz, CDCl3, RT, TMS): �� 24.59 (CH2CH2CH2), 30.72
(CH2COOH), 68.82 (OCH2), 72.66 (PhCH2), 127.4, 128.0,128.2, 138.0 (Ph),
179.0 ppm (COOH).


tert-Butyl 4-benzyloxybutyrate (6): A solution of 4-benzyloxybutyric acid
(5, 6.96 g, 35.8 mmol) in dry CH2Cl2 (30 mL) was treated with condensed
isobutene (30 mL at �40 �C) and H2SO4 (1 mL). The resultant solution was
stirred for three days at room temperature, then neutralized with a solution
of K2CO3 (5 g) in H2O (100 mL). The organic layer was washed with K2CO3


(saturated solution), citric acid (10 wt % in H2O), and H2O. After the
mixture was dried over anhydrous MgSO4, filtered, and concentrated, a
yellow oil was obtained (7.31 g; 81.4%). 1H NMR (400 MHz, CDCl3, RT,
TMS): �� 1.42 (s, 9H; tBu), 1.89 (m, 2H; CH2CH2CH2), 2.32 (t, 3J(H,H)�
7.15 Hz, 2H; CH2CO2tBu), 3.48 (t, 3J(H,H)� 6.05 Hz, 2 H; OCH2), 4.48 (s,
2H; PhCH2), 7.31 ppm (m, 5H; Ph); 13C NMR (100.5 MHz, CDCl3, RT,
TMS): �� 25.12 (CH2CH2CH2), 27.97 (CH3), 32.17 (CH2CO2tBu), 69.14
(OCH2), 72.73 (PhCH2), 79.94 (C(CH3)3), 127.41, 127.48, 128.23, 138.35
(Ph), 172.7 ppm (CO2tBu); IR (NaCl): �	 � 3065, 3031, 2976, 2863, 1778,
1730, 1496, 1455, 1392, 1366, 1317, 1254, 1154, 1107, 1029, 959, 908, 847, 736,
698, 612 cm�1.


tert-Butyl 4-hydroxybutyrate (7): A solution of 6 (7.31 g, 29.2 mmol) in dry
ethanol (70 mL) was treated with 10% palladium on carbon (1.22 g) and H2


at room temperature. After 15 h, the suspension was filtered through Celite
and concentrated under reduced pressure to give an oily product in
quantitative yield. 1H NMR (400 MHz, CDCl3, RT, TMS): �� 1.36 (s, 9H;
tBu), 1.75 (m, 2H; CH2CH2CH2), 2.25 (t, 3J(H,H)� 7.15 Hz, 2 H;
CH2CO2tBu), 2.79 (br s, 1 H; OH), 3.56 ppm (t, 3J(H,H)� 6.05 Hz, 2H,
HOCH2); 13C NMR (100.5 MHz, CDCl3, RT, TMS): �� 27.75
(CH2CH2CH2), 27.92 (CH3), 32.21 (CH2CO2tBu), 61.75 (HOCH2), 80.32
(C(CH3)3), 173.36 ppm (CO2tBu); MS (EI): m/z : 160 [M]� , 130, 105, 87, 57,
43; elemental analysis calcd (%) for C8H16O3 (160.2): C 59.97, H 10.07;
found: C 59.90, H 10.21.


Malonate 8 : A solution of methyl malonyl chloride (0.67 mL, 6.3 mmol) in
dry dichloromethane (5 mL) was added dropwise to a cooled solution
(0 �C) of 7 (1.0 g, 6.3 mmol) and triethylamine (0.87 mL, 6.3 mmol) in dry
dichloromethane (50 mL) under a nitrogen atmosphere. The mixture was
stirred for 2 h at room temperature and then concentrated, and the product
was isolated by flash chromatography (silica gel, hexane/ethyl acetate 3:2)
and dried in a vacuum. Yield: 1.3 g (5.0 mmol) 80 %; 1H NMR (400 MHz,
CDCl3, RT, TMS): �� 1.46 (s, 9 H; tBu), 1.96 (m, 2 H; CH2), 2.32 (t,
3J(H,H)� 7.33 Hz, 2H; CH2COO), 3.40 (s, 2 H; CH2), 3.77 (s, 3 H; OCH3),


Figure 7. Examples for hydrogen bonding in the Cytc-DF complexes (average length of hydrogen bonds: 1.75 ä).
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4.20 ppm (t, 3J(H,H)� 6.41 Hz, 2 H; OCH2); 13C NMR (100.5 MHz, CDCl3,
RT, TMS): �� 23.84 (CH2), 27.93 (tBu), 31.58 (CH2COO), 41.13 (CH2),
52.35 (OCH3), 64.43 (OCH2), 80.36 (C(CH3)3), 166.30 (C�O), 166.80
(C�O), 171.87 (C�O); MS (FAB, NBA): m/z : 260 [M]� ; elemental analysis
calcd (%) for C12H20O6 (260.3): C 55.37, H 7.74; found: C 55.10, H 7.73.


Spacer monoadduct 9 : DBU (0.2 mL, 1.33 mmol) was added dropwise to a
solution of C60 (1.0 g, 1.38 mmol), malonate 8 (0.3 g, 1.20 mmol), and
tetrabromomethane (0.4 g, 1.20 mmol) in dry toluene (1 L) under a
nitrogen atmosphere. The reaction mixture was stirred at room temper-
ature for 20 h, and the progress of the reaction was monitored by TLC. The
product was isolated by flash chromatography (silica gel, toluene) and
dried in a vacuum. Yield: 270 mg (0.276 mmol) 24%, red brownish solid;
1H NMR (400 MHz, CDCl3, RT, TMS): �� 1.49 (s, 9 H; tBu), 2.16 (m, 2H;
CH2), 2.46 (t, 3J(H,H)� 7.36 Hz, 2 H; CH2COO), 4.13 (s, 3H; OCH3),
4.56 ppm (t, 3J(H,H)� 6.34 Hz, 2 H; OCH2); 13C NMR (100.5 MHz, CDCl3,
RT, TMS): �� 24.11 (CH2), 28.14 (tBu), 31.69 (CH2COO), 51.96
(C60CCOO), 54.02 (OCH3), 66.34 (OCH2), 71.44 (sp3-C60), 77.20 (sp3-C60),
80.77 (C(CH3)3), 138.87, 139.19, 140.96, 140.99, 141.91, 141.93, 142.21,
142.97, 143.02, 143.08, 143.87, 143.89, 144.65, 144.69, 144.91, 145.07, 145.09,
145.16, 145.19, 145.21, 145.24, 145.28, 163.48 (C�O), 164.05 (C�O),
171.82 ppm (C�O); UV/Vis (CH2Cl2): �max (�)� 257 (107 000), 325
(33 500), 425 (2300), 476 nm (1500); MS (FAB, NBA): m/z : 978 [M]� .
The purity (99 %) was determined by HPLC (on Nucleosil MN, 5 �m,
toluene).


Deprotected spacer-monoadduct 10 : Trifluoroacetic acid (3.0 mL,
39.0 mmol) was added to a solution of monoadduct 9 (270 mg, 0.276 mmol)
in dry toluene (30 mL) under a nitrogen atmosphere. The reaction mixture
was stirred for 20 h at room temperature, and the progress of the reaction
was monitored by TLC. The reaction mixture was concentrated and dried
in vacuum to afford the product. Yield: 240 mg (0.260 mmol) 95%, red
brownish solid; 1H NMR (400 MHz, CDCl2CDCl2, RT): �� 2.19 (m, 2H;
CH2), 2.60 (t, 3J(H,H)� 7.08 Hz, 2 H; CH2COO), 4.12 (s, 3H; OCH3),
4.58 ppm (t, 3J(H,H)� 6.12 Hz, 2 H; OCH2); 13C NMR (100.5 MHz,
CDCl2CDCl2, RT): �� 23.59 (CH2), 29.85 (CH2COOH), 51.67
(C60CCOO), 54.15 (OCH3), 65.97 (OCH2), 71.13 (sp3-C60), 74.29 (sp3-C60),
138.32, 138.84, 140.50, 140.56, 141.45, 141.74, 142.51, 142.59, 142.65, 143.41,
143.44, 144.12, 144.16, 144.18, 144.20, 144.25 144.47, 144.50, 144.59, 144.69,
144.74, 144.76, 144.82, 163.07 (C�O), 163.62 (C�O), 176.27 ppm(C�O);
UV/Vis(CH2Cl2): �max (�)� 257 (93 000), 325 (29 000), 425 (2100), 475 nm
(1700); MS (FAB, NBA): m/z : 922 [M]� .


Protected dendrofullerene precursor 12 : A solution of dicyclohexylcarbo-
diimide (0.56 g, 0.270 mmol) and 1-hydroxybenzotriazole hydrate (0.36 mg,
0.270 mmol) was added successively to a cooled solution (0 �C) of
monoadduct 10 (240 mg, 0.260 mmol) and dendron H2N-G2 11 (0.39 g,
0.270 mmol) in dry THF (25 mL) under a nitrogen atmosphere. The
reaction mixture was stirred for 20 h at room temperature, and the progress
of the reaction was monitored by TLC. After the mixture was concentrated,
the product was isolated by flash chromatography (silica gel, toluene/ethyl
acetate 1:1), and dried in a vacuum. Yield: 250 mg (0.107 mmol) 41%, red
brownish solid; 1H NMR (400 MHz, CDCl3, RT, TMS): �� 1.44 (s, 81H;
tBu), 1.98 (m, 24H; C(CH2-)3 � [C(CH2-)3]3), 2.03 (m, 2 H; CH2), 2.19 (m,
24H; CH2COOtBu � CH2CON), 2.36 (m, 2H; CH2CO), 4.15 (s, 3H;
OCH3), 4.58 (t, 3J(H,H)� 6.32 Hz, 2 H; OCH2), 6.22 (s, 3H; NH), 7.68 ppm
(s, 1H; NH); 13C NMR (100.5 MHz, CDCl3, RT, TMS): �� 24.35 (CH2),
28.06 (tBu), 29.76 (CH2CON), 29.82 (CH2COO), 31.58 ([C(CH2-)3]3), 31.68
(C(CH2-)3), 32.63 (CH2CON), 52.04 (C60CCOO), 54.17 (OCH3), 57.45
([C(CH2-)3]3), 57.57 (C(CH2-)3), 66.72 (OCH2), 71.45 (sp3-C60), 77.19 (sp3-
C60), 80.57 (C(CH3)3), 139.17, 140.89, 140.96, 141.89, 142.17, 142.18, 142.95,
142.98, 143.02, 143.84, 143.87, 144.58, 144.63, 144.65, 144.67, 144.86, 145.10,
145.15, 145.18, 145.25, 145.27, 163.65 (C�O), 164.13 (C�O), 171.61 (C�O),
172.66 (-CH2[COO)3]3), 172.89 ppm(-CH2(CON)3); UV/Vis (CH2Cl2): �max


(�)� 257 (106 500), 323 (36 500), 425 (4400), 469 nm (3900); MS (FAB,
NBA): m/z : 2345 [M]� , 2367 [M�Na]� . The purity (99 %) was determined
by HPLC (on Nucleosil MN, 5 �m, toluene/ethyl acetate 3:2).


Dendrofullerene 3 : A solution of dendrofullerene 12 (250 mg, 0.107 mmol)
in formic acid was stirred for 20 h at room temperature and the progress of
the reaction was monitored by TLC. The mixture was concentrated and
dried in vacuum to afford the product. Yield: 190 mg (0.103 mmol) 97%,
red brownish solid; 1H NMR (400 MHz, D2O � K2CO3 (pH 7), RT): ��
1.95 (m, 24H; C(CH2-)3 � [C(CH2-)3]3), 2.16 (m, 24H; CH2COO �
CH2CON and 2 H; CH2), 2.47 (m, 2H; CH2CO), 4.16 (s, 3H; OCH3),


4.60 ppm(m, 2 H; OCH2); 13C NMR (100.5 MHz, D2O � K2CO3 (pH 7),
RT): �� 25.45 (CH2), 27.26, 27.73, 28.02, 28.125, 29.01 (CH2 dendron and
spacer), 30.52 (CH2CON), 46.30 (C60CCOO), 55.22 (OCH3), 55.60 (C(CH2-
)3), 58.41 (OCH2), 66.27 (sp3-C60), 71.61 (sp3-C60), 138.37, 139.46 140.26,
140.36, 140.49, 141.05, 141.13, 141.30 142.09, 142.54, 143.30, 143.56, 158.82
(C�O), 159.30 (C�O), 172.55 (C�ONH dendron), 172.96 (C�ONH spacer),
180.31 ppm (COOH); UV/Vis (H2O, pH 7.2 phosphate buffer): �max (�)�
254 (88 000), 322 (29 000), 424 (2500), 466 nm (1700); MS (FAB, NBA):
m/z : 1840 [M]� . The purity (�98 %) was determined by NMR spectro-
scopy.


Photophysics : Fluorescence lifetimes were measured with a Laser Strobe
Fluorescence Lifetime Spectrometer (Photon Technology International)
with 337 nm laser pulses from a nitrogen laser fiber-coupled to a lens-based
T-formal sample compartment equipped with a stroboscopic detector.
Details of the Laser Strobe systems are described on the manufacturer×s
web site, http://www.pti-nj.com. Emission spectra were recorded with a
SLM 8100 Spectrofluorometer. The experiments were performed at room
temperature. Each spectrum represents an average of at least five
individual scans, and appropriate corrections were applied whenever
necessary. Nanosecond to millisecond laser flash photolysis experiments
were performed with laser pulses from a Quanta-Ray CDR Nd: YAG
system (532 nm, 6 ns pulse width) in a front-face excitation geometry. A Xe
lamp was triggered synchronously with the laser. A monochromator
(SPEX) in combination with either a Hamamatsu R 5108 photomultiplier
or a fast InGaAs diode was employed to monitor transient absorption
spectra.


Computational methods: To examine the electrostatic charge distribution
on the protein surface, the program �rasp[36] was used. All other
calculations were performed with the program package �yperChem.[37]


The employed X-ray structure (PDB code: 1HRC)[31] was corrected at the
iron that coordinates His(18) and Met(80) as well as at the two thioether
bonds that attach the heme group to the peptide at Cys(17) and Cys(14).
The total charge of the protein was kept at �8.0. The Amber89 force-field
parameters implemented in �yperChem were used because of the included
parameters for the heme groups. Following geometrical optimization, a
MD calculation at 300 K for 510 ps was performed to ensure that the
protein conformation remains the same. The 16-fold deprotonated
dendrimer-containing fullerene was semiempirically optimized (PM3)
and also preoptimized by MD calculation for 510 ps. The MD simulations
of the complexes were started at a distance between the protein and
fullerene of 30 ä, but at different orientations. After heating for 10 ps (1 fs
step size) without force-field cut-offs to allow the molecules to attract each
other, and to find the first salt bridge contacts, the complexes were kept at
300 K for another 120 ps with force-field cut-offs. Cooling the system to 0 K
in 20 ps (without cut-offs) enabled the determination of minimum energies
for different complexation possibilities.


Acknowledgement


This work was supported by the Deutsche Forschungsgemeinschaft
(SFB 583 Redoxaktive Metallkomplexe–Reaktivit‰tssteuerung durch mo-
lekulare Architekturen), by the European Union under the 5th Framework
Programme, HPRNT 1999 ± 00011 FUNCARS, HPRN - CT 2002 ± 00177
WONDERFULL and HPRN - CT 2002 ± 00171 FAMOUS


[1] a) A. P. Maierhofer, M. Brettreich, S. Burghardt, O. Vostrowsky, A.
Hirsch, S. Langridge, T. M. Bayerl, Langmuir 2000, 16, 8884 ± 8891; M.
Brettreich, S. Burghardt, C. Bˆttcher, T. Bayerl, S. Bayerl, A. Hirsch,
Angew. Chem. 2000, 112, 1915 ± 1918; Angew. Chem. Int. Ed. 2000, 39,
1845 ± 1848.


[2] M. Brettreich, A. Hirsch, Tetrahedron Lett. 1998, 39, 2731 ± 2734.
[3] A. Hirsch, The Chemistry of the Fullerenes, Thieme, Stuttgart, New


York, 1994.
[4] A. Hirsch, Top. Curr. Chem. 1999, 199, 1 ± 65.
[5] a) S. S. Isied, G. Worosila, S. J. Artherton, J. Am . Chem. Soc. 1982,


104, 7659 ± 7661; b) S. S. Isied, Adv. Chem. Series 1997, 253, 331 ± 347;
c) J. V. McArdle, H. B. Gray, C. Creutz, N. Sutin, J. Am . Chem. Soc.
1974, 96, 5737 ± 5741; d) J. V. McArdle, K. Yocon, H. B. Gray, J. Am .







Electrostatic Complexation between Fullerene Dendrimers and Cytochromec 3867 ± 3875


Chem. Eur. J. 2003, 9, 3867 ± 3875 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3875


Chem. Soc. 1977, 12, 4141 ± 4145; d) M. Meier, R. van Eldik, Inorg.
Chim. Acta 1994, 225, 95 ± 101; f) M. Meier, R. van Eldik, I. J. Chang,
G. A. Mines, D. S. Wuttke, J. R. Winkler, H. B. Gray, J. Am . Chem.
Soc. 1994, 116, 1577 ± 1578; g) M. Meier, J. Sun, R. van Eldik, J. F.
Wishart, Inorg. Chem. 1996, 35, 1564 ± 1570; h) M. Meier, R.
van Eldik, Inorg. Chim. Acta 1996, 242, 185 ± 189; i) M. Meier, R.
van Eldik, Chem. Eur. J. 1997, 3, 39 ± 46


[6] R. K. Jain, A. D. Hamilton, Org. Lett. 2000, 2, 1721 ± 1723.
[7] R. K. Jain, A. D. Hamilton, Angew. Chem. 2002, 114, 663 ± 665;


Angew. Chem. Int. Ed. 2002, 41, 641 ± 643.
[8] X. Camps, A. Hirsch, J. Chem. Soc. Perkin Trans. 1 1997, 11, 1595 ±


1596.
[9] M. Brettreich, A. Hirsch, Synlett 1998, 12, 1396 ± 1398.


[10] Detailed results of the titration experiments will be published
elsewhere.


[11] Y. Shibata, H. Takahashi, R. Kaneko, A. Kurita, and T. Kushida,
Biochemistry 1999, 38, 1802 ± 1810.


[12] J. M. Vanderkooi, P. Glatz, J. Casadei, G. V. Woodrow, III, Eur. J.
Biochem. 1980, 110, 189 ± 196.


[13] H. Koloczek, T. Horie, T. Yonetani, H. Anni, G. Maniara, J. M.
Vanderkooi, Biochemistry 1987, 26, 3142 ± 3148.


[14] K. T. Conklin, G. McLendon, J. Am. Chem. Soc. 1988, 110, 3345 ± 3350.
[15] M. M. Crnogorac, G. M. Ullmann, N. M. Kostic, J. Am. Chem. Soc.


2001, 123, 10 789 ± 10 798.
[16] J. M. Vanderkooi, M. Erecinska, Eur. J. Biochem. 1975, 60, 199 ± 207.
[17] J. M. Vanderkooi, F. Adar, M. Erecinska, Eur. J. Biochem. 1976, 64,


381 ± 387.
[18] S. Ye, C. Shen, T. M. Cotton, N. M. Kostic, J. Inorg. Biochem. 1997, 65,


219 ± 226.
[19] H. Elias, M. H. Chou, J. R. Winkler, J. Am. Chem. Soc. 1988, 110,


429 ± 434.
[20] T. Flatmark, A. B. Robinson, in Structure and Function of Cyto-


chromes (Ed.: K. Okunuki), University Park Press, Baltimore, Mary-
land, 318, 1968.


[21] C. G. Bergstrom, R. T. Nicholson, R. M. Dodson, J. Org. Chem. 1963,
28, 2633 ± 2640.


[22] G. A. Olah, J. T. Welch, Y. D. Vankar, M. Nojima, I. Kerekes, J. A.
Olah, J. Org. Chem. 1979, 44, 3872 ± 3881.


[23] L. Flamigni, M. B. Johnston, New. J. Chem. 2001, 25, 1368 ± 1370.
[24] E. V. Pletneva, D. B. Fulton, T. Kohzuma, N. M. Kostic, J. Am. Chem.


Soc. 2000, 122, 1034 ± 1046.
[25] J. S. Zhou, N. M. Kostic, J. Am. Chem. Soc. 1991, 113, 6067 ± 6073.
[26] R. W. Larsen, D. H. Omdal, R. Jasuja, S. L. Niu, D. M. Jameson, J.


Phys. Chem. B 1997, 101, 8012 ± 8020.
[27] M. C. Crnogorac, N. M. Kositc, Inorg. Chem. 2000, 39, 5028 ± 5035.
[28] Unpublished data.
[29] S. Foley, S. Bosi, C. Larroque, M. Prato, J.-M. Janot, P. Seta, Chem.


Phys. Lett. 2001, 350, 198 ± 205.
[30] H. Anni, J. M. Vanderkooi, L. Mayne, Biochemistry 1995, 34, 5744 ±


5753.
[31] G. W. Bushnell, G. V. Louie, G. D. Brayer, J. Mol. Biol. 1990, 214,


585 ± 595.
[32] H. Pelletier, J. Kraut, Science 1992, 258, 1748 ± 1755.
[33] Recently, photoinduced electron transfer was found to occur also


between a negatively charged conjugated polymer and Cytc ; C. Fan,
K. W. Plaxco, A. J. Heeger, J. Am. Chem. Soc. 2002, 124, 5642 ± 5643.


[34] B. G. Szczepankiewicz, C. H. Heathcook, Tetrahedron 1997, 53, 8853 ±
8870.


[35] H. R. Kricheldorf, J. Kaschig, Liebigs Ann. Chem. 1976, 882 ± 991.
[36] A. Nicholls, K. A. Sharp, B. Honig, Proteins: Struct. Funct. Genet.


1991, 11, 281 ± 296.
[37] HyperChem 6.03 and 7.0 evaluation release HyperCube, Inc., Gaines-


ville, FL, USA.


Received: December 18, 2002
Revised: March 26, 2003 [F4680]








Tracking Chemical Kinetics in High-Throughput Systems


Hans F. M. Boelens,[a] David Iron,[b] Johan A. Westerhuis,[a] and Gadi Rothenberg*[a]


Abstract: Combinatorial chemistry
and high-throughput experimentation
(HTE) have revolutionized the pharma-
ceutical industry–but can chemists tru-
ly repeat this success in the fields of
catalysis and materials science? We
propose to bridge the traditional ™dis-
covery∫ and ™optimization∫ stages in
HTE by enabling parallel kinetic analy-
sis of an array of chemical reactions. We
present here the theoretical basis to
extract concentration profiles from re-
action arrays and derive the optimal


criteria to follow (pseudo)first-order
reactions in time in parallel systems.
We use the information vector f and
introduce in this context the information
gain ratio, �r , to quantify the amount of
useful information that can be obtained
by measuring the extent of a specified


reaction r in the array at any given time.
Our method is general and independent
of the analysis technique, but it is more
effective if the analysis is performed on-
line. The feasibility of this new approach
is demonstrated in the fast kinetic anal-
ysis of the carbon ± sulfur coupling be-
tween 3-chlorophenylhydrazonopro-
pane dinitrile and �-mercaptoethanol.
The theory agrees well with the results
obtained from 31 repeated C�S coupling
experiments.


Keywords: combinatorial catalysis ¥
high-throughput experimentation ¥
kinetics ¥ reaction arrays ¥ UV/Vis
spectroscopy


Introduction


The discovery of new catalysts and the synthesis of new
materials have been boosted in the last decade by the
introduction of combinatorial and other high-throughput
techniques ™borrowed∫ from the pharmaceutical industry.[1]


Or have they not? This boost has not yet fulfilled the chemical
industry×s high expectations, as new catalyst libraries have not
yielded dozens of exciting new pathways to produce base
chemicals and intermediates.[2] One reason for this is that a
host of properties and process conditions must be fine-tuned
in order to yield a catalyst that is active, selective, and stable.
The new high-throughput experimentation (HTE) techniques
are invariably based on a two-step approach comprised of
primary screening of a large number of candidates (discovery
stage) followed by optimization of a small number of leads. In
the discovery stage, thousands or even tens of thousands of
catalysts may be tested, but often only one binary parameter is
scanned (for example, the product yield may be measured


only once for each reaction vessel).[3] Thus, good catalysts may
be overlooked and not pass into the optimization stage if they
score low, for any reason, in the initial discovery tests, and vice
versa.
Figure 1 illustrates the candidate selection process accord-


ing to the traditional two-stage high-throughput approach. In


Figure 1. Graphic showing candidate selection according to the traditional
two-stage high-throughput approach (top) and the reaction profiles for
three candidates (bottom). Good candidates may be mistakenly discarded
(and vice versa) if the discovery test is performed at the wrong time.
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this example, a single measurement (the discovery test) is
performed for three different catalysts at t2 , giving the results
shown by the bold dots. Looking at the reaction profiles
(broken lines) we see that it would have been better, in this
case, to perform the test at t1, because then the low initial
activity of the red candidate would be observed. Thus, it is
crucial to perform the discovery measurement at the correct
time, yet this ™correct time∫ is found only when one already
knows the kinetic profiles–a time-resolved chicken-and-egg
problem.
A possible solution to this problem would be to merge the


discovery and the optimization stages by adapting time-
resolved analysis to high-throughput environments. Unfortu-
nately, parallel HTE set-ups are ill-suited to quantitative time-
resolved analysis: most robotic systems consist of many small
and inexpensive reactors and one (expensive) analyzer (Fig-
ure 2, below). On-line analysis time becomes the limiting


Figure 2. Most common high-throughput experimental set-up used in
optimisation studies, in which one expensive analyser is used to monitor an
array of reactors sequentially.


factor simply because time does not wait for parallel
experimentation. Even in cases when numerous samples can
be stored for later off-line analysis, it is essential to determine
which samples should be analyzed. To reach these goals and
bridge the gap between the discovery and the optimization
stages, new concepts in analysis must be realized to comple-
ment the HTE robots.[4, 5]


Previously we outlined some approaches to array analysis
based on the results of computer simulations.[6] We now
present the full theoretical basis required to perform efficient
kinetic studies in parallel reaction systems, and demonstrate
our approach in the fast analysis of 31 repeats of a carbon ±
sulfur coupling reaction.


Theory


Concept and assumptions : Let us consider an array of reactors
that are all interfaced to one analysis instrument similar to the
set-up depicted in Figure 2. Suppose that these reactors are
running simultaneously the (pseudo) first-order process A�
B, where the initial concentration of A is a0, the initial
concentration of B is 0, the reaction rate constant is k and the
concentration of A at time t, at , is measured from t0 to t�
(where t� is defined as the time when conversion �99.5%).
We assume that all of the reactions follow a first-order rate


law. Thus, for each reaction in this array, Equation (1)
describes the true concentration profile of A


at� a0e�kt (1)


Regardless of the analytical technique, the measurement of
the extent of a chemical reaction over time always yields a
rate constant kƒ which is only an estimate of the true rate
constant k, and has an error �kƒ which is comprised of
systematic (bias) and random parts.[7] Let us assume that the
reaction is monitored by spectroscopy. In this case, �kƒ


depends both on the experimental set-up and on the way
that the spectra are processed. This means that �kƒ is
influenced by both the spectroscopic measurement itself[8]


and the calibration model used.[9] The concentration estimate
aƒt obtained at time t has an error �aƒt . When an adequate
calibration model is used, the systematic part of the concen-
tration error will be negligible compared with the random
part. Here we will assume that this random concentration
error is additive and that it is independently, identically
normally distributed (i.i.d.).[10]


If it is not possible to monitor all of the vessels at a given
time, a protocol to allocate the analyzer time is needed (we
will call this protocol a sampling strategy). This can be simple
and straightforward (for example, sample each vessel in turn,
one after the other) or more complicated (for example, feed
back concentration information and sample more frequently
those reactions that are changing more rapidly). Figure 3
shows three examples of such sampling strategies.


Figure 3. Examples of various sampling strategies with system parameters
shown on top left. Strategy S1: equidistant sampling along the time axis.
Strategy S2: packing the samples at the start. Strategy S3: even distribution
of samples along the concentration axis (example shown with three
equidistant samples, the concentration curve is shifted for clarity).


Single- and multiple sampling of first-order reactions : In
theory, since a0 is known, one measurement should suffice to
estimate k for each reaction. It is clear a priori that the
accuracy of this kƒwould depend on when this measurement is
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performed. For example, when the measurement is taken
immediately after the start of the reaction, �kƒ can be large.
This is true even when the error in measuring the concen-
tration is small (cf. the ten concentration profiles shown in
Figure 4, that are based on 10 kƒ values with an error in the


Figure 4. Plot of 10 theoretical first-order reaction profiles, each estimated
by taking only one measurement at t� 10 s (indicated by a dot). The
estimated profiles all start from the same a0 and the differences are due
only to the error of this one measurement. Note that large differences are
observed even though the measurement error is only �0.5% of a0 .


concentration measurement at t� 10 s of only �0.5%). We
solve this problem by deriving a method to find the optimal
time point for a single sample (see Appendix). For a first-
order reaction, given that k0 is an initial guess for k, the best
time to measure is at t � 1/k0. This is the same value obtained
first by Carr[11] and by Holler et al., in their elegant analysis of
random and systematic fluctuations in first-order rate con-
stants.[12] Our purpose, however, is different: We want to lose
as little information as possible from the reaction array. The
key quantity here is the information value f [Eq. (11],
Appendix]. Figure 5, top, shows the change in f 2 as a function
of the sampling time. For each measurement time t the height
of the curve indicates the accuracy in kƒ. The optimal time to
measure corresponds to the maximum of the curve (t � 1/k0).
The information value f is inversely proportional to the square


Figure 5. Plot of f 2 for the first-order reaction A�B as a function of time
(top) and the change in the standard deviation of kƒ for the same reaction
(bottom). The broken lines indicate the optimal sampling time at t� 1/k0 .
The shaded area on the right is proportional to the improvement in the
accuracy of kƒ if one would dedicate all measuring time from tobs onwards to
the current reaction.


root of the variance in �kƒ [Eq. (10), Appendix]. This is shown
in Figure 5.
In practice, however, several measurements are performed


for every reaction, and so several sampling strategies are
possible (see Figure 3). Deciding which sampling strategy
would yield quick yet accurate kƒ values from a large reaction
array is far from trivial. For this, we will introduce here a
general and fast method to evaluate �kƒ. This method also
enables easy visual comparison between different sampling
strategies.[13]


In high-throughput systems analysis times must be kept
short and sample numbers should be confined to a minimum.
Again, the curve shown in Figure 5, top, is useful, as the sum
of the curve×s intensities at the given sampling times is
proportional to the ™success∫ of the measurement. For
example, if only two samples are taken per reaction, one
can see that taking both at the start or at the end of the
reaction is not very sensible. The best kƒ values are obtained
when both measurements are done at the maximum of the
curve, and sampling at time points close to the maximum gives
near-optimal results.


A general sampling strategy for high-throughput experimen-
tation : We now extend the above examples to an overall
approach for performing kinetic studies in high-throughput
systems, where a large number of experiments is performed
simultaneously. A good HTE sampling strategy must be able
to decide to what reaction the next analyzer time slice should
be allocated. Such a strategy should also indicate when the
monitoring of a particular reaction is no longer sensible (for
example, conversion �99%). For the moment, let us assume
that 1) the running reactions are (pseudo) first-order; 2) that
some measurements were already performed for each reac-
tion; and 3) that the results of those previously performed
measurements are accessible.
At time tobs the system must decide which reaction vessel


should be analyzed. Let us number the reaction vessels with
an index r� 1 to R, and assume that for each reaction Nr
measurements are already performed. These Nr measure-
ments yield an estimated rate constant kƒ r . Based on this
estimate one can easily quantify the amount of information
when the measurement at tobs is actually done for vessel r. This
is done by taking the ratio of the f 2 value at tobs to the sum of
the f 2 values at previous measuring times. We will call this
ratio the information gain ratio, �r . For each reaction r the
value �r can be easily calculated using Equation (2), in which
� fr, before � 2 is the sum of the f 2 values at earlier points in time
for reaction vessel r [Equation (12), Appendix]. Thus the best
investment of analyzer time would be to sample the reaction
that has the highest �r value.


�r�
t 2obs e�2


��r tobs


� fr�before �2
� 100% (2)


The point in time when it is no longer useful to monitor a
given reaction can be determined in several ways. One way is
to estimate �kƒ using non-linear regression (or any other
method) and check when it drops below a preset limit.
Alternatively, one can check whether the remaining area
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below the ™error∫ curve (the shaded area in Figure 5) is
smaller than a user-defined percentage of the current value of
kƒ. In other words, to estimate the improvement that one could
obtain in the accuracy of kr if one would dedicate all of the
measuring time from now on to reaction r only, and compare
this value to a user-defined limit. The advantage of this
method, compared with the estimation of kƒ using regression
techniques, is that here one can actually look ahead in time
rather than backward at what has already been sampled.


Results and Discussion


An experimental example : The carbon ± sulfur coupling of
3-chlorophenylhydrazonopropane dinitrile A with �-mercap-
toethanol to give the adduct B (Scheme 1) was examined as a
model reaction.[14, 15] An excess of �-mercaptoethanol was
used to realize pseudo first-order conditions for A�B. The
reaction was followed using UV/Vis spectroscopy. 32 Repe-
titions of this experiment were performed, the first of which
was used to estimate the spectra of A and B. 271 UV/Vis
spectra were recorded for each experiment, and using these
spectra a set of 31 concentration profiles was obtained.


Scheme 1.


We used these repeated experiments to corroborate our
theoretical derivations. From the data we estimated 31 kƒ


values and calculated their average and standard deviation.
As shown below, we found indeed that the standard deviation
depends strongly on the sampling time and that lowest
standard deviation (i.e., the best estimate of k) is obtained at
the optimal sampling time.
The mean of the 31 concentrations of A at t� 0 was used as


the best estimate of a0. The kinetic model of Equation (1) was
fitted to each measured concentration profile using non-linear
regression. The value of a0 was kept fixed and k was the only
parameter. The 31 resulting kƒ values are plotted in Figure 6.
These kƒ values are random as no outlying values are found;
this confirms that the reactions are well performed. The mean
kinetic constant (designated knlin) equals 0.23min�1.
We used normalized concentration profiles of A to validate


the results derived in the Appendix. The profiles were
normalized by dividing each at by the initial concentration
(a0). The resulting rth concentration profile is designated
ar(ti), and for each profile r and each point in time ti the
minimization of the non-linear function in k [Eq. (3)] is
performed.


min
k


	 ar(ti) � e�kti 	 (3)


Figure 6. Calculated kƒ values for each of the 31 experiments, determined
by non-linear regression. The mean is indicated by the dotted line and
designated as knlin .


This yields a matrix of 31� 271 kƒ values (note that each of
these is based on only one measurement). For each point in
time the standard deviation of kƒ is then calculated over the 31
concentration profiles. Figure 7 shows these standard devia-
tions a function of time.


Figure 7. Standard deviation of kƒ (shown as �) based on the experimental
data (each dot is based on 31 kƒ values). The vertical line is drawn at t�
1/knlin and the arrow indicates the lowest value of sk. The 95% confidence
intervals are shown as dashed lines.


Our theoretical model fits well to the experimental results
(cf. Figures 7 and 5). The lowest standard deviation is found at
t� 5 min 55 s. This is close to 1/knlin (4 min 18 s) considering
the flatness of the optimum and the 95% confidence regions.
The optimal kƒ is indeed found by sampling at t 
1/k.


Multiple sampling in high-throughput systems : It would be
nice to obtain accurate rate constants which are based on a
large number of measurements. However, the size of current
reactor arrays and their centralized structure with respect to
analysis dictate that no more than, say, four or five measure-
ments should be allowed per reaction. This makes the curve of
f 2 a useful visual tool to compare and evaluate different
sampling strategies as a function of the number of samples. As
an example, let us consider the case for three measurements.
The concentration profile for k� 0.23min�1 and the points in
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time when the measurements are taken are plotted in
Figure 8a. The f 2 curve is plotted in Figure 8b, together with
the points which correspond to these measurements. Clearly,
strategy S3 (see Figure 3) is superior to S1 and S2 (because
overall the points are high on f 2 curve) and S2 in this case is
the worst (points on the curve are close to zero).


Figure 8. First-order reactant concentration profile (top) and f 2 curve
(bottom), used to compare the sampling strategies shown in Figure 3
(example with three measurements).


Examining the performance of the different sampling
strategies with respect to the best possible strategy as a
function of the number of samples gives even more informa-
tion. In the ideal case all measurements would be performed
at t� 1/k. Figure 9 shows that sampling strategy S3 is closest to
the best strategy given a low number of samples. The
performance of S1 (equidistant sampling along the time axis)
improves as the number of samples is increases while the
performance of S3 deteriorates.


Figure 9. Relative performance of the sampling strategies S1, S2, and S3.
The ™ideal∫ sampling strategy (i.e., taking all measurements at 1/k) is taken
as 100%. The sampling window size is 10 s.


Conclusion


New approaches in analysis must be taken in order to realize
the goal of high-throughput kinetic studies. In the parallel
reactor set-up (the most common to date) it is crucial to find
the optimal allocation of the analyzer time. This is even more
important in the case of slow analytical methods such as GC
and HPLC. To do this, we introduced the information gain


ratio, �r. Using a reproducible set of experimental data, we
show here that �r can be applied in various ways. It can be used
to quickly assess the performance of different sampling
strategies, to decide which reaction in the array can best be
monitored at any given time, and to halt the monitoring of a
reaction at the right moment.
The examples we show here depict first-order kinetics. The


real experimental world, however, is ™unfortunately∫ seldom-
ly first-order. We are extending the above framework to
include more complex systems (second-order reactions,
cascade reactions, catalyst deactivation, pre-equilibria and
Michaelis-Menten kinetics). In the future, the same approach
could be used for monitoring biochemical kinetics, determi-
nation of NMR relaxation rates,[16] and high-throughput
screening of biological functions.


Experimental Section


All chemicals were commercially available (99% pure) and were used
without further purification. KH2PO4 buffers were purchased from Acros
(pro analysis 0.2�). UV/Vis spectra were recorded using a Hewlett ±
Packard 8453 spectrophotometer (quartz cuvettes, 1.00 cm path length).
Data processing was performed using MATLAB.[17] A detailed description
of the sample preparation methods and the experimental apparatus has
been published.[14, 15]


A total of 32 identical experiments were performed and monitored using
UV/Vis. A stock solution of 3-chlorophenylhydrazonopropane dinitrile A
(1.034� in 0.1� NaOH) was prepared. For each experiment, part of this
stock solution was then diluted to 51.71 ��, buffered to pH 5.4 with
KH2PO4, and mixed in the quartz cuvette with an excess (276:1 mol:mol) of
�-mercaptoethanol solution (2.5 �L �-mercaptoethanol in 7.5 �L KH2PO4
buffer solution). UV/Vis spectra of the reaction mixtures were recorded
every 10 s at a wavelength range from 300 to 500 nm.


Appendix


Derivation of the optimal design criterion : We start by expanding
Equation (1) in a Taylor series around a given initial value k0 of the
kinetic constant [Eq. (4)], wherein R1 indicates the Lagrangian remainder
after a one term Taylor expansion). Then proceed by making the time axis
discrete.


at � a0 e�k0t�� t(k� k0)a0 e�k0t�R1 (4)


The interval along this discrete axis is determined by the time needed by
the spectrometer to do one measurement. In general the time axis will
therefore be equidistant because the settings of the spectrometer will not
be changed during an experiment. However, no such assumption is needed
in the derivation below. So, assume that measurements are done at N time
points tI and define the (N � 1) vector t to be [t1, t2 , t3 , . . . tN]. Also take the
vector a to contain the measured concentrations at these points in time:
a� [a(t1), a(t2), a(t3), . . . a(tN)]. Substituting both vectors into Equation(4)
gives:


a � a0e�k0t�� a0(k�k0) t ¥ e�k0t (5)


in which ™ ¥ ∫ is the Hadamard product (element-by-element multiplication)
of two vectors. The vector equation can be written in the form:


a � a0(k0t�1) ¥ e�k0t�� a0t ¥ e�k0tk (6)


or, more simply,


y � fk (7)
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where 1 is an (N� 1) vector of ones, and y and f are as defined in
Equation (8).


y� a � a0 (k0t�1) ¥ e�k0t (8a)


f�� a0t ¥ e�k0t (8b)


Solving Equation (6) is easy when is it viewed as a linear regression
problem [see Eq. (7)], in which y contains the measured values, f contains
the errorless ordinate and the scalar k is the parameter to be estimated. The
solution[18] to this problem is given by Equation (9), in which T is the
transpose operator.


k1� (fT f)�1 fTy�
fT y


� f �2 (9)


Given the initial estimate k0 , Equation (9) supplies the update, k1, of the
reaction rate constant that has the lowest error. Using the assumption
about the errors in the measured concentration (see above) and realising
that the time values in the vector t are error-free, the error structure of y is
identical to the error structure of a. The error in the estimate k1 is given by
Equation (10), in which var(a) is variance of the concentration error and
var(k1) is the variance of the estimate of the rate constant.


var(k1)�
fT


� f �2
f


� f �2 var(a)�
1


� f �2 var (a) (10)


Note that var(a) is a given value that depends on the instrumentation and
the calibration model, and that the error in the estimated rate constant is
minimized by maximizing the value of � f � 2. This result is known in as a
D-optimal design.[19] From Equation (8) one can see that the value of � f � 2
is determined by the time points (vector t) at which the samples are taken.


The best point in time to perform a measurement : Suppose that it is
possible to do only one concentration measurement during a reaction. At
what point in time should that measurement be performed? In this specific
problem the vectors t and f turn into scalars (t and f) and Equation (8)
simplifies to:


f�� t a0 e�k0t (11)


Maximizing � f � 2 is now equivalent to finding the maximum of f 2. A simple
calculation shows that there is one maximum, at t� 1/k0 .
Evaluation of specific sampling strategies in time : When multiple measure-
ments can be performed on the same reaction, the above approach can be
used to evaluate different sampling strategies. Assume, for example, that
we wish to compare the two strategies Sx and Sy, start with the same initial
estimate k0 . Sx tells us to sample at time points tx (an Nx � 1 vector) and Sy
consists of doing measurements at points in time ty (Ny � 1). We simply
compare the values � fx � 2 and � fy � 2. The sampling strategy that yields a
higher value is better. When the ratio of the highest value with respect to
the lowest is taken, it is even possible to state how much better a specific
sampling strategy is. Writing out the expression for � f � 2 gives:


� f � 2� fTf� a 20
�N


i� 1
t 2i e�2k0ti (12)


The constant a0 is irrelevant in deciding which strategy is better. The
effectiveness of a given sampling strategy may be visualised simply by
plotting the sampling times for this sampling strategy on the curve t 2 e�2k0t.
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Abstract: For the first time FTIR
spectroscopy has been applied to the
measurement of enantiomeric purity.
The underlying concept is based on the
use of pseudo-enantiomers that are 13C-
labeled at appropriate positions. Upon
applying Lambert ±Beer×s law in the
determination of the concentrations of
both enantiomers, the ee values are


accessible, accuracy to within �5% of
the true values being possible. The
application of a commercially available


high-throughput FTIR system results in
a slightly decreased accuracy (�7% for
the ee values), but this allows a through-
put of up to 10000 samples per day. The
method is of interest in the area of
combinatorial asymmetric catalysis and
directed evolution of enantioselective
enzymes.


Keywords: asymmetric catalysis ¥
combinatorial chemistry ¥ directed
evolution ¥ high-throughput
screening ¥ IR spectroscopy


Introduction


The catalytic synthesis of enantiomerically pure or enriched
organic compounds is of great interest to industry and
academia. Two major options for reaching this goal are
available, namely synthetic catalysts such as transition-metal
complexes[1] or biocatalysts such as enzymes[2] or catalytic
antibodies.[3] In the former case a lot of trial-and-error is still
needed despite rational approaches such as ligand design by
molecular modeling. Recently, an alternative approach has
been developed which makes use of combinatorial methods in
the parallel synthesis of large numbers of chiral homogeneous
catalysts.[4, 5] Nevertheless, the actual size of the libraries has
been limited so far to less then 50 ± 100 catalysts. Intriguing
opportunities appear possible if larger libraries could be
generated and screened. The challenges in this area of
research include the development of new strategies for the
synthesis of modular ligands and the development of high-
throughput screening systems for the rapid determination of
enantioselectivity.[5] In addition to initial progress in this field,
which has been loosely called ™combinatorial asymmetric
catalysis∫, recent research in the area of directed evolution
already has provided large libraries of potentially enantiose-
lective biocatalysts[6] which likewise need to be evaluated by


using high-throughput ee-screening systems. This fundamen-
tally new approach to the creation of asymmetric catalysts is
based on the combination of appropriate molecular biological
methods for random gene mutagenesis and protein expression
coupled with screening systems for the determination of
thousands of ee values in a short period of time. Last but not
least the opportunities that metagenome DNA panning[7]


offers to organic chemists interested in asymmetric catalysis
also depend on fast and precise ee-screening systems. In this
regard it has been estimated that more than 99% of all
enzymes occurring in nature are still unexplored.[7] It can be
estimated that an enormous biodiversity can be investigated
by collecting genes in the environment and expressing the
corresponding enzymes in recombinant microorganisms. Fig-
ure 1 summarizes these three main approaches to the creation
of large libraries of enantioselective catalysts.
We and others have previously developed various high-


throughput screening systems for enantioselectivity which are
in most cases complementary. For example, ee assays based on
UV/Vis spectroscopy,[8] IR thermography,[9] capillary array
electrophoresis,[10] and even special forms of GC[11] were
devised in our laboratory, allowing between 700 and 20000 ee
determinations per day. The accuracy in the ee value ranges
between �2% and �5%. Further ee-screening systems were
developed by other groups by applying pH indicators or
fluorescence,[12] circular dichroism,[13] enzymatic methods,[14]


DNA arrays,[15] immunoassays,[16] or mass spectrometry of
mass-tagged diastereomeric substrates.[17] In most cases a
precision of �10% was reported, which suffices in some, but
not all, cases.
In addition to these methods we have also developed a new


and convenient approach for measuring ee values based on
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isotopic labeling which leads to so called pseudo-enantiomers
and pseudo-meso-compounds (Scheme 1). The underlying
principle is restricted to the desymmetrization of prochiral
compounds bearing reactive enantiotopic groups and to the
kinetic resolution of chiral coumpounds.


Scheme 1. a) Asymmetric transformation of a mixture of pseudo-enan-
tiomers involving cleavage of the functional groups FG and isotopically
labeled FG*. b) Asymmetric transformation of a mixture of pseudo-
enantiomers involving either cleavage or bond formation at the functional
group FG; isotopic labeling at R2 is indicated by the asterisk. c) Asym-
metric transformation of a pseudo-meso-substrate involving cleavage of the
functional group FG and labeled FG*. d) Asymmetric transformation of a
pseudo-prochiral substrate involving cleavage of the functional group FG
and labeled FG*.


To determine the ee values of such isotopically labeled
compounds in a fast and precise manner, two different
approaches have been put into practice. The first one makes
use of deuterated substrates that can be easily analyzed by
standard MS techniques like electrospray ionization (ESI) or
matrix-assisted laser-desorption ionization (MALDI).[18] A
throughput of up to 10000 samples per day can be reached
with an accuracy of better than �5%.
The second method makes use of 1H NMR spectroscopy of


13C-labeled compounds, which allows the analysis of up to
1400 samples per day with an exceptionally high degree of


precision (�2 ± 3%).[19] For this
purpose flow-through NMR
systems need to be used, these
being commercially available.
We also developed a second
NMR-based ee-screening sys-
tem that also makes use of
flow-through NMR systems,
derivatization by a chiral re-
agent being necessary in this
case. Precision amounts to
�5% of the true ee value.[19]


We now wish to present yet
another high-throughput ee-
screening system based on the
same general principle, but in


this case using FTIR spectroscopy. Appropriate isotopic
labeling of one enantiomer of a given (R)/(S) pair leads to
pseudo-enantiomers which in a mixture can be distinguished
by FTIR spectroscopy. As will be seen, this allows the
determination of as many as 10000 ee values per day with a
good degree of accuracy (�7%). Since FTIR spectroscopy is
a cheap and readily available analytical technique that is
available in almost all laboratories, we expect this method to
become frequently applied. It is applicable to the evaluation
of large libraries of synthetic chiral catalysts. Moreover, it is of
particular interest in the analysis of biocatalytic reactions
because the ee values can be measured directly in culture
supernatants, making a time-consuming and expensive work-
up unnecessary.


Results and Discussion


To evaluate the applicability of FTIR spectroscopy for the
determination of ee values for a given substrate, especially
with regard to accuracy, the ™best∫ position at which isotopes
are introduced needs to be determined. To illustrate the
method, we considered the kinetic resolution of esters, which
is often accomplished by the catalytic action of lipases.[21] In
doing so 13C labeling of carbonyl groups was chosen for
several reasons:
a) Carbonyl groups provide intensive vibrational bands in an
IR spectrum, allowing for easy and precise determination
of the concentration of the compounds by applying
Lambert ±Beer×s law.


b) In the spectral region between 1600 and 1800 cm�1, which
is typical for carbonyl stretching vibrations, almost no
absorption of other functional groups appear, eliminating
interferences with other vibrational bands.


c) The 13C-labeled compounds can be easily prepared be-
cause reactive reagents with 13C-labeled carbonyl groups
such as 1-13C-acetyl chloride are commercially available.


d) The absorption maxima of the carbonyl stretching vibra-
tion is shifted by 40 to 50 cm�1 to lower wavenumbers by
introducing a 13C-label, which prevents the overlap of the
two carbonyl bands.[22]


Keeping these advantages in mind we synthesized (R)-1-
phenylethyl acetate ((R)-1), (S)-(1-phenylethyl)-1-13C-acetate


Chem. Eur. J. 2003, 9, 3882 ± 3887 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3883


Figure 1. Sources of large libraries of potentially enantioselective catalysts.
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((S)-13C-1), (R)-N-1-phenylethylacetamide ((R)-4) and (S)-N-
(1-phenylethyl)-1-13C-acetamide ((S)-13C-4), which are possi-
ble pseudo-enantiomeric substrates for enzyme-catalyzed
hydrolytic kinetic resolutions (Schemes 2 and 3). Figure 2
shows part of the FTIR spectrum of a 1:1 mixture of (R)-1 and
(S)-13C-1, illustrating the anticipated shift of the respective
carbonyl stretching vibration which allows quantification of
the pseudo-enantiomers.


Figure 2. Part of an FTIR spectrum of a 1:1 mixture of (R)-1 and (S)-13C-1.


These compounds were used to evaluate the accuracy of a
possible high-throughput screening system by measuring
different synthetic mixtures of the pseudo-enantiomers with
a standard FTIR spectrometer and checking the ee values by
chiral GC analysis. To apply Lambert ±Beer×s law in the
calculation of the concentrations of the pseudo-enantiomeric
substances, the molar coefficients of absorbance had to be
determined. For this reason we prepared solutions of (R)-1
and (S)-13C-1 in cyclohexane and (R)-4 and (S)-13C-4 in 1,2-
dichloroethane with different concentrations. After measur-
ing the corresponding absorbances at the absorption maxima
of the carbonyl stretching vibration, we were able to calculate


the molar coefficients of absorbance by applying Lambert ±
Beer×s law E� � ¥ c ¥d (Figure 3, Table 1).
With these coefficients in hand, the exploitation of the


FTIR spectra of different synthetic mixtures of the labeled
and nonlabeled enantiomeric compounds was possible. After
applying an automated baseline correction to the spectra and
correcting the absorbance of one enantiomer in the synthetic
mixtures by the absorbance of the other enantiomer at this


position, the accuracy of the
pseudo-enantiomeric system
based on 1-phenylethyl acetate
turned out to be excellent, spe-
cifically within �3% in compar-
ison to the ee values determined
by chiral GC (Table 2).
In the case of the phenylethyl


acetamides (R)-4 and (S)-13C-4,
the precision decreased slightly
(�5% of the true ee values), but
this is still quite acceptable (Ta-
ble 3). It is currently not clear
why the small deviations are all
positive, that is, whether a sys-
tematic source of error is in-
volved.
Encouraged by these results,


we decided to carry out high-
throughput measurements with
commercially available HTS-


Figure 3. Diagram for the determination of the molar coefficients of
absorbance of (R)-1 (�, absorption maximum: 1751 cm�1) and (S)-13C-1 (�,
absorption maximum: 1699 cm�1) by linear regression.


FTIR systems. The analysis was performed on a Tensor 27
FTIR spectrometer coupled to a HTS-XT system (Bruker
Optik GmbH) which is able to analyze the samples on 96 or
384 well microtiter plates. The plates are equipped with a
silicon plate for IR transmittance. Moreover, we attempted to
measure the ee values in culture supernatants, which would
avoid a time-consuming and expensive workup of biocatalytic
reactions in water. In the case of the MS- or NMR-based
assays this additional step is indispensable. Such a simplifica-
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tion would be of great value in projects concerning the
directed evolution of enantioselective enzymes.
For this reason 19 synthetic mixtures of (R)-4 and (S)-13C-4


in DMSO (0.20�) were prepared, of which 14 were used to
calibrate the system, while the remaining samples were used
as unknown mixtures. We diluted 20 �L of each mixture with
180 �L of culture supernatant (E. coli in LB-medium)
containing extracellular proteins, nutrients like glucose and
other components. After placing 3 �L of each mixture three
times on a 384 microtiterplate and drying in an desiccator for
30 min at 220 mbar and ambient temperature, the microtiter
plate was transferred into the HTS-XT system. The measure-
ments were performed with a resolution of 8 cm�1 and 10
scans per sample resulting in a total time for each sample of
8.9 s. We were pleased to discover that the system works


surprisingly well. The accuracy of the ee values of the
unknown samples, which were automatically calculated by
the software Opus,[23] decreased slightly (�7% of the true ee
value determined by chiral GC) (Table 4).


Although the present method has not yet been applied in a
specific project concerning combinatorial asymmetric transi-
tion metal catalysis or directed evolution of enantioselective
enzymes, high-throughput in the range of 10000 samples per
day is technically possible under these conditions. For this
purpose Bruker has already coupled the microplate stacking
device TWISTER1 (Zymark) to its microplate reader. In this
combination which is controlled by OPUS software (Bruker),
40 IR microplates can be measured automatically. To perform
the sample loading at high throughput, the autosampler
microlab 4000 SP (Hamilton) was tested successfully. Both
formats (96 and 384) of the Bruker silicon microplates were
suitable to be loaded automatically with different types of
samples (proteins, cells, culture media).
The surprisingly good accuracy connected with the high


sample throughput and the opportunity to measure the ee
values directly in culture supernatants makes this approach
very valuable for the analysis of biocatalytic reactions in
water. Furthermore, the selectivity factors E in kinetic
resolutions can also be obtained because this system provides
the concentration of each enantiomer which allows the
conversion of the reaction to be calculated.[24]


Conclusion


We have devised a high-throughput FTIR system for the fast
and precise determination of the enantiomeric purity of chiral
acetates or acetamides. In the case of enzyme catalysis,
supernatants can be used without any workup. A throughput
of up to 10000 samples per day is possible by directly
measuring the ee values in culture supernatants, the accuracy
amounting to �7% of the true value as checked by GC. This
avoids the time-consuming and expensive workup of the
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Table 1. Molar coefficients of absorbance (�) of the pseudo-enantiomers
calculated by linear regression.


Compound � Correlation
[Lcm�1mol�1] coefficient


1 (R)-1 550.6 0.999
2 (S)-13C-1 374.9 0.999
3 (R)-4 477.1 0.995
4 (S)-13C-4 403.2 0.996


Table 2. Comparison of the ee values of synthetic mixtures of (R)-1 and
(S)-13C-1 determined by chiral GC and FTIR using a standard FTIR
spectrometer.


ee by GC ee by FTIR Deviation
[%] [%] [%]


1 100 (S) 100 (S) 0
2 94.4 (S) 93.9 (S) 0.5
3 89.7 (S) 87.5 (S) 2.2
4 71.0 (S) 70.1 (S) 0.9
5 40.2 (S) 37.8 (S) 2.4
6 2.6 (S) 0.2 (R) 2.8
7 39.8 (R) 42.7 (R) 2.9
8 71.0 (R) 73.9 (R) 2.9
9 89.7 (R) 93.1 (R) 3.4
10 94.0 (R) 95.7 (R) 1.7
11 99.7 (R) 100 (R) 0.3


Table 3. Comparison of the ee values of synthetic mixtures of (R)-4 and
(S)-13C-4 determined by chiral GC and FTIR using a standard FTIR
spectrometer.


ee by GC ee by FTIR Deviation
[%] [%] [%]


1 100 (S) 100 (S) 0
2 93.4 (S) 95.1 (S) 1.7
3 89.3 (S) 90.2 (S) 0.9
4 69.8 (S) 70.3 (S) 1.5
5 40.0 (S) 37.1 (S) 2.9
6 0.4 (S) 4.7 (R) 5.1
7 39.6 (R) 45.1 (R) 5.5
8 71.4 (R) 75.4 (R) 4.0
9 88.6 (R) 93.3 (R) 4.7
10 93.4 (R) 96.5 (R) 3.1
11 100 (R) 100 (R) 0


Table 4. Comparison of the ee values of synthetic mixtures of (R)-4 and
(S)-13C-4 determined by chiral GC and FTIR using a high-throughput
FTIR spectrometer.


ee by FTIR ee by GC Deviation
[%] [%] [%]


1 87.1 (S) 90.8 (S) 3.7
2 85.3 (S) 5.5
3 87.0 (S) 3.8
4 57.4 (S) 52.0 (S) 5.4
5 56.9 (S) 4.9
6 52.3 (S) 0.3
7 97.4 (R) 90.2 (R) 7.2
8 97.5 (R) 7.3
9 94.5 (R) 4.3
10 11.5 (R) 12.4 (R) 0.9
11 10.4 (R) 2.0
12 11.1 (R) 1.3
13 33.5 (S) 29.8 (S) 3.7
14 30.5 (S) 0.7
15 33.4 (S) 3.6
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samples in biocatalytic reactions in water. Extension to other
substrates should also be feasible, provided appropriate 13C
labeling is possible. Thus, we view this new and cheap ee assay
to be a practical screening technique in enantioselective
catalytic and biocatalytic reactions.


Experimental Section


General remarks : The reagents and solvents were obtained from commer-
cial sources and the reagents were generally used without further
purification. All solvents were distilled and stored under argon. The
conditions for gas chromatographic analyses are given in the analytical data
of the relevant compounds. 1H NMR spectra were recorded on a Bruker
AMX 300 (300 MHz) spectrometer. Chemical shifts are reported in ppm
using tetramethylsilane (TMS, �� 0.00 ppm) as internal standard. 13CNMR
spectra were recorded at 75 MHz with CDCl3 as internal reference. Mass
spectra were recorded on a Finnigan MAT8200 and IR data were obtained
using a Perkin ±Elmer FT1600. High-throughput FTIR measurements
were performed using a Bruker Tensor27 spectrometer in connection with
a High-Throughput-Screening Extension (HTS-XT) system. For data post
processing Opus¹ software (Bruker) was used. Elemental analysis was
carried out in an external laboratory (Mikroanalytisches Labor Kolbe in
M¸lheim/Ruhr). In all cases the amount of 13C labeling was �99%.


Synthesis of 1-phenylethyl acetates 1: Enantiomerically pure (S)- or (R)-1-
phenylethanol (2) (1.0 g, 8.2 mmol) and pyridine (4 mL) were dissolved in
dichloromethane (30 mL) in a 50 mL N2 flask under argon. After the
solution was cooled with an ice bath, the corresponding 1-13C-labeled or
unlabeled acetyl chloride (0.97 g, 12.3 mmol) was slowly added with a
syringe with appearance of a white solid (pyridine hydrochloride). The
reaction mixture was stirred overnight at ambient temperature and the
resulting red solution was quenched with water while being cooled with an
ice bath. The organic phase was separated and subsequently washed with
1� HCl and brine. After the organic phase was dried with MgSO4, the
solvent was evaporated and the crude products were purified by column
chromatography (SiO2) using dichloromethane as eluent. After removal of
the solvent in vacuum, the desired products were obtained as colorless oils.
Yield: 1.24 g (92%).


(R)-1-Phenylethyl acetate ((R)-1): 1H NMR (CDCl3): �� 1.53 (d, J�
6.6 Hz, 3H; CH3), 2.06 (s, 3H; C(O)CH3), 5.88 (q, J� 6.6 Hz, 1H; CH),
7.24 ± 7.37 ppm (m, 5H; ArH); 13C NMR (CDCl3): �� 21.3, 22.2, 72.3, 126.1,
127.9, 128.5, 141.7, 170.3 ppm; MS: m/z (rel. int.): 164 (25) [M�], 122 (77),
104 (100), 77 (43); IR (neat): �� � 3064, 3034 (C�H, ArH), 2982, 2934 (C�H,
CH � CH3), 1744 (C�O), 1242 (C�O)cm�1; elemental analysis (%) calcd:
C 73.3, H 7.3; found: C 72.9, H 7.4.


(S)-(1-Phenylethyl)-1-13C-acetate ((S)-13C-1): 1H NMR (CDCl3): �� 1.53
(d, J� 6.6 Hz, 3H; CH3), 2.06 (d, JC,H� 6.8 Hz, 3H; 13C(O)CH3); 5.88 (q,
JC,H� 3.2 Hz, J� 6.6 Hz, 1H; CH), 7.24 ± 7.37 ppm (m, 5H; ArH); 13C NMR
(CDCl3): �� 21.3, 22.2, 72.3, 126.1, 127.9, 128.5, 141.7, 170.7 ppm; MS: m/z
(rel. int.): 165 (38) [M�], 122 (91), 104 (100), 77 (35), 44 (53); IR (neat): �� �
3065, 3034 (C�H, ArH), 2982, 2934 (C�H, CH� CH3), 1691 (13C�O), 1206,
1066 (C�O)cm�1; elemental analysis (%) calcd: C� 13C 73.3, H 7.3; found:
C � 13C 73.2, H 7.4.


GC-analysis: Hewlett ± Packard 5890, column: 25 m TBCD/OV-1701,
detector: FID, temperature programme: 230 �C, 60 �C± 2 �C per min ±
180 �C, 5 min isotherm, 350 �C, gas: 1 bar hydrogen, retention time:
21.7 min ((S)-(1-phenylethyl)-1-13C-acetate), 23.3 min ((R)-1-phenylethyl
acetate), �99% ee in both cases.


Synthesis of N-1-phenylethyl acetamides 4 : Enantiomerically pure (S)- or
(R)-1-phenylethylamine (5) (0.90 g, 7.5 mmol) and pyridine (4 mL) were
dissolved in dichloromethane (30 mL) in a 50 mL N2 flask under argon.
After the solution was cooled with an ice bath the corresponding 1-13C-
labeled or unlabeled acetyl chloride (0.59 g, 7.6 mmol) was slowly added
with a syringe. The reaction mixture was stirred overnight at ambient
temperature and the resulting yellow solution was quenched with water
while being cooled with an ice bath. The organic phase was separated and
subsequently washed three times with 1� HCl and once with brine. After
the organic phase was dried with MgSO4, the solvent was evaporated and
the crude products were recrystallized from hexane. After filtration and


drying in vacuum the desired products were obtained as white solids. Yield:
0.73 g (64%).


(R)-N-1-Phenylethyl acetamide ((R)-4): 1H NMR (CDCl3): �� 1.46 (d, J�
6.9 Hz, 3H; CH3), 1.95 (s, 3H; C(O)CH3), 5.10 (q, J� 7.0 Hz, 1H; CH), 6.03
(s, 1H; NH) 7.24 ± 7.37 ppm (m, 5H; ArH); 13C NMR (CDCl3): �� 21.7,
23.4, 48.8, 126.2, 127.3, 128.6, 143.3, 169.2 ppm; MS: m/z (rel. int.): 163 (54)
[M�], 148 (13), 120 (30), 106 (100), 77 (19), 43 (22); IR (KBr): �� � 3265 (N-
H) 3071, 3022 (C�H, ArH), 2980, 2972, 2929 (C�H, CH � CH3), 1642
(C�O), 1557 (N-H) cm�1; elemental analysis (%) calcd: C 73.6, H 8.0, N
8.6; found: C 73.5, H 8.1, N 8.5.


(S)-N-(1-Phenylethyl)-1-13C-acetamide ((S)-4): 1H NMR (CDCl3): �� 1.46
(d, J� 6.9 Hz, 3H; CH3), 1.95 (s, J� 6.0 Hz, 3H; 13C(O)CH3), 5.10 (q,
JC,H� 2.2 Hz, J� 7.0 Hz, 1H; CH), 6.04 (s, 1H; NH) 7.24 ± 7.37 ppm (m, 5H;
ArH); 13C NMR (CDCl3): �� 21.7, 23.4, 48.8, 126.2, 127.3, 128.6, 143.3,
169.1 ppm; MS: m/z (rel. int.): 164 (46) [M�], 149 (13), 120 (30), 106 (100),
77 (22), 44 (40); IR (KBr): �� � 3265 (N�H) 3049, 3023 (C�H, ArH), 2972,
2929 (C�H, CH � CH3), 1606 (13C�O), 1545 (N-H) cm�1; elemental
analysis (%) calcd: C � 13C 73.7, H 8.0, N 8.5; found: C � 13C 73.7, H 8.0, N
8.5.


GC-analysis: Hewlett Packard 5890, column: 25 m Ivadex-1/PS086 G/375,
detector: FID, temperature programme: 220 �C, 80 �C± 2 �C per min ±
210 �C, 5 min isotherm, 320 �C, gas: 0.8 bar hydrogen, retention time:
26.7 min ((S)-N-(1-phenylethyl)-1-13C-acetamide), 27.9 min ((R)-N-1-phe-
nylethyl acetamide), �99% ee in both cases.


Procedure for the determination of molar coefficients of absorbance of the
labeled and unlabeled 1-phenylethyl acetates : After preparation of a stock
solution (0.200�) of (R)-1-phenylethyl acetate ((R)-1) and (S)-(1-phenyl-
ethyl)-1-13C-acetate ((S)-13C-1) in cyclohexane, the solutions were diluted
with cyclohexane to concentrations of 0.180, 0.160, 0.140, 0.120, 0.100,
0.080, 0.060, 0.040 and 0.020�, respectively (total volume: 1 mL). The
absorbance of the resulting samples was measured with a FTIR spectrom-
eter at the corresponding absorption maxima of the carbonyl stretching
vibration ((R)-1: 1751 cm�1, (S)-13C-1: 1699 cm�1) with a thickness of the
layers of 25.0 �m. The measurements were carried out with 32 scans and a
resolution of 4 cm�1. The molar coefficients of absorbance were determined
by linear regression. The correlation coefficient were in both cases better
than 0.995.


The analysis of synthetic mixtures of the pseudo-enantiomers of 1-phenyl-
ethyl acetate was performed under the same conditions at a concentration
of 0.10�.


Procedure for the determination of molar coefficients of absorbance of the
labeled and unlabeled N-1-phenylethyl acetamides : After preparation of a
stock solution (0.200�) of (R)-N-1-phenylethyl acetamide ((R)-4) and (S)-
N-(1-phenylethyl)-1-13C-acetamide ((S)-13C-4) in 1,2-dichloroethane, the
solutions were diluted with 1,2-dichloroethane to concentrations of 0.180,
0.160, 0.140, 0.120, 0.100, 0.080, 0.060, 0.040 and 0.020�, respectively (total
volume: 1 mL). The absorbance of the resulting samples was measured
with a FTIR-spectrometer at the corresponding absorption maxima of the
carbonyl stretching vibration ((R)-4 : 1676 cm�1, (S)-13C-4 : 1635 cm�1) with
a thickness of the layers of 106.7 �m. The measurements were carried out
with 32 scans and a resolution of 4 cm�1. The molar coefficients of
absorbance were determined by linear regression. The correlation coef-
ficient were in both cases better than 0.995.


The analysis of synthetic mixtures of the pseudo-enantiomers of N-1-
phenylethyl acetamide was performed under the same conditions at a
concentration of 0.10�.


High-throughput FTIR measurements : The high-throughput measure-
ments were performed on a Tensor27 spectrometer in connection with a
HTS-XT system provided by Bruker Optik GmbH. For this reason 19
different synthetic mixtures of the pseudo-enantiomers of N-1-phenylethyl
acetamide were dissolved in DMSO (total concentration: 0.20�) and
aliquots of 20 �L were diluted in 180 �L of a culture supernatant (E. coli in
LB-medium). A 3 �L portion of each mixture were transferred onto a 384
microtiterplate equipped with a silicon plate for IR transmittance. This
procedure was repeated three times for every sample. After the micro-
titerplate was dried in a desiccator for 30 min at 220 mbar and ambient
temperature, the plate was placed in the HTS-XT system. Every sample
was measured with a resolution of 8 cm�1 and a scan number of 10, so that
the total time for the analysis of each sample amounted to 8.9 s, allowing a
throughput of 9700 samples per day. The resulting spectra were analyzed
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with the software Opus and Opus Lab.[23] The first 14 samples were used for
calibration purposes, while the remaining probes were taken as unknown
samples. To evaluate the accuracy of the system, the ee value of each
mixture was independently determined by chiral GC analysis.
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Syntheses, Structures, Photoluminescence, and Theoretical Studies of a Novel
Class of d10 Metal Complexes of 1H-[1,10]phenanthrolin-2-one


Shao-Liang Zheng,[a, b] Jie-Peng Zhang,[a] Xiao-Ming Chen,*[a] Zhen-Li Huang,[c]
Zhen-Yang Lin,[d] and Wing-Tak Wong*[b]


Abstract: A novel asymmetric mono-
substituted 1,10-phenanthroline, Ho-
phen ¥ 0.5H2O (1, Hophen� 1H-
[1,10]phenanthrolin-2-one), was gener-
ated by a facile route, and a novel class
of crystalline, d10-metal, monomeric or
oligomeric complexes of this ligand,
namely [Hg(ophen)2] ¥ 4H2O ¥CH2Cl2
(2), [Cd3Cl(ophen)5] ¥ 1.5H2O ¥ 2CH2Cl2
(3), and [Zn4O(ophen)4(OAc)2] ¥ 4H2O ¥
2CH2Cl2 (4), were obtained by means of
liquid diffusion, and were characterized


by X-ray crystallography and photolu-
minescence studies. Complex 1 exhibits
a hydrogen-bonded dimeric structure, 2
is a neutral monomeric complex, 3 has a
trinuclear structure with the ophen li-
gand acting as a bridge through the
ketone groups, and 4 features a tetranu-


clear Zn4O core that is consolidated
further by bridging ophen and acetate
ligands. All the complexes display pho-
toluminescent properties in the blue/
green region. The photoluminescent
mechanisms were investigated by means
of molecular orbital calculations, which
showed that the photoluminescent prop-
erties are ligand-based and can be tuned
upon ligation to different metal ions.


Keywords: density functional calcu-
lations ¥ d10 metal complexes ¥
luminescence ¥ N,O ligands


Introduction


Blue luminescent coordination complexes have been an active
research field for decades because of their potential applica-
tions in materials science, the most attractive of these is their
use as blue emitters in full-color electroluminescent dis-
plays.[1±7] However, stable blue luminescent complexes that


are useful in electroluminescent devices are still rare and most
of them are 8-hydroxyquinoline-, azomethine-, or 7-azain-
dole-based complexes of AlIII, BIII, or ZnII.[1±4] Meanwhile, the
chemistry of d10 metal clusters is of current interest not only
on account of their interesting structures but also because of
their photoluminescent and/or electroluminescent proper-
ties.[4±10] We and others have synthesized a number of such
blue photoluminescent polynuclear d10 metal complexes
featuring novel structures.[4±8] Unfortunately, most of them
are involatile so that it is difficult to investigate their
electroluminescent properties. We therefore initiated the
search for novel ligands that could form sublimable d10 metal
complexes that exhibit blue luminescence. Recently, we
reported a series of copper complexes with a novel 1H-
[1,10]phenanthrolin-2-one (Hophen) ligand that was synthe-
sized by the hydrothermal treatment of Cu(NO3)2 and 1,10-
phenanthroline in a weakly basic solution.[10] Moreover, it has
been found that neutral CuI complexes of the deprotonated
Hophen can be readily vacuum-deposited to form thin
films.[11] This observation encouraged us to search for other
luminescent d10 clusters based on Hophen. We isolated this
asymmetric monosubstituted 1,10-phenanthroline ligand that
is able to chelate and to bridge metal atoms through two
nitrogen sites and an oxygen site. Herein, we describe the
syntheses, crystal structures, and photoluminescent properties
of Hophen and a novel class of d10 metal complexes of this
ligand, namely Hophen ¥ 0.5H2O (1), [Hg(ophen)2] ¥ 4H2O ¥
CH2Cl2 (2), [Cd3Cl(ophen)5] ¥ 1.5H2O ¥ 2CH2Cl2 (3), and
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[Zn4O(ophen)4(OAc)2] ¥ 4H2O ¥ 2CH2Cl2 (4), all of which are
photoluminescent in the blue/green region. The photolumi-
nescence mechanisms have been studied with molecular
orbital (MO) calculations.


Results and Discussion


Synthesis : The neutral, asymmetric, monosubstituted 1,10-
phenanthroline Hophen was directly obtained from demeta-
lation of its copper complexes, which were subtly obtained by
the hydrothermal treatment of Cu(NO3)2 and 1,10-phenan-
throline.[10] The asymmetric derivatives of 1,10-phenanthro-
line or 2,2�-bipyridyl are of particular interest for applications
in photochemistry,[12, 13] and the synthesis of such asymmetri-
cally substituted compounds is still challenging, although a
few examples of general multistep methods that use rigorous
reaction conditions are known.[14] In our hydrothermal
approach, the presence of copper(��) ions and weakly basic
conditions are critical. The coordination of a copper(��) ion
may activate the � positions for the nucleophilic attack by
hydroxide ions and control the substitution reaction at only
one � position of the phenanthroline or bipyridyl ligand.[10, 15]


The copper(��) ions also serve as an oxidizing agent to fix the
attacking hydroxide ion at the � position, thus forming
copper(�) ions in the product. It is worth noting that
ammonium sulfide is an excellent agent for the demetallation
of the copper complex. The current approach provides a novel
facile route to synthesis of such asymmetrically substituted
ligands.


It should be mentioned that the crystalline products of 2 ± 4
were all obtained by the slow diffusion of diethyl ether into


the dichloromethane solution, resulting in solvated dichloro-
methane and water molecules in the crystal lattices, which are
quite easy to lose. However, TGA analyses show that the
thermal decomposition of the desolvated 2, 3, or 4 starts at
�330, 300, and 260 �C, respectively, which indicates high
stability.


Crystal structures : There are two crystallographically inde-
pendent ligands in 1 (Figure 1a, Table 1). Each pair of
Hophen ligands, related by a crystallographic twofold axis, is


Figure 1. Perspective views showing a) the pair of Hophen ligands and
b) two-dimensional supramolecular array viewed along the a axis in 1.


bridged by two N�H ¥¥¥ N hydrogen bonds (N ¥¥¥ N 3.048(2) or
3.096(2) ä); the dihedral angle between the pair of ligands is
�61o. The C�O bond length here is 1.233(3) or 1.244(3) ä,
which indicates significant double-bond character. Adjacent
pairs of Hophen ligands are alternatively stacked through
offset aromatic � ±� stacking interactions with a face-to-face
distance of �3.61 ä, and further stabilized by the C�H ¥¥¥ O
hydrogen bonds[16] between the carbon and oxygen atoms of
ophen (C ¥¥ ¥O 3.45 ä) to furnish two-dimensional layers
around the crystallographic (110) planes (Figure 1b). The
two-dimensional layers are extended into a three-dimensional
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supramolecular array (see Figure S1 in the Supporting
Information) by means of hydrogen bonds between the lattice
water molecules and the Hophen oxygen atoms of (O ¥¥¥ O
2.868(3) and 2.896(3) ä, Table 2).


Complex 2 is mononuclear. The HgII ion is located on a
twofold axis, and coordinated by four nitrogen atoms from
two different ophen ligands, thus completing a distorted
tetrahedral geometry (Figure 2a). The Hg�N bond lengths
are remarkably different, ranging from 2.091(6) ä
(Hg(1)�N(1)) to 2.527(7) ä (Hg(1)�N(2)), concomitant with
weak Hg ¥¥¥ O contacts (Hg(1) ¥¥¥ O(1) 2.978(2) ä) that are
well beyond the typical bond lengths (2.38 ± 2.77 ä) docu-
mented previously.[17] Similar to the neutral ligand in 1, the
C�O bond length of 1.230(9) ä indicates double-bond


character. The dihedral angle between the pair of ophen
ligands in 2 is � � 87o (Figure 2b). Here, the aromatic rings of
antiparallel ophen ligands in adjacent molecules face each
other with an interligand distance of 3.46 ä, which indicates
offset � ±� stacking interactions, thus resulting in two-dimen-
sional layers on the crystallographic (010) planes. The lattice
water molecules clathrated among the layers are hydrogen-
bonded to each other and to the uncoordinated ophen oxygen
atoms (O ¥¥¥ O 2.554(9) ± 3.16(2) ä). Moreover, the C�H ¥¥¥ O
hydrogen bonds between the dichloromethane carbon atoms
with the uncoordinated ophen oxygen atoms (C ¥¥ ¥O 3.17 ä)
were observed. Thus, the adjacent layers are further extended
into a three-dimensional supramolecular array (see Figure S2
in the Supporting Information).


Table 1. Crystal data and structure refinements for complexes 1 ± 4.


empirical formula C12H9N2O1.5 C25H24Cl2HgN4O6 C62H41Cd3Cl5N10O6.5 C54H46Cl4N8O13Zn4


formula weight 205.21 747.97 1544.50 1418.27
crystal system monoclinic monoclinic triclinic orthorhombic
space group P2/c (no. 13) C2/c (no. 15) P1≈ (no. 2) Fddd (no. 70)
a [ä] 13.866(4) 9.474(2) 12.604(2) 15.528(2)
b [ä] 8.054(3) 20.074(4) 13.391(2) 22.223(3)
c [ä] 17.781(6) 14.271(3) 19.096(3) 36.005(5)
� [�] 90 90 73.152(3) 90
� [�] 97.956(6) 94.936(3) 83.234(3) 90
� [�] 90 90 77.644(3) 90
volume[ä3] 1967(1) 2704.0(9) 3007.7(8) 12424(3)
Z 8 4 2 8
Rint 0.0235 0.0379 0.0250 0.0492
R1 [I� 2�(I)] 0.0556 0.0506 0.0335 0.0567
wR2 0.1898 0.1183 0.0871 0.1926


Table 2. Selected bond lengths [ä] and angles [�] for 1 ± 4.[a]


Complex 1
O(1)�C(1) 1.233(3) O(2)�C(13) 1.244(3) N(1) ¥¥ ¥ N(2A) 3.048(2) O(2) ¥¥ ¥ O(1W) 2.868(3) N(3) ¥¥ ¥ N(4b) 3.096(2)
O(1W) ¥¥¥ O(2C) 2.896(3)


Complex 2
Hg(1)�N(1) 2.091(6) Hg(1)�N(2) 2.527(7) Hg(1)�N(1A) 2.091(6) Hg(1)�N(2A) 2.527(7) O(1)�C(1) 1.230(9)
O(3W) ¥¥¥ O(1A) 3.16(2) O(1W) ¥¥¥ O(2WA) 2.554(9) N(1)-Hg(1)-N(1A) 158.9(4) N(1)-Hg(1)-N(2A) 122.1(2) N(1)-Hg(1)-N(2) 72.6(2)
N(1A)-Hg(1)-N(2A) 72.6(2) N(1A)-Hg(1)-N(2) 122.1(2) N(2)-Hg(1)-N(2A) 101.2(3)


Complex 3
Cd(1)�O(3) 2.306(2) Cd(3)�N(1) 2.275(3) Cd(1)�-N(3) 2.320(3) Cd(3)�O(2) 2.332(3) Cd(1)�O(4) 2.325(3)
Cd(3)�O(5) 2.335(3) Cd(1)�N(4) 2.379(3) Cd(3)�N(2) 2.372(3) Cd(1)�O(1) 2.422(3) Cd(3)�N(6) 2.409(3)
Cd(1)�Cl(1) 2.540(1) Cd(2)�O(3) 2.339(2) Cd(2)�N(7) 2.264(3) Cd(2)�N(8) 2.366(3) Cd(2)�N(9) 2.280(3)
Cd(2)�N(10) 2.433(4) Cd(2)�O(2) 2.301(3) Cd(3)�N(5) 2.267(3) O(1)�C(1) 1.272(5) O(5)�C(49) 1.251(6)
O(2)�C(13) 1.292(5) O(3)�C(25) 1.299(4) O(4)�C(37) 1.281(4) O(1) ¥¥ ¥ O(1W) 2.915(4) Cl(1) ¥ ¥ ¥ O(2W) 3.00(1)
O(1W) ¥¥¥ O(2W) 3.22(2) O(3)-Cd(1)-N(3) 104.6(1) O(2)-Cd(2)-N(8) 87.9(1) O(3)-Cd(1)-O(4) 84.43(9) O(3)-Cd(2)-N(8) 170.6(1)
N(3)-Cd(1)-O(4) 87.3(1) N(7)-Cd(2)-N(10) 91.0(1) O(3)-Cd(1)-N(4) 175.6(1) N(9)-Cd(2)-N(10) 70.8(1) N(3)-Cd(1)-N(4) 71.3(1)
O(2)-Cd(2)-N(10) 175.2(1) O(4)-Cd(1)-N(4) 93.8(1) O(3)-Cd(2)-N(10) 92.8(1) O(3)-Cd(1)-O(1) 91.71(9) N(8)-Cd(2)-N(10) 96.6(1)
N(3)-Cd(1)-O(1) 83.9(1) N(5)-Cd(3)-N(1) 114.8(1) O(4)-Cd(1)-O(1) 169.19(8) N(5)-Cd(3)-O(2) 106.8(1) N(4)-Cd(1)-O(1) 89.3(1)
N(1)-Cd(3)-O(2) 87.0(1) O(3)-Cd(1)-Cl(1) 91.94(7) N(5)-Cd(3)-O(5) 88.7(1) N(3)-Cd(1)-Cl(1) 162.98(9) N(1)-Cd(3)-O(5) 156.0(1)
O(4)-Cd(1)-Cl(1) 98.48(7) O(2)-Cd(3)-O(5) 81.5(1) N(4)-Cd(1)-Cl(1) 92.3(1) N(5)-Cd(3)-N(2) 161.6(1) O(1)-Cd(1)-Cl(1) 91.73(7)
N(1)-Cd(3)-N(2) 72.1(1) N(7)-Cd(2)-N(9) 156.0(1) O(2)-Cd(3)-N(2) 90.2(1) N(7)-Cd(2)-O(2) 92.1(1) O(5)-Cd(3)-N(2) 86.9(1)
N(9)-Cd(2)-O(2) 107.2(1) N(5)-Cd(3)-N(6) 71.5(1) N(7)-Cd(2)-O(3) 106.5(1) N(1)-Cd(3)-N(6) 106.1(1) N(9)-Cd(2)-O(3) 90.4(1)
O(2)-Cd(3)-N(6) 166.3(1) O(2)-Cd(2)-O(3) 82.78(9) O(5)-Cd(3)-N(6) 84.9(1) N(7)-Cd(2)-N(8) 72.4(1) N(2)-Cd(3)-N(6) 90.4(1)
N(9)-Cd(2)-N(8) 93.6(1)


Complex 4
Zn(1) ¥¥ ¥ Zn(1A) 3.059(1) Zn(1)�N(2) 2.130(5) Zn(1)�O(1) 1.9572(6) Zn(1)�N(1) 2.190(5) Zn(1)�O(2A) 2.003(4)
Zn(1)�O(3) 2.124(5) O(2)�C(1) 1.280(7) O(1W) ¥¥¥ O(1WB) 2.74(2) O(1)-Zn(1)-O(2A) 113.1(1) O(3)-Zn(1)-N(2) 84.4(2)
O(1)-Zn(1)-O(3) 100.7(1) O(1)-Zn(1)-N(1) 94.8(1) O(2A)-Zn(1)-O(3) 90.6(2) O(2A)-Zn(1)-N(1) 93.0(2) O(1)-Zn(1)-N(2) 126.4(1)
O(3)-Zn(1)-N(1) 161.3(2) O(2A)-Zn(1)-N(2) 120.3(2) N(2)-Zn(1)-N(1) 78.0(2)


[a] Symmetry operations: For 1: A) �x�1, y, �z�3/2; B) �x�2, y, �z�1/2; C) x, �y�1, z�1/2; for 2 : A) �x, y, �z�1/2; for 4 : A) �x�5/4, y, �z�1/4;
B) �x�1/2, �y�3/2, �z.
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Figure 2. Perspective views showing a) the molecular structure and b) two-
dimensional supramolecular arrays viewed along the c axis in 2.


As depicted in Figure 3a, the trinuclear molecule in 3
consists of three crystallographically independent CdII atoms
each in distorted octahedron geometry. The Cd(1) and Cd(2)
atoms are bridged by an ophen �-oxygen atom (Cd�O(3)
2.306(2) and 2.339(2) ä; Cd(1)-O(3)-Cd(2) 105.1(1)o) with a
metal ±metal separation of 3.688(1) ä. The Cd(1) atom is
coordinated to a chlorine atom (Cd(1)�Cl(1) 2.540(1) ä), two
ophen nitrogen atoms (Cd(1)�N 2.320(3) and 2.379(3) ä) and
two oxygen atoms from different ophen ligands (Cd(1)�O
2.325(3) and 2.422(3) ä). While the Cd(2) atom is also
coordinated to four nitrogen atoms from two different ophen
ligands (Cd(2)�N 2.264(3) ± 2.433(4) ä), and another ophen
�-oxygen atom (Cd(2)�O(2) 2.301(3) ä), which also forms a
bridge to the Cd(3) atom (Cd(3)�O(2) 2.332(2) ä; Cd(2)-
O(2)-Cd(3) 102.0(1)o), with a metal ± metal separation of
3.600(1) ä. The Cd(3) atom is also coordinated to four
nitrogen atoms from two ophen ligands (Cd(3)�N 2.267(3) ±
2.433(4) ä) and an oxygen atom from a different ophen ligand
(Cd(3)�O 2.335(3) ä). It should be noted that the ophen
ligands exhibit two different bridging modes. In addition to
coordination through both nitrogen sites to chelate one metal
ion, each of three ophen ligands can also provide an O-donor
to bind another metal ion in a non-coplanar fashion, featuring
C�O bond lengths in the range of 1.251(6) ± 1.281(4) ä; while
each of two ophen ligands also provide a �-O atom to bridge
two metal ions with a longer C�O bond length of 1.292(5) or
1.299(4) ä. The supramolecular structure is mainly stabilized
by aromatic � ±� stacking interactions. As shown in Fig-
ure 3b, the aromatic rings between the adjacent ophen ligands
are separated with face-to-face distances of 3.59-3.67 ä in an
offset fashion. The lattice water and dichloromethane mole-


Figure 3. Perspective views showing a) the molecular structure and
b) three-dimensional supramolecular array viewed along the a axis in 3.
The solvent molecules are omitted for clarity.


cules are clathrated in the interspaces and form donor
hydrogen bonds with the ophen oxygen atoms (O ¥¥¥O
2.915(4) ä; C ¥¥ ¥O 3.109(2) ä) or the chlorine atom
(O ¥¥¥ Cl(1) 3.01(1) ä; C ¥¥¥ Cl(1) 3.542(3) ä).


The most significant structural feature observed in 4 is a
tetranuclear Zn4O core (Figure 4a). The central �4-oxo atom,
that is bisected by three crystallographic two-fold axes, is
surrounded by four ZnII atoms (Zn(1)�O(1) 1.9572(6) ä, Zn-
O(1)-Zn 102.81(4)-115.87(4)o) in a tetrahedral geometry, with
a non-bonding Zn ¥¥¥ Zn distance of 3.059(1) ä. Each ZnII


atom is further coordinated by two ophen nitrogen atoms
(Zn(1)�N 2.130(3) and 2.190(3) ä), one ophen oxygen atom
from another ophen (Zn(1)�O(2) 2.003(4) ä), and one
acetate oxygen atom (Zn(1)�O(3) 2.124(5) ä), completing a
distorted square-pyramidal geometry, which is different from
the common tetrahedral geometry for ZnII atoms in the
known Zn4O complexes.[4±6] Each acetate displays the unique
non-coplanar skew ± skew �-bridging mode[18] with Zn-O-C-C
torsion angles of �150.7(2)o. The ophen ligand uses not only
two nitrogen sites but also an O-donor site to bind the ZnII


atoms, featuring a C�O bond length of 1.280(7) ä. Face-to-
face stacking distances of 3.56 and 3.69 ä are observed
between intra-/intermolecular aromatic rings, implying the
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Figure 4. Perspective views showing a) the molecular structure and b) two-
dimensional supramolecular array viewed along the a axis in 4.


presence of � ±� stacking interactions (Figure 4b). The
partial overlap of the stacked aromatic rings is smaller than
those in 2 and 3, and the atoms are slightly displaced, thus
further reducing the � ±� stacking interaction. The lattice
water and dichloromethane molecules are located in the
interspaces and are hydrogen-bonded to each other (O ¥¥¥ O
2.74(2) ä).


Bonding in the aromatic rings : The X-ray crystal structure of
the neutral ligand indicates that the proton is bonded to the
nitrogen atom instead of the oxygen atom (Figure 1a). The
density functional calculations to optimize the geometry for
the two possible tautomers (Scheme 1) show that the ketone
form (I) is more stable by 15.8 kcalmol�1 than the hydroxy
form (II). A similar structural preference can also be found in
the pyridone system.[19]


We found that the coordination modes of the ophen ligand
are complicated (Scheme 2). The ophen ligand commonly


Scheme 1. The possible ketone (I) and hydroxy (II) tautomers of Hophen.


Scheme 2. The complicated coordination modes for ophen. The C�O bond
lengths are a) 1.23 ä, b) 1.29 ± 1.30 ä, c) 1.25 ± 1.28 ä, and d) 1.27 ± 1.28 ä.


uses both nitrogen sites to chelate one metal ion, and also
provides an O donor to bind another metal ion in a coplanar/
non-coplanar fashion, or to provide a �-O atom to bridge two
metal ions. To our knowledge, the typical C�O bond length in
aromatic alcohols is �1.36 ä,[17, 19] while the typical lengths of
C�O bonds in the neutral ligand is �1.23 ä. Detailed
examination of the geometric data of all known ophen
complexes shows that the uncoordinated C�O bond (Sche-
me 2a) exhibits double-bond character, whereas the coordi-
nated bonds (Scheme 2b ± d), have lengths in the range of 1.25
to 1.30 ä, which are slightly lengthened.


Luminescent properties : The neutral ligand emits purple-blue
light with an emission maximum at �� 401 nm in a dichloro-
methane solution. Dichloromethane solutions of the metal
complexes (concentrations up to �10�6�) were also prepared
for photoluminescent measurements. The existence of the
mononuclear species of 2, as well as the oligomeric species of
3 and 4, were confirmed by positive ESI-MS data. The
resulting luminescent spectra in solution resemble each other
in the peak profiles and all emit in the purple-blue region,
despite the different geometry and ligand environment of the
complexes (Figure 5). Compared to the emission of the
neutral ligand, red shifts of �15 ± 30 nm have been observed
upon coordination of the metal atoms to the ophen ligands in
2 ± 4.


Figure 5. Photoluminescent spectra of 1 (––), 2 (- - - -), 3 (����), 4 (�±�±) in
dichloromethane at room temperature.
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To understand the observed
luminescent properties of these
complexes, we carried out mo-
lecular orbital (MO) calcula-
tions of the mononuclear HgII


complex and the neutral ligand
based on the experimental geo-
metries. As mentioned above,
the structural motif of [Hg(o-
phen)2] in 2 is similar to that in
1, except the metal connections
replacing the N�H ¥¥¥ N hydro-
gen bonds and the difference
between the dihedral angles of
the pair of ophen ligands. The
contour plots (Figure 6) of
the relevant HOMOs and
LUMOs[20] for Hophen and
[Hg(ophen)2], together with
the orbital energies, clearly
show a significant decrease of
the HOMO ±LUMO gap of
[Hg(ophen)2] compared to that
of the neutral ligand. This is
consistent with the photolumi-
nescence measurements. In
[Hg(ophen)2], the ophen group
is more negatively charged ow-
ing to the weak electron-ac-
cepting nature of HgII with
respect to the lone pairs of
electrons from ophen, and the
energy of HOMO is thus sig-
nificantly increased compared
to that of Hophen.[3, 7, 21, 22] The
LUMO energy, however, is vir-
tually unchanged since the
charge effect is much less sig-
nificant on the unoccupied mo-
lecular orbitals. Therefore, a
significant reduction in the HOMO ± LUMO gap can be seen
for [Hg(ophen)2] (0.129 Hartree) compared with Hophen
(0.140 Hartree). Calculations of the CdII and ZnII complexes
also show similar decreases in the HOMO ± LUMO gaps
compared to the neutral ligand with values of 0.113 and
0.127 Hartree for [Cd3Cl(ophen)5] and [Zn4O(ophen)4-
OAc)2], respectively. It should be noted that the electro-
negativity values are 2.20 (H), 1.90 (Zn), 1.69 (Cd), and 1.65
(Hg),[21] which implies that the negative charge density for the
ophen ligand in the complexes should increase in a regular
fashion, resulting in the higher energy of HOMO and the
smaller HOMO ± LUMO gap. The slight violation of the
larger HOMO ± LUMO gap of 4 compared to that of 3 can be
attributed to the fact that the ZnII ions in the rigid Zn4O cores
of 4 are all five-coordinate and have a greater electron-pulling
effect compared to the ophen ligands, concomitant with a
larger HOMO ± LUMO gap than the six-coordinate CdII ions
in 5 (Table 3 or Figure S3 in the Supporting Information).
Moreover, the MO calculations also indicate that the HOMO


and LUMO of all d10 metal complexes are at least mainly
associated with the ophen ligands, which may be responsible
for the similar emission bands in solution. The HOMO ±
LUMO gaps that are derived from our calculations match
the experimentally measured emission energies very well, and
the trend that is derived from the calculations is in accordance
with the experimental results (Table 3), although only the
ground state was taken into consideration in the calculation,
and the maximum deviation (0.7 eV) is found for 1. In
contrast, such deviation may be up to 5 eV.[3, 7] This fact
implies that an appropriate selection of the basis set is very
important to improve calculations of the MO energies.


The solid-state photoluminescent spectra of 1 ± 4 upon
excitation at �� 355 nm that were recorded at room temper-
ature are depicted in Figure 7, while those recorded at 150 K
and 11 K are depicted in Figure S4 in the Supporting
Information. The neutral ligand emits a broad band at ��
420 nm at room temperature, with two intense emission
maxima at �414 nm and 433 nm at 11 K, which may be


Figure 6. Contour plots of the HOMOs and LUMOs for Hophen and Hg(ophen)2 with the orbital energies.


Table 3. Comparison of the HOMO ± LUMO gaps and emission maxima for complexes 1 ± 4.


Hophen [Hg(ophen)2] [Cd3Cl(ophen)5] [Zn4O(ophen)4(OAc)2]


HOMO ± LUMO gap[Hartree] 0.140 0.129 0.113 0.127
(3.82 eV) (3.52 eV) (3.07 eV) (3.45 eV)


�max [nm] (in CH2Cl2) 401 416 431 419
�max [nm] (solid state) 420 544 497 489
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Figure 7. Photoluminescence spectra of 1 (––), 2 (- - - -), 3 (����), 4 (�±�±)
in the solid state at room temperature.


attributed to the slower exchange process between the
tautomeric forms of Hophen. Complex 2 shows an emission
with a maximum at �544 nm, while 3 and 4 exhibit emission
maxima at �497 and 489 nm in the blue region, respectively.
Compared to those of the solution spectra, more significant
red shifts were observed. The remarkable red shift of the
emission energy from solution to solid is probably caused by
the intermolecular � ±� interactions of the ophen molecules
(or ligands) in the solid state, which effectively decrease the
energy gap (Table 3), in accordance with the suggestion that
the transverse interactions, such as � ±� stacking and hydro-
gen-bonding interactions, play an essential role in decreasing
the HOMO ± LUMO gaps.[12, 22, 23]


It should be pointed out that similar to the lifetime of
[Zn4O(OAc)6] (10 ns),[5] the lifetime of 4 is �15 ns, which is
significantly longer than those of 2.02, 0.96, and 1.38 ns found
for 1 ± 3, respectively (Figure S5 in the Supporting Informa-
tion). This fact may be ascribed to the presence of the Zn4O
core, as the �4-oxo ligand may tighten the whole skeleton and
furnish significant intramolecular � ±� stacking interactions
(Figure 4) between the ophen ligands, thus resulting in much
weaker vibrations.[12, 22] In contrast, in a number of complexes
featuring Zn4O cores,[5±7] the HOMO was likely to be a hybrid
of the p� orbitals of the central oxygen atom and another
bridging ligand L, whereas the LUMO (4S�) came from the
metal 4 s orbitals. Thus, besides the possible intraligand ��
�* transition of L, the ligand-to-metal change-transfer
(LMCT) transition p� (O2�, L)� 4S� would also exist.[6]


However, although the bands are red-shifted, the profile of
the emission spectrum of 4 in solution is very similar to that of
the neutral ligand, as well as to those of the other metal
complexes (Figure 5). Furthermore, cooling the solid sample
of 4 to 11 K only led to an enhancement of the emission
intensity without any change in the peak profile. Our MO
calculation on [Zn4O(ophen)4(OAc)2] shows that the HOMO
and LUMO, as well as the orbitals with energies close to the
HOMO and LUMO (the energies in the range of �0.198 to
�0.040 Hartree) do not have contributions from the zinc
atoms and central oxygen atom. In other words, the possible
occurrence of LMCT in 4 should be in the higher energy
region (�0.158 Hartree). Unfortunately, no other emission
bands in the range of 250 nm to 800 nm were found in our


further solid-state photoluminescent measurements. There-
fore, we can exclude LMCT in 4.


Conclusion


The Hophen ligand, a monosubstituted 1,10-phenanthroline
generated by a facile route, forms a novel class of monomeric
or oligomeric d10-metal complexes that have interesting
structural features and photoluminescent properties in the
blue/green region. The photoluminescent mechanisms have
been studied with molecular orbital calculations, which
showed that the photoluminescent properties are ligand-
based and can be tuned upon ligation to different metal ions.
This work demonstrates that the ligand, as well as the metal-
tuning approach, may be useful for the preparation of
luminescent coordination compounds with the potential for
application as new fluorescent materials.


Experimental Section


The reagents and solvents employed were commercially available and used
as received without further purification, unless otherwise stated. Methanol
and dichloromethane were distilled under a dinitrogen atmosphere. C, H,
and N microanalyses were carried out with a Perkin-Elmer240 elemental
analyzer. Thermogravimetric data were collected on a Perkin-Elmer TGS-
2 analyzer in flowing nitrogen at a heating rate of 10 �Cmin�1. FAB-MS and
ESI-MS were carried out on a high-resolution Finigan MAT-95 and Finigan
MAT LCQ mass spectrometers, respectively. 1H NMR data were recorded
on a Bruker Avance 400DPX spectrometer. FT-IR spectra were recorded
in KBr pellets in the range 4000 ± 400 cm�1 on a Bio-Rad FTS-7
spectrometer. The emission/excitation spectra were recorded on a Per-
kin-Elmer LS50B fluorescence spectrophotometer with solution samples.
For the solid-state sample, the excitation source was the 325-nm line of a
He-Cd laser (Kimmon IK5352R-D). The time-resolved single-photon
absorption fluorescence for 1 ± 3 was measured with a third harmonic of a
mode-locked Nd:YAG laser (Continuum PY61C-10). A duration of 60 ps
was used as for excitation source, with a streak camera (Hamamatsu Model
C1587, 6 ps resolution) as a recorder, while for 4, the third harmonics, 355-
nm line of an Nd:YAG laser (Quantel BrilliantB) with a duration of 10 ns
was used as the excitation light.


Synthesis of Hophen ¥ 0.5H2O (1): Crystals of Hophen ¥ 0.5H2O were
obtained by slow diffusion of diethyl ether into a dichloromethane solution
of the pale yellow sample (yield� 78%; m.p. 159 ± 160 �C; FAB-MS: m/z :
197 [M�1]� ; 1H NMR (400 MHz, TMS, CD3OD): �� 8.98 (d, J� 7.6 Hz,
1H), 8.36 (d, J� 7.6 Hz, 1H), 8.14 (d, J� 8.2 Hz, 1H), 7.76 (d, J� 7.4 Hz,
1H), 7.70 (d, J� 7.4 Hz, 1H), 7.66 (dd, J� 7.6, 12 Hz, 1H), 6.82 (d, J�
8.2 Hz, 1H)]), which was prepared quantitatively by the demetallation of
[Cu2(ophen)2][10] in methanol solution by the addition of (NH4)2S.
Elemental analysis calcd (%) for C12H9N2O1.5 (205.2): C 70.23, H 4.42, N
13.65; found: C 70.20, H 4.40, N 13.64; IR (Nujol): �	 � 3500brm, 1685m,
1654vs, 1604m, 1559s, 1541m, 1534m, 1507m, 1498m, 1389m, 1151w,
845m, 688w, 650m, 601w, 522w, 468m cm�1.


Synthesis of [Hg(ophen)2] ¥ 4H2O ¥CH2Cl2 (2): Solid Hophen ¥ 0.5H2O
(0.82 g, 1.0 mmol) was added to a methanol solution (7.5 mL) of NaOCH3


(0.054 g, 1.0 mmol). After the ligand had completely dissolved, Hg(OAc)2


(0.16 g, 0.5 mmol) was added. The mixture was then stirred overnight at
room temperature. The pale-yellow product, Hg(ophen)2 (elemental
analysis calcd (%) for C24H14HgN4O2 (591.0): C 48.78, H 2.39, N 9.48;
found: C 48.80, H 2.43, N 9.46), was obtained after filtration and heating
under reduced pressure at �50 �C for 30 min. The crystals of 2 for X-ray
crystallography were grown by the slow diffusion of diethyl ether into a
dichloromethane solution of Hg(ophen)2. Yield: �68%; ESI-MS:m/z : 591
[M]� ; IR (Nujol): �	 � 3453brm, 1654m, 1549s, 1560vs, 1508m, 1490s,
1459vs, 1390s, 1130w,1103w, 846m, 781w, 733m, 697m, 652w, 468w cm�1.
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Synthesis of [Cd3Cl(ophen)5] ¥ 1.5H2O ¥ 2CH2Cl2 (3): Desolvated 3 (ele-
mental analysis calcd (%) for C60H35Cd3ClN10O5 (1348.7): C 53.43, H 2.62,
N 10.39; found: C 53.40, H 2.61, N 10.36) was prepared as for 2 from CdCl2
in place of Hg(OAc)2. Crystals of 3 for X-ray crystallography were also
obtained (�60% yield based on Cd) by the slow diffusion of diethyl ether
into a dichloromethane solution of Cd3Cl(ophen)5. ESI-MS: m/z : 1349
[M]� ; IR (Nujol): �	 � 3436brm, 1654m, 1617s,1590m, 1559s, 1508vs,
1482vs, 1459vs, 1420m, 1383s, 1302w, 1137m, 935w, 848m, 703m, 667w,
638w, 652w, 474m cm�1.


Synthesis of [Zn4O(ophen)4(OAc)2] ¥ 4H2O ¥ 2CH2Cl2 (4): Desolvated 4
(elemental analysis calcd (%) for C52H34N8O9Zn4 (1176): C 53.09, H 2.91, N
9.52; found: C 53.10, H 2.94, N 9.56) was prepared as for 2 from Zn(OAc)2


in place of Hg(OAc)2. Crystals of 4 for X-ray crystallography were also
obtained (�64% yield based on Zn) by the slow diffusion of diethyl ether
into a dichloromethane solution of Zn4O(ophen)4(OAc)2. ESI-MS: m/z :
1176 [M]� ; IR (Nujol): �	 � 3460brm, 1624vs, 1590 s, 1560vs, 1486vs, 1388s,
1308m, 1139m, 1082w,947w, 845s, 730m, 704m, 661m, 532w, 414w cm�1.


Crystal structure determination : Diffraction intensities for 1 ± 4 were
collected at 293 K on a Bruker Smart1000 CCD area-detector diffractom-
eter (MoK� , �� 0.71073 ä). To prevent crystal collapse because of the loss
of solvent, the crystals of the metal complexes were all sealed in glass
capillaries. Absorption corrections were applied by using SADABS.[24] The
structures were solved with direct methods and refined with a full-matrix
least-squares technique with the SHELXS-97 and SHELXL-97 programs,
respectively.[25, 26] Anisotropic thermal parameters were applied to all non-
hydrogen atoms. The organic hydrogen atoms were generated geometri-
cally (C�H 0.96 ä); the aqua hydrogen atoms were located from difference
maps and refined with isotropic temperature factors. Analytical expres-
sions of neutral-atom scattering factors were employed, and anomalous
dispersion corrections were incorporated.[27] Crystal data as well as details
of data collection and refinements for the complexes are summarized in
Table 1. Selected bond lengths and bond angles are listed in Table 2. The
drawings were produced with SHELXTL.[28]


CCDC-203893 to CCDC-203896 contain 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 CB21EZ, UK; fax:
(�44)1223-336-033).


Calculation details : Density functional calculations were performed,
employing the Gaussian98 suite of programs,[29] at the B3LYP level. The
basis set used for C, O, N and H atoms was 6 ± 31G while effective core
potentials with a LanL2DZ basis set were employed for transition metals.
The contour plots of MOs were obtained with the Molden 3.5 graphics
program.[30]
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Study on the Phase Behaviors, Viscosities, and Thermodynamic Properties
of CO2/[C4mim][PF6]/Methanol System at Elevated Pressures


Zhimin Liu, Weize Wu, Buxing Han,* Zexuan Dong, Guoying Zhao, Jiaqiu Wang,
Tao Jiang, and Guanying Yang[a]


Abstract: An apparatus to determine
the vapor ± liquid equilibria of CO2/ionic
liquid (IL)/organic solvent multisystems
and the viscosity of the liquid phase at
elevated pressures has been constructed.
The solubility of CO2 in 3-butyl-1-meth-
yl-imidazolium hexafluorophosphate
([C4mim][PF6]) and the viscosity of
CO2-saturated [C4mim][PF6] have been
studied at 313.15, 323.15, and 333.15 K
and at pressures up to 12.5 MPa. The
phase behavior of CO2/[C4mim][PF6]/
methanol ternary mixture and the vis-
cosity of the liquid phases at equilibrium
condition have also been determined at
313.15 K and at 7.15 and 10.00 MPa. The
partition coefficients of the components


in the ternary system are calculated.
Peng ± Robinson equation of state and
some thermodynamic functions are
combined to calculate the fugacity co-
efficients of the components in the
system. It demonstrates that the viscos-
ity of the IL-rich phase decreases sig-
nificantly with increasing pressure of
CO2, and the effect of temperature on
the viscosity of CO2/IL mixture is not
noticeable at high pressure, although the
viscosity of the CO2-free IL decreases


dramatically with increasing tempera-
ture. Compressed CO2 may become an
attractive reagent for reducing the vis-
cosity of ILs in many applications. The
mole fraction of methanol in the CO2-
rich phase is much lower than that in the
IL-rich phase; this indicates that the
interaction between the IL and metha-
nol is stronger than that between CO2


and methanol. The fugacity coefficient
of CO2 in IL-rich phase is larger than
unity, while that of methanol is much
small than unity, which further suggests
that methanol ± IL interaction is much
stronger than CO2 ± IL interaction. How-
ever, the CO2 ± IL interaction is stronger
than the CO2 ± methanol interaction.


Keywords: carbon dioxide ¥ ionic
liquids ¥ solubility ¥ supercritical
fluids ¥ viscosity


Introduction


Room-temperature ionic liquids (ILs) are organic salts that
are liquids at ambient conditions. ILs have many properties
similar to conventional organic solvents, such as excellent
solvating power to many solutes and a wide temperature
range over which they are liquids. However, ILs have a unique
advantage over traditional organic solvents. Typical ILs have
vanishingly small vapor pressure, and therefore do not
evaporate into the environment. This makes ILs potentially
safer and more environmentally benign solvents than tradi-
tional organic solvents. The recognition of room-temperature
ILs as neoteric green solvents has prompted a fast-growing
literature.[1]


Supercritical fluids (SCFs) have many unique features.
Their densities can be manipulated from gas-like to liquid-like


by changing temperature and/or pressure. CO2 is most widely
used because it is inexpensive, nontoxic, nonflammable,
readily available in large quantities, and has moderate critical
temperature and pressure (31.1 and 73.8 bar). Moreover, it
can be easily recaptured and recycled after use. In recent
years, increasing numbers of scientists have begun to study
supercritical science and technology related with CO2.[2]


Both SC CO2 and ILs are environmentally benign solvents,
and each has their own unique properties. Combination of the
advantages of these two classes of green solvents is a new and
interesting topic. Recently, elegant researches on the solubil-
ity of compressed CO2 in ILs have been carried out by
Brennecke and co-workers.[3] They discovered that SC CO2


was soluble in ILs, but the solubility of the ILs in SC CO2 was
negligible. The unusual phase behavior of CO2/IL systems laid
the foundation for the recovery of solutes from ILs without
any cross-contamination. This principle has been used to
extract solutes or products from ILs using CO2.[3a, 4] Recently,
catalytic reactions were carried out in an IL/compressed CO2


system.[5]


CO2 ± IL mixtures will be used widely after our under-
standing of their fundamental properties improves. This will
not only eliminate the emission of toxic organic solvents, but


[a] Prof. B. Han, Dr. Z. Liu, Dr. W. Wu, Z. Dong, G. Zhao,
J. Wang, Dr. T. Jiang, G. Yang
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Chinese Academy of Sciences
Beijing 100080 (China)
Fax: (�86) 10-62559373
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also will optimize many processes. Phase behaviors and
viscosity data of the related systems are basis for these
applications. Obviously, many systems involved in practice are
more complex than CO2/IL binary systems. Recently, Scurto
et al.[6] studied the phase transition of CO2/methanol/
[C4mim][PF6] system. They found that as methanol contained
small amount of the IL, the methanol/IL mixture could be
induced to form three phases in the presence of CO2.
However, there were only two phases in the system as the
pressure of CO2 was high enough, and the CO2-rich phase was
free of the IL. This shows a new way to separate ILs from
organic compounds by using SC CO2.


The effect of dissolved CO2 on the viscosity of ILs,
compositions of different phases in CO2/IL/organic com-
pound mixtures at equilibrium condition, and the thermody-
namic parameters of the multicomponent systems are funda-
mental properties, which are of great importance to the
combined applications of these two green solvents, SC CO2


and ILs. In this work, the phase behaviors and viscosities of
CO2/[C4mim][PF6] binary mixture and CO2/[C4mim][PF6]/
methanol ternary mixture at different temperatures and
pressures are studied. We focus on the 1) effect of dissolved
CO2 on the viscosities of the IL and the IL/methanol mixture;
2) the phase behavior of CO2/IL/methanol ternary mixtures;
3) the intermolecular interaction and thermodynamic proper-
ties of the systems. We believe that this is the first work to
determine the viscosities of the binary and more complex
mixtures containing both CO2 and ILs, and the partition
coefficients and fugacity coefficients of the components in
CO2/IL/organic compound mixtures.


Results and Discussion


Solubility of CO2 in [C4mim][PF6]: The solubility of CO2 in
[C4mim][PF6] was determined at 313.15, 323.15, 333.15 K and
pressures up to 12.5 MPa. The results are listed in Table 1.
Figure 1 compares the data of this work with those reported
by other authors[3b] at 313.15 K. The data determined by the
two laboratories agree reasonably considering that the


Figure 1. Comparison of CO2 solubility in [C4mim][PF6] at 313.15 K
determined by different authors.


methods used were different and the experiments were
carried out at elevated pressures.


Figure 2 shows the mole fraction of CO2 in the liquid phase
as a function of pressure at different temperatures. As
expected, the solubility of CO2 in the IL increases as pressure
increases. It can be observed that the solubility is more
sensitive to pressure at the lower pressures. This is because of
the existence of ™free volume∫ in the IL.[3b] More void space
within the IL is occupied with increasing pressure, and
therefore the solubility increases slowly in the higher pressure
region.


Figure 2. Solubility CO2 in [C4mim][PF6] at different temperatures and
pressures.


The temperature is known to have a considerable effect on
the solubility of a gas in a liquid, and generally, one may
expect that an increase in temperature will result in decrease
in solubility. Figure 2 shows that the temperature effect on the
solubility is quite small over the temperature and pressure
range studied, although the solubility of CO2 decreases with
increasing temperature. In other words, the enthalpy of
solution of CO2 in the IL is small.


Viscosity of CO2-saturated/[C4mim][PF6]: In order to verify
the reliability of the viscometer, we first determined the
viscosity of the gas-free IL at different temperatures. The
results are illustrated in Figure 3 together with those reported
in the literature, which were determined using a cone plate
viscometer.[7] The results of this work agree with the literature
values very well, as can also be seen from Figure 3.
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Table 1. Solubility of CO2 in [C4mim][PF6] (X1) and viscosity (�) of the liquid
phase.


T� 313.15 K T� 323.15 K T� 333.15 K
P [MPa] x1 Vis. [cp] P [MPa] x1 Vis. [cp] P [MPa] x1 Vis. [cp]


0.10 0.0 92.3 0.10 0.0 60.4 0.10 0.0 44.1
0.93 0.122 50.8 0.57 0.061 48.0 1.50 0.154 39.4
1.98 0.242 43.8 1.54 0.176 41.5 2.48 0.266 36.4
2.43 0.275 40.6 2.38 0.266 38.3 4.43 0.398 33.0
3.06 0.332 38.5 3.83 0.369 34.8 6.69 0.475 31.2
3.95 0.389 36.0 5.08 0.433 33.0 8.74 0.523 29.7
4.70 0.430 34.3 6.71 0.494 31.3 9.90 0.541 29.3
5.78 0.489 32.7 7.29 0.518 31.2 10.69 0.562 29.0
6.09 0.503 32.0 8.25 0.542 30.0 11.58 0.571 28.5
6.94 0.543 31.5 10.20 0.586 29.1 12.93 0.583 28.0
8.02 0.576 30.5 11.58 0.604 28.5
8.53 0.591 30.6
9.87 0.619 29.5


10.93 0.639 29.1
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Figure 3. Comparison of [C4mim][PF6] viscosity determined in this work
and reported by other authors.


The viscosity data of CO2/[C4mim][PF6] mixtures at differ-
ent conditions are listed in Table 1, and the dependence of the
viscosity on pressure and temperature is shown in Figure 4. It
can be seen that the viscosity of the liquid phase decreases
dramatically with increasing pressure in the lower pressure
range, and slowly at higher pressures. As discussed above,
CO2 solubility in the IL increases significantly with increasing
pressure at the lower pressures. As a result, the viscosity is
more sensitive to the pressure of CO2. In contrast, the
increase in pressure only slightly improves the solubility of
CO2 in the IL at the higher pressures. Therefore, the viscosity
decreases slowly as pressure increases.


Figure 4 is also a comparison of the viscosity of CO2-free
and CO2-saturated IL at different temperatures. In the
absence of CO2, the effect of temperature is significant,


Figure 4. Dependence of viscosity of CO2-saturated [C4mim][PF6] on
pressure and temperature.


although the temperature range studied is small. It is
interesting that the difference of viscosity at different temper-
atures becomes smaller as pressure increases; the difference is
not noticeable as pressure is higher than about 4.0 MPa. There
are two factors which influence the viscosity. First, the
viscosity decreases with the increase in temperature. Second,
the viscosity is reduced as the amount of CO2 in the IL
increases. At the lower pressures, the solubility of CO2 in the
IL is low, and the effect of temperature is dominant. There-
fore, the difference of the viscosity at different temperatures is
significant. At the higher pressures, however, the effect of the
dissolved CO2 on the viscosity is more significant, and the


concentration of CO2 in the liquid phase is larger at lower
temperature. Therefore, the viscosity at different temper-
atures is nearly the same.


To get more evidence to support this argument, Figure 5
plots the viscosity of the liquid phase as a function of
CO2 mole fraction at various temperatures. The difference in


Figure 5. Dependence of the viscosity of CO2/[C4mim][PF6] mixture on
composition.


viscosity at various temperatures becomes smaller and smaller
with increasing mole fraction of CO2. This further indicates
that the dissolution of CO2 in the IL can reduce the effect of
temperature on the viscosity. However, the difference of the
viscosities at different temperatures is still noticeable even at
large CO2 mole fraction. Therefore, the larger solubility at
lower temperature is one of the reasons for the phenomenon
that the viscosities at various temperatures are nearly the
same as CO2 pressure is high, as can be seen in Figure 4.


SC CO2 has been used to extract solutes from ILs.[3a, 4] This
principle can be used for a variety of applications, such as
fractionation, recovery of reactants and products from the ILs
after reaction processes. The unique advantage of this method
is that cross-contamination is eliminated since the IL is not
soluble in CO2 and depressurization can remove CO2 from the
IL phase completely. Significant reduction of viscosity in-
creases the mass transfer in the IL phase, which is favorable to
enhancing extraction efficiency.


Recently, we studied the oxidation of n-hexene using
molecular oxygen in [C4mim][PF6], SC CO2, and in
[C4mim][PF6]/CO2 mixed solvent.[5b] The results indicated
that in the IL/CO2 mixed solvent, the selectivity of the
reaction to the desired product is much higher than those in
the pure IL. Reduction of viscosity of the IL may be one of the
reasons for this positive result. Compressed CO2 may become
an attractive reagent for reducing the viscosity of ILs in many
applications because it is environmentally benign, and the
separation of CO2 from ILs can be achieved simply by
depressurization.


Seddon et al.[8] studied the effects of various organic
solvents on the viscosity of [C4mim][PF6]. They discovered
that the viscosity of the mixtures was dependent mainly on the
mole fraction of the added solvents, and that the viscosity
decreased with the mole fraction of the added solvents. In
their study, the relationship between viscosity and mole


Chem. Eur. J. 2003, 9, 3897 ± 3903 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3899







FULL PAPER B. X. Han et al.


fraction of organic solvents was correlated using the following
equation with correlation coefficients �0.97:


�� �s exp (�xcs/a) (1)


where �s is the viscosity of the pure ILs at fixed temperature,
xcs is the mole fraction of the added solvent and a is a constant.
We tried to adopt this formula to correlate the data of this
work, and found that this equation could not be used for CO2/
[C4mim][PF6] mixtures. It may results from the special
interaction between CO2 and the IL. Using ATR-IR spectro-
scopy, Kazarian et al.[9] have recently shown that CO2 forms
weak Lewis acid ± Lewis base complexes with the anions of
the IL. This may reduce the degree of association between the
anions and the cations in the IL, which may cause great
reduction in the viscosity.


Phase behavior of CO2/[C4mim][PF6]/methanol ternary sys-
tem : The phase behavior of CO2/[C4mim][PF6]/methanol
ternary system has been studied at 313.15 K and at 7.15 and
10.00 MPa, one of which is lower than the critical pressure of
CO2, and the other is above the critical pressure, so that the
properties of CO2 at the two pressures are different signifi-
cantly. The results are listed in Tables 2 and 3.


The liquid phase is composed of three components,
[C4mim][PF6], CO2, and methanol. Our experiments show
that the concentration of the IL in the vapor phase is not
detectable at the experimental conditions of this work. This is
not surprising because the solubility of the IL in CO2 is
extremely low,[3a, b] and in our work the concentration of
methanol in the vapor phase is relatively low. In other words,
the methanol in the vapor phase cannot improve the solvent
power of the CO2 to dissolve the IL significantly. Therefore, it
can be supposed that the vapor phase contains only CO2 and
methanol.


Figure 6a and b show the triangle phase diagrams of the
ternary system at 313.15 K and at 7.15 and 10.00 MPa,
respectively. As discussed, the CO2-rich phase has two


Figure 6. The phase diagram of CO2/[C4mim][PF6]/methanol ternary
system at 313.15 K and 7.15 MPa (a) and 10.00 MPa (b).


components, so the points are on the CO2-methanol line,
while the points of the IL-rich phase disperse in the ternary
region. As expected, the mole fraction of methanol ap-
proaches the value in CO2 ± methanol binary system[10] with
increasing concentration of methanol in the liquid phase.


It can be observed that at 7.15 MPa methanol mole fraction
in the vapor phase is not sensitive to the mole fraction of
methanol in the liquid phase. This is understandable because
the solvent power of CO2 at this pressure is weak, and the
concentration of methanol in the vapor phase is very low. The
change in volume concentration of methanol cannot affect the
mole fractions of the two components considerably because
the concentration of CO2 in the vapor phase is much higher.
Comparing Figure 6a and 6b, it is clear that the mole fraction
of methanol in the vapor phase at 10.00 is higher than that at
7.15 MPa. This is because the solvent power of CO2 at higher
pressure is much stronger than that at 7.15 MPa. The mole
fraction of CO2 in the liquid phase increases as the concen-
tration of methanol decreases and the mole fraction of the IL
increases, as is shown in Tables 2 and 3; this suggests that
CO2 ± IL interaction is stronger than CO2 ± methanol inter-
action. Formation of weak Lewis acid ± Lewis base complexes
of CO2 with the anions of the IL[9] may be the main reason.


Thermodynamics of the ternary system : The phase behavior
of CO2/[C4mim][PF6]/methanol system represents a liquid
mixture in equilibrium with a gas or supercritical fluid
mixture. Thus, an important thermodynamic parameter, the
partition coefficient, Ki , the ratio of mole fraction of
component i in the vapor phase (yi) to that in the liquid
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Table 2. The phase equilibrium data, fugacity coefficients of the components,
and the viscosity of the liquid phase of CO2 (1)/methanol (2)/[C4mim][PF6] (3)
ternary system at 313.15 K and 7.15 MPa.


x1 x2 x3 y1 y2 �/cp K1 K2 � l
1 � l


2 � v
1 � v


2


0.570 0.087 0.343 0.983 0.017 27.5 1.72 0.20 1.19 0.0411 0.689 0.210
0.489 0.194 0.317 0.979 0.021 27.6 2.00 0.11 1.38 0.0221 0.690 0.205
0.433 0.265 0.302 0.977 0.023 26.8 2.26 0.09 1.56 0.0175 0.690 0.202
0.403 0.360 0.237 0.975 0.025 26.1 2.41 0.07 1.67 0.0138 0.690 0.199
0.307 0.556 0.137 0.972 0.028 25.2 3.17 0.05 2.19 0.0097 0.691 0.194


Table 3. The phase equilibrium data, fugacity coefficients of the components
the viscosity of the liquid phase of CO2 (1)/methanol (2)/[C4mim][PF6](3)
system at 313.15 K and 10.00 MPa .


x1 x2 x3 y1 y2 �/cp K1 K2 � l
1 � l


2 � v
1 � v


2


0.554 0.124 0.322 0.927 0.073 28.0 1.67 0.59 0.973 0.0144 0.581 0.0245
0.529 0.162 0.309 0.923 0.077 27.6 1.74 0.48 1.017 0.0113 0.583 0.0237
0.456 0.276 0.268 0.906 0.094 26.8 1.98 0.34 1.171 0.0072 0.589 0.0210
0.317 0.487 0.196 0.886 0.114 25.4 2.79 0.23 1.671 0.0044 0.598 0.0185
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phase (xi), should be emphasized. Ki can be expressed by the
following equation.


Ki � yi/xi (2)


Ki �
� l


i


� v
i


(3)


where � l
i and � v


i stand for the fugacity coefficient of
component i in the liquid phase and in the vapor phase,
respectively.


The K values of methanol and CO2 in the ternary system at
different conditions are calculated and listed in Tables 2 and 3.
The partition coefficient of methanol K2 is much smaller than
unity, which indicates that the interaction between the
methanol and [C4mim][PF6] is stronger than that between
CO2 and [C4mim][PF6]. At 10.00 MPa, CO2 and methanol is
miscible in the entire concentration range.[10] This means that
the solvent power of CO2 at this temperature and pressure is
strong for methanol. Therefore, the smaller K2 hints that the
interaction between the IL and methanol is very strong. The
K2 at 7.15 MPa is much smaller than that at 10.00 MPa, as can
be known from Table 3. This is easy to understand because the
solvent power of CO2 at this lower pressure is much weaker.


The fugacity coefficients of the components are basic
thermodynamic parameters of the mixtures. They can be
calculated using suitable equation of state (EOS) if their
critical parameters and acentric factors are known. Unfortu-
nately, the parameters of the IL are not known. However, it
can be assumed, as discussed above, the vapor phase contains
only methanol and CO2. Therefore, their fugacity coefficients
in the vapor phase can be calculated. In this work Peng-
Robinson EOS[11] is used to calculated the fugacity coeffi-
cients of the methanol and CO2 in the vapor phase, which can
be expressed as:


P � RT


V � b
� a


V �V � b� � b �V � b� (4)


b � 0.077796
RTc


Pc


(5)


a � 0.457235
R 2T 2


c


Pc


� (6)


�� [1�m (1 �
������
T


Tc


�
�]2 (7)


m � 0.37464�1.54226� � 0.26992�2 (8)


where Tc and Pc are the critical temperature and critical
pressure, respectively. � denotes the acentric factor. For a
mixture, the van der Waals mixing rules are applied:


a �
�


i


�
j


xixjaij (9)


b �
�


i


xibi (10)


aij � ���������aiiajj
� (1� kij) (11)


where the kij is the binary interaction coefficient. From the
above equations, the fugacity coefficient of component i in a
mixture can be expressed as


RT ln�i �RT ln
V


V � bmix


�


�
j


xjaij���
2


�
bmix


ln
V � �1 � ���


2
� �bmix


V � �1 � ���
2


� � bmix


� amixbmixbi


� ���
2


�
bmix�3 ln


V � �1 � ���
2


� �bmix


V � �1 � ���
2


� �bmix


� RT ln
PV


RT
�b�PV


bmix


� b�RT


bmix


(12)


Tables 2 and 3 list the fugacity coefficients of CO2 and
methanol in the vapor phase. The fugacity coefficients of the
two components in the liquid phase can be calculated from
Equation (3) and the fugacity coefficients in the vapor phase,
and the data are listed in Tables 2 and 3. The fugacity
coefficient of CO2 in IL-rich phase is larger than unity, while
that of methanol is much small than unity, which further
demonstrates that methanol ± IL interaction is much stronger
than CO2 ± IL interaction.


Viscosity of CO2/[C4mim][PF6]/methanol mixture : The vis-
cosity data of the liquid phase are given in Tables 2 and 3. The
viscosity of the ternary system depends on temperature,
pressure, and composition. At the fixed temperature and
pressure, the composition is the main factor. The data in the
table illustrate that the viscosity of the liquid phase is not
sensitive to the composition in the concentration range
studied. There are two main reasons for this. First, the
viscosity of the liquid phase is much lower than that of the
pure IL, as can be known by comparing the data in Tables 1 ±
3. Second, both CO2 and methanol can reduce the viscosity of
the IL. The concentration of CO2 in the liquid phase decreases
with increasing mole fraction of methanol. Therefore, their
effects on the viscosity compensate each other as the
composition is varied.


Conclusion


The phase behaviors of CO2/[C4mim][PF6] and CO2/
[C4mim][PF6]/methanol mixtures and the viscosity of the
liquid phases at equilibrium conditions have been determined
at different temperatures and pressures. Peng ± Robinson
equation of state is combined with other thermodynamic
functions to calculate the fugacity coefficients of the compo-
nents. The results indicate that the viscosity of the liquid phase
decreases significantly with increasing pressure of CO2, and
the compressed CO2 may become an attractive reagent for
reducing the viscosity of ILs in many applications because it is
environmentally benign, and CO2 and ILs can be separated
simply by depressurization. The mole fraction of methanol in
the CO2-rich phase is much lower than that in the IL-rich
phase, which indicates that interaction between the IL and
methanol is stronger than that between CO2 and methanol.
The fugacity coefficient of CO2 in IL-rich phase is larger than
unity, while that of methanol is much small than unity, which
further proves that methanol ± IL interaction is much stronger
than CO2 ± IL interaction. However, the CO2 ± IL interaction
is stronger than the CO2 ± methanol interaction.


Experimental Section


Materials : CO2 with a purity of 99.995 % was supplied by Beijing Analytical
Instrument Factory. 1-Methylimidazole was purchased from Aldrich.
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Hexafluorophosphoric acid was supplied by ACROS. Chlorobutane was
produced by Beijing Chemical Reagent Plant, and was purified by
distillation before use. [C4mim][PF6] was synthesized in our laboratory
following the procedures reported by other authors.[12] Prior to use, the
ionic liquid was dried under vacuum at 40 �C until the weight remained
constant. The resulting ionic liquid was examined by Fourier transform
infrared spectroscopy and 1H NMR, which indicated that pure
[C4mim][PF6] was obtained. Water concentration in the IL determined by
Karl Fischer analysis was 0.1 wt %. Residual chloride in the IL was
0.002 mol L�1, which was determined by the method reported by Seddon
et al.[8]


Apparatus : The schematic diagram of the apparatus is shown in Figure 7a.
It was composed mainly of a high-pressure view cell, liquid and gas sample
bombs, a high-pressure syringe pump, a solenoid-operated circulating
pump, a constant-temperature air bath, and a falling-ball viscometer.


Procedures : We only describe the experimental procedures for the study of
the ternary system because those for the binary system are simpler. In a
typical experiment, the air in the system was removed under vacuo. A
suitable amount of [C4mim][PF6] ± methanol solution was added to the
system. The air bath was maintained at desired temperature. CO2 was


charged into the system using the high-pressure pump until suitable
pressure was reached. Then the solenoid operated circulation pump was
started to circulate the vapor phase. In order to obtain the data at fixed
pressure, the high-pressure pump was set at constant-pressure mode. To
test whether equilibrium was reached or not, valve A was closed after the
system had been equilibrated for a certain time so that the system was
isolated. The system had reached equilibrium if the pressure kept
unchanged with time. The circulation pump was stopped, and the viscosity
of the liquid phase was determined. Valve B was opened to eliminate the
pressure difference of the two sides, so that the liquid phase could enter the
liquid sample bomb easily. The valves on the liquid and vapor sample
bombs were closed and the sample bombs were removed for composition
analysis. The masses of the sample bombs were determined by an electronic
balance (Mettler MP1200) with a resolution of 0.001 g.


The composition of the liquid sample was determined by a flashing method
using an apparatus shown schematically in Figure 7b. The sample bomb was
connected to the flashing chamber, and the air in the chamber was
evacuated. The constant temperature bath was maintained at 0 �C. The
valve on the sample bomb was opened and the pressure of the flashing
system was recorded. The moles of CO2 could be calculated on the basis of
the pressure, temperature, and volume of the flashing system. The
methanol/IL solution in the flashing system was washed into a beaker
using methanol, and the methanol in the beaker was removed under
vacuum at 50 �C until the weight of the beaker was unchanged with time.
The mass of IL was obtained by gravimetric method. With the amounts of
CO2 and IL, the mass of the methanol in the sample bomb was easily
determined.


To analyze the composition of the vapor phase sample, we absorbed
methanol with N,N-dimethylacetamide (DMA) by slowly releasing the
CO2 ± methamol mixture through a cold trap with DMA. The composition
of the DMA/methanol solution was measured by a gas chromatography
(Agilent 4890D), the amount of the methanol could be obtained from the
mass and the composition of the solution. The moles of CO2 were known
from the total mass of the sample and that of the methanol. To test the
solubility of the IL in the vapor phase, the DMA/methanol solution was
vaporized, and the mass of the IL was determined.


The viscosity of CO2/[C4mim][PF6]/methanol mixture, �, could be calcu-
lated by the following equation:


��K(�0 � �)t (13)


where �0 and � stand for the density of the falling ball and the liquid phase,
respectively. t denotes the falling time of the falling ball. K is the instrument
parameter. The instrument parameter K is a key for determining the
viscosity accurately. In this work, it was obtained by calibration using
standard oils of different viscosities provided by National Standard Bureau
of China.
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Figure 7. a) Schematic diagram of the apparatus for determination of
phase behavior and viscosity of multi-component system. 1: CO2 tank, 2:
high-pressure syringe pump, 3: pressure gauge, 4: solenoid-operated
circulating pump, 5: vapor phase sample bomb, 6: high-pressure view cell,
7: liquid phase sample bomb, 8: falling-ball viscometer, 9: constant-
temperature air bath. b) Flashing apparatus for composition analysis of the
liquid phase. 1: pressure gauge, 2: liquid sample bomb, 3: flashing chamber,
4: constant temperature water bath.
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Clays as a Host Matrix in the Synthesis of Organic Macrocycles


Vasilios Georgakilas,[a] Dimitrios Gournis,[b] Athanasios B. Bourlinos,[a]
Michael A. Karakassides,[b] and Dimitrios Petridis*[a]


Abstract: A new approach for the synthesis of amide macrocycles, based on the use
of organo-clay derivatives as controlling template, is proposed as an alternative to the
rotaxane method. Dications of p-xylylene diamine inserted in the clay interlayer
space act as molding pillars around which neutral diamine molecules are erected via
hydrogen bonding and � ±� interactions to form supramolecular arrays. Condensa-
tion of diamines in the supramolecular arrays with diacetyl dichlorides yields various
tetramide macrocycles in good yields. Shape, aromaticity and dimensions of the
reactants are factors affecting the condensation reaction.


Keywords: clays ¥ intercalations ¥
macrocycles ¥ supramolecular
chemistry ¥ template synthesis


Introduction


Smectite clays define a class of layered aluminosilicate
minerals that are widely used in many different fields of high
interest.[1] This is mainly due to their easy reconstruction to
various derivatives by soft physicochemical treatments, in-
cluding diverse ion-exchange and intercalation reactions at
ambient conditions, while their structure remains stable over a
wide pH range. These features endow clays with new proper-
ties, as in the case of organoclays, pillared clays and clay ±
polymer composites.[2] As a result, restructuring of smectites
attracts numerous research and development efforts nowa-
days in view of a wide range of applications. Preparative
organic chemistry constitutes one such area of mainstream
efforts where clays are used as heterogeneous catalysts for a
wide variety of organic reactions.[3] In this direction, clays play
the role of inorganic solid supports where reagents are
deposited. The main advantages of these supported reagents
over conventional homogeneous solution techniques are:
a) easier experimental set-up and work up, b) mild conditions
and c) often substantial improvement of yields and/or selec-
tivity.


In addition, clays and possibly other microporous materials
can provide functional and structural microenvironments for


the spontaneous organisation of reactive substrates for the
purpose of tailoring the architecture of macromolecular and
supramolecular arrays. In particular, the predetermined
architectures of microporous materials can be effectively
used to hold reactive substrates in a manner which controls
the subsequent geometry of the macromolecular and supra-
molecular product, as for example, to control the degree and
type of branching in a linear polymer or to determine the
shape and coordination of a supramolecular system. The final
product can be removed from the clay framework or the clay
can be chemically degradated to release the intercalated
product.[4, 5]


Recently, we have demonstrated that clay surfaces are
efficient templates for the synthesis of nitrogen based macro-
cycles. In one study, the interlayer synthesis of cyclobis
(paraquat-o-phenylene) was accomplished by one electron
redox process, in which the electron, donated by the clay
surfaces, plays the intriguing role of the template for the �-
electron deficient bipyridinium moieties.[6] In another study,
an organo-pillared clay, derived from the insertion of proto-
nated p-xylylenediamine to the clay layers, was shown to act
as an active template for the self-assembly of neutral diamine
molecules in the clay interlayers to form unique supra-
molecular arrays. In these arrays the diamine molecules
possess the right orientation and alignment for the cyclization
reaction with isophthaloyl dichloride molecules. The result is
the formation around the organic pillar of a cyclic tetramide
macrocycle as shown in Scheme 1. The tetramide was then
easily removed from the clay by treatment with a lithium salt
in DMSO, whereupon the Li� cation dislodge the pillar and
DMSO dissolves the macrocycle.[7]


In the present work we have extended this strategy to
prepare a series of tetramide macrocycles. Two different
diamines and four acid dichlorides were used for the
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Scheme 1. Tetramer locked in the clay interlayers and its extraction.


successful synthesis of eight cyclic tetramides, thus establish-
ing the general application of the method for amide cycliza-
tion reactions. The availability and low cost of clays, the easy
handling, the high macrocycle yields and feasibility to study
the interesting chemistry in the interlayer space of clays are
some of the advantages of the present organo-clay template
method.


Results and Discussion


The reaction of p-xylylenediamine and isophtaloyl dichloride
in chloroform at high dilution leads to a mixture of amide
oligomers; among those is the interesting [2]catenane mole-
cule formed by two macrocyclic interlocked rings in low
yield.[8] The independent macrocycle can be generated by the
so-called rotaxane method, in which a molecular thread is
used as a template to form the
macrocycle around it by a proc-
ess driven by intermolecular
forces.[9]


As mentioned in the Intro-
duction, the interlamellar space
of reconstructured smectite
clays offers the necessary archi-
tectural conditions for building
the cycloamidic skeleton. In the
present clay based preparative
strategy, two different diamines,
designated a and b, and four acid
dichlorides, designated c, d, e, f,
were used to prepare macrocy-
cles 1 ± 8, all shown in Scheme 2.
The synthesis of the amidic mac-
rocycles comprises four steps:
i) preparation of a pillared orga-
no-clay precursor obtained from
intercalation of the dihydro-
chloride salt of p-xylylenedi-
amine, ii) insertion of the appro-
priate neutral diamine a or b
into the common pillared pre-
cursor from i), iii) reaction of


the neutral diamine in the layers with the various acid
dichlorides and formation of the corresponding tetramide
macrocycles, and iv) extraction of the macrocycles product
from the clay surfaces.


The amino pillared clay precursor, derived by replacing the
interlayer Na� cations with p-xylylene diamine dications, gave
an XRD pattern with a d001 basal spacing value of 13.0 ä (see
Figure 1a); this indicates an interlayer separation of 3.4 ä
(13.0� 9.6 ä� 3.4 ä, where 9.6 ä measures the thickness of
the clay layer). This distance suggests that the dicationic
pillars obtain an inclined position in the intergallery space,[9]


as depicted in Scheme 3. The consequent introduction of
neutral p-xylylene diamine molecules into the pillared
structure induced an increase in the basal spacing to 15.1 ä
(Figure 1b).


Figure 1. XRD patterns from: a) the clay-p-xylylene diamine precursor;
b) the clay aggregate after the insertion of neutral p-xylylene diamine in the
organo clay precursor; c) the clay aggregate after the insertion of neutral
2,6-hexanediamine to the organo clay precursor.
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Scheme 2. Tetramide macrocycles (1 ± 8). Diamines are denoted by a and b and diacetyl dichloride by c, d, e and f.
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To explain the observed pillar lifting of 2.1 ä, we propose
that neutral p-xylylene diamine molecules are pinned to the
existing organo pillars by combined hydrogen-bonding inter-
actions between the amino groups and �-stacking interactions
between aromatic rings, as depicted in Scheme 3a. Such


Scheme 3. Interlayer arrangement of a) p-xylene diamine and b) 1,6-
hexanediamine molecules, for cyclic condensation.


interactions can lead to supramolecular associations in the
clay galleries, which we denote as a[aH2]2�a. Analogous
supramolecular aggregates have been reported in the liter-
ature on clays and the term hemisalt aggregates was coined to
describe them.[10] However, similar lifting of the p-xylylene
pillars was not observed when neutral 1,6-hexanediamine was
loaded into the clay galleries to form the corresponding
b[aH2]2�b interactions. The d001 remained at almost the same
13.5 ä value (see Figure 1c). It seems that the lack of � ±�
interactions, between p-xylylene and 1,6-hexanediamine,
prevents the lifting of the electrostatically bound to the layers
p-xylylene diamine dication pillars. In this case, the neutral
aliphatic diamine molecules can be accommodated in the
empty space among the electrostatically bound p-xylylene
diamine pillars via hydrogen-bonding interactions, as illus-
trated in Scheme 3b. Similar hydrogen-bonding interactions
have been proposed to explain the intercalation of excess
ethylenediamine in smectite clays.[11]


Further evidence for the association of diamine a and b in
the interlayer clay space arises from the corresponding FT-IR
spectra (see Figure 2). The relatively sharp absorptions
around 3000 cm�1, in Figure 2a are assigned to the electro-
statically bound to the clay layers p-xylylene dications.
Contrarily, the amine supramolecular associations a[aH2]2�a
and b[aH2]2�b (see Figure 2b, c) show quite broad bands as a
result of the corresponding hydrogen-bonded structures. For
the same reasons, the spectra of the clay derivatives are quite
different in the 1600 cm�1 region, where -NH2 absorption
bands appear.


Because of the favorable positions of the diamine mole-
cules on both sides of the pillars, the condensation reactions
that follow the insertion of the different diacetyl dichlorides in
the interlayer space, can lead to directed construction of


Figure 2. IR spectra of a) the clay p-xylylene diamine precursor; b) the
interlayer associations a[aH2]2�a ; c) the interlayer associations b[aH2]2�b ;
d) the interlayer formed macrocycle 2 ; and e) the interlayer formed
macrocycle 5.


tetramide macrocycles, as for example the tetramide 1 in
Scheme 1, trapped by the dicationic pillars. Scheme 4 illus-
trates the three steps structural reactions in the formation of
amidic macrocycles.


Scheme 4. Schematic illustration of the reaction.


Formation of the amide bonds is detected in the FT-IR
spectra of the clay bound products, from the characteristic
bands around 1530 and 1635 cm�1, (see Figure 2d and e).
Furthermore, the relative sharp band near 3000 cm�1 unveils
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that the electrostatically bound dicationic species are still
preserved in these arrays and, by acting as stoppers, prevent
the release of the cyclic macrocycles. Finally, the quite
different profile in spectra b and c versus d and e demonstrate
clearly the destruction of the hydrogen bonded amine
associations during cyclization.


The 1H NMR spectra of the clay-macrocyclic composite
provide further evidence for the cyclization reaction. Record-
ing of the spectra was made possible through the use of
laponite, a synthetic clay free of paramagnetic centers in its
structure and with platelets small enough to remain in
suspension for sufficient time to record the spectrum.[7]


Amine ± laponite derivatives as cyclic tetramide directing
templates afforded all tetramers in good yields. Furthermore,
the XRD and FTIR characteristic of the amine derivatives
were similar to those from natural montmorillonite implying
similar interlayer structural units in both clays.


The last part of the synthetic procedure involved the release
of the cyclization products from the clay surfaces. This was
accomplished by using solutions of LiCl in DMSO. The Li�


cations replace the p-xylylene dications from the clay surfaces
and then the formed macrocycles are released into the DMSO
solution together with diamine salt. Addition of acetone to
the DMSO solutions precipitates the two products. Finally,
the diamine salt is easily solubilized, as neutral amine, by
treatment with dilute aqueous Na2CO3 solution leaving
behind the tetramide as a pure solid.


Using different acid dichlorides, such as pyridyl (d) and
thiophenyl (e) dichlorides, tetramide macrocycles 2 and 3 (see
Scheme 2) were obtained in good yield (see Experimental
Section). These two diacid dichlorides with aromatic rings in
their framework are structurally similar to isophthaloyl
dichloride (c), and therefore, a similar behavior is anticipated.
We have also found that aliphatic diacetyl dichlorides are
effective in these cyclization reactions in proper combination
with aromatic or aliphatic diamines. In gloutaric dichloride (f)
the distance between the reactive chlorine atoms is similar to
that in isophthaloyl dichloride. The dichloride was found quite
reactive in the cyclization reaction with the a[aH2]2�a
interlayer associations and afforded macrocycle 4. The IR
spectra showed the characteristic bands of the amide for-
mation, while the 1H NMR spectra, were also typical of the
cyclic tetraamide macrocycle (see Figure 3).


Figure 3. NMR spectra of the macrocycle 4.


The above paradigms demonstrate that clay interlayer
reactions comprise effective routes for amide cyclization,
providing that the participating components possess the right
dimensions. Successful results were obtained with p-xylylene-
diamine and the aliphatic 2,6-hexanediamine of similar
length. A characteristic property of the latter is the flexibility
of its skeleton, in contrast with the rigid p-xylylene diamine. In
spite the fact that the intermolecular association of neutral
2,6-hexanediamine molecules with the clay/p-xylylene dia-
mine derivative did not cause any significant change in the
layers separation, the condensations that followed the intro-
duction of isophthaloyl, pyridyl or thiophenyl diacetyl diclor-
ides into the clay layers led to the formation of macrocycles 5,
6 and 7. Similarly, the combination of 2,6-hexanediamine and
gloutaric diacetyl dichloride led to the aliphatic macrocycle 8.
Even though the yields with the aliphatic diamine were low
(see Experimental Section), the successful cyclizations proved
nonetheless that the interlayer reactions can be further
advanced to include other aliphatic diamines. The prime
importance of the size factor was demonstrated by using
smaller aliphatic diamines, such as 1,3-propyl diamine. In this
instance, the amide bonds were formed, but the final solid was
a mixture of oligomeric amides with no signs from cyclization
products.


The present results clearly demonstrate that amine based
organo-clays can act as efficient scaffolds to synthesize a series
of amidic macrocycles. The method affords the macrocycles in
free form and very good yield without the use of a cyclization
directing agent necessary in the classical solution synthesis.
The formation of supramolecular structures formed between
protonated diamine organoclays and neutral diamine mole-
cule seems to be the crucial factor influencing the final result.
An equally important factor for successful cyclization is the
right combination of participating molecules with respect to
the necessary geometrical conditions.


Experimental Section


Materials : The clay used in this study was a natural Wyoming sodium
montmorillonite SWy-1, obtained from the Source Clay Minerals Reposi-
tory at the University of Missouri, Columbia. It was purified following well
established procedures in clay science. The cationic exchange capacity
(CEC), as determined by the cobalt method,[12] was equal to 80 mequiv per
100 g clay. For the NMR measurements the synthetic clay laponite (from
Laporte Industries Ltd) was used. Laponite is a trioctahedral hectorite with
structural formula: Na0.8[Mg5.4Li0.4]Si8O20(OH)4. It is free of paramagnetic
centers and has a cation exchange capacity (CEC) of 48.1 mequiv per 100 g
clay. p-Xylylene diamine, 1,6-hexanediamine, pyridine 2,6-dicarboxylic
dichloride, thiophene 2,5-dicarboxylic dichloride, gloutaric dichloride and
isophthaloyl dichloride reagents were obtained from Aldrich Chemicals.


Preparation of p-xylylene diamine organo-clay : A solution of the p-
xylylenediamine dihydrochloride salt (125 mg) in water (20 mL, 0.6 mmol,
1.5�CEC) was added to a stirred clay suspension of Na�-MNT (1 g) in
water (20 mL). The mixture was stirred for 1 h, centrifuged, washed with
water three times and air-dried.


Synthesis of macrocycles in the clay intergalleries : For the synthesis of
macrocycles (1 ± 8) different diamines and dichlorides were used as
described below. The dry powder of the p-xylylene diamine organo-clay
was dispersed in water (30 mL) and to this mixture, a solution of the
appropriate diamine (0.8 mmol, 2�CEC) in water (40 mL) was added. The
mixture was stirred for 1 h, and the solid collected by centrifugation
without washing and air-dried. The dry powder was dispersed into CH3CN
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(20 mL) and an additional CH3CN solution (20 mL), containing the
corresponding diacetyl dichloride (2.4 mmol) and Et3N (2.4 mmol), was
added and the mixture was stirred for 24 h at room temperature. The
resulted clay composites were collected by centrifugation and washed with
CH3CN (20 mL).


Extraction of products from the clay : The clay composites were dispersed
in LiCl/DMSO solution (20 mL) in order to remove the organic compo-
nents from the clay. After stirring for 2 h, the clay was removed by
centrifugation and acetone (50 ± 70 mL) was added to precipitate the amide
tetramer and the p-xylylenediamine dihydrochloride salt. The solid mixture
was treated with a diluted Na2CO3 solution (5%) to convert the diamine
salt into the water soluble neutral diamine, leaving behind the tetramide as
pure solid. The yields of the reactions are listed below.


Characterization : The X-ray powder diffraction patterns were collected on
a D8 Advance Bruker diffractometer by using CuK� (40 kV, 40 mA)
radiation and a secondary beam graphite monochromator. The patterns
were recorded in the 2� (2�) range from 2 to 80�, in steps of 0.02� and
counting time 2 s per step. IR spectra were measured with a Bruker
Equinox 55S IR spectrometer, in the region of 400 ± 4000 cm�1, equipped
with a DTGS detector. Each spectrum was the average of 200 scans
collected at 2 cm�1 resolution. Samples were in the form of KBr pellets
containing ca. 2 wt% sample. 1H NMR spectra were obtained in
[D6]DMSO with a Bruker AC250 spectrometer operating at 250 MHz.
Mass spectra were recorded with a Finnigan MatGCQ. Elemental analyses
were performed in duplicate with a CARLO-ERBA CHNS-O EA-1108
elemental analyzer.


Macrocycle 2 : Macrocycle 2[8b] was prepared in 60% yield, using p-xylylene
diamine and pyridine 2,6-dicarboxylic dichloride. 1H NMR (200 MHz,
DMSO, 18 �C): �� 4.40 (s, 8H, CH2), 7.24 (s, 8H, p-xylyl H), 8.16 (m, 6H,
pyridyl H), 10.10 (t, 4H, CONH); FT-IR (KBr): �� : 1658, 1537 cm�1


(CONH); elemental analysis (%) calcd for C30H26N6O4 (534): C 67.40, H
4.90, N 15.72, O 11.97; found: C 67.43, H 4.90, N 15.69, O 11.98; m.p. 296 ±
298 �C; EI-MS: m/z : 534 [M�].


Macrocycle 3 : Macrocycle[8b] 3 was prepared in 63% yield, using p-xylylene
diamine and thiophene 2,5-dicarboxylic dichloride. 1H NMR (200 MHz,
DMSO, 18 �C): �� 4.40 (s, 8H, CH2), 7.21 (s, 8H, p-xylyl H), 7.72 (s, 4H,
thiophenyl H), 9.16 (t, 4H, CONH); FT-IR (KBr): �� : 1632, 1553 cm�1


(CONH); elemental analysis (%) calcd for C28H24N4O4S4 (544) C 61.75, H
4.44, N 10.29, O 11.75, S 11.77; found: C 61.78 H 4.45, N 10.32, O 11.73 S
11.72; m.p. 300 �C (decomp); EI-MS: m/z : 544 [M�].


Macrocycle 4 : Macrocycle 4 was prepared in 65% yield, using p-xylylene
diamine and gloutaric dichloride. 1H NMR (200 MHz, DMSO, 18 �C): ��
1.69 (m, 4H� , CH2), 2.10 (m, 8H�, CH2), 4.2 (d, 8H, CH2), 7.14 (s, 8H, p-
xylyl H), 8.30 (t, 4H, CONH); FT-IR (KBr): �� : 1640, 1549 cm�1 (CONH);
elemental analysis (%) calcd for C26H32N4O4 (464): C 67.22, H 6.94, N 12.06,
O 13.78; found: C 67.27, H 6.89, N 12.12, O 13.72; m.p. 238 ± 240 �C; EI-MS:
m/z : 464 [M�].


Macrocycle 5 : Macrocycle 5 was prepared in 35% yield, using 1,6-
hexanediamine and isophthaloyl dichloride. 1H NMR (200 MHz, DMSO,
18 �C): �� 1.30 (m, 8H� , CH2), 1.49 (m, 8H�, CH2), 3.20 (s, 8H	, CH2), 7.46
(t, 2H, isophthaloyl 5-H), 7.90 (d, 4H, isophthaloyl 4-H and 6-H), 8.36 (s,
2H, isophthaloyl 2-H), 8.67 (t, 4H, CONH); FT-IR (KBr): �� : 1639,
1532 cm�1 (CONH); elemental analysis (%) calcd for C28H36N4O40 (492): C
68.27, H 7.37, N 11.37, O 12.99; found: C 68.30, H 7.35, N 11.35, O 13.00; m.p.
176 ± 178 �C; EI-MS: m/z : 492 [M�].


Macrocycle 6 : Macrocycle 6 was prepared in 30% yield, using 1,6-
hexanediamine and pyridine 2,6-dicarboxylic dichloride. 1H NMR
(200 MHz, DMSO, 18 �C): �� 1.17 (m, 8H� , CH2), 1.40 (m, 8H�, CH2),
3.20 (s, 8H	, CH2), 8.12 (m, 6H, pyridyl), 9.40 (m, 4H, CONH); FT-IR
(KBr): �� : 1640, 1560 cm�1 (CONH); elemental analysis (%) calcd for
C26H34N6O4 (494): C 63.14, H 6.93, N 16.99, O 12.94; found: C 63.18, H 6.90,
N 17.05, O 12.87; m.p. 280 �C (decomp); EI-MS: m/z : 494 [M�].


Macrocycle 7: Macrocycle 7 was prepared in 32% yield, using 1,6-
hexanediamine and thiophene 2,5-dicarboxylic dichloride. 1H NMR
(200 MHz, DMSO, 18 �C): �� 1.05 (m, 8H� , CH2), 1.25 (m, 8H�, CH2),
3.00 (s, 8H	 , CH2), 7.30 (s, 4H, thiophenyl), 8.30 (m, 4H, CONH); FT-IR
(KBr): �� : 1638, 1558 cm�1 (CONH); elemental analysis (%) calcd for
C24H32N4O4S2 (504): C 57.12, H 6.39, N 11.10, O 12.68, S 12.71; found: C
57.15, H 6.42, N 11.15, O 12.62, S 12.66; m.p. 252 ± 254 �C; EI-MS: m/z : 504
[M�].


Macrocycle 8 : Macrocycle 8 was prepared in 30% yield, using 1,6-
hexanediamine and gloutaric dichloride. 1H NMR (200 MHz, DMSO,
18 �C): �� 1.20 (m, 8H� , CH2), 1.30 (m, 8H�, CH2), 1.65 (m, 2H	 , CH2),
2.01 (m, 2H� , CH2), 2.90 (s, 8H�, CH2), 7.90 (s, 4H, CONH); FT-IR (KBr):
�� : 1628, 1550 cm�1 (CONH); elemental analysis (%) calcd for C22H40N4O4


(464) C 67.22, H 6.94, N 12.06, O 13.78; found: C 67.20, H 6.90, N 12.10, O
13.80; m.p. 194 ± 196 �C; EI-MS: m/z : 464 [M�].
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Why Does a Ga2 Dimer React Spontaneously with H2, but a Ga Atom Does
Not?–A Detailed Quantum Chemical Investigation of the Differences in
Reactivity Between Ga Atoms and Ga2 Dimers, in Combination with
Experimental Results


Andreas Kˆhn,[b] Hans-Jˆrg Himmel,*[a] and Benjamin Gaertner[a]


Abstract: The spontaneous and photo-
activated reactions between Ga2 and H2


in a matrix of solid Ar at 12 K have been
followed by using IR spectroscopy and
have been shown to give access to
several isomers of the subvalent hydride
Ga2H2. We now present Raman spectra
for this system, to complete its charac-
terization on the basis of vibrational
spectra. In addition, the differences
between the reactivity of a Ga atom
and a Ga2 dimer toward H2 are eval-
uated. The matrix isolation experiments
have shown that Ga2 reacts spontane-
ously with H2, at 12 K, to give the cyclic
subvalent hydride Ga(�-H)2Ga (D2h


symmetry), which can be transformed
into two other isomers of Ga2H2 by
selective photoactivation. Interestingly,
the spontaneous reaction is subject to a
marked isotopic effect. In total, the
experimental results provide detailed
information about the reaction mecha-
nism. In contrast to Ga2, Ga atoms do
not react spontaneously with H2; on
photoactivation they instead yield the
radical species GaH2. The quantum


chemical calculations presented herein
start with an analysis of the structures
and relative energies of the relevant
species at the MP2 level, by using
extended basis sets, and lead on to a
discussion of the correlation diagrams
for both reactions. Finally, CASSCF and
MRCI methods, in combination with
moderate-sized basis sets, were em-
ployed to analyze in detail the mecha-
nisms of the two reactions. It will be
shown that the computational results, in
concert with the experimental findings,
provide a satisfying explanation of the
contrasting reactivities of Ga and Ga2.


Keywords: ab initio calculations ¥
gallium ¥ hydrogen ¥ Raman
spectroscopy


Introduction


There is ongoing interest in metal clusters, stimulated mainly
by the search for materials with new physical and chemical
properties, for example, unusual electronic or magnetic
behavior, or catalytic potential.[1] In this context, it has been
shown in several cases that clusters exhibit characteristics that
differ substantially from those of the bare atom on the one
hand and those of the bulk on the other hand.[1] It is not only
the physical but also the chemical properties that may show
remarkable disparities. Despite the intense research in this
field, not much is known about the reasons for such differ-
ences. This is because it is essential, in general, to have
detailed and reliable knowledge of the potential-energy


surface near the reaction coordinate relevant to the reaction
under consideration–whatever parameter (distance or angle)
this might be–to understand the contrasting behaviors.
Unfortunately, this information is not easily acquired, often
requiring very expensive calculations in addition to some hard
experimental facts. The present study is concerned with
gallium, for which several interesting new cluster compounds
have been synthesized and characterized in the recent past.[1e]


As a first step in the evaluation of the different reactivities of
atoms and small clusters, consideration is given to the
response of Ga atoms and the Ga2 dimer to dihydrogen.
Recent experiments have shown[2, 3] that matrix-isolated


Ga2 dimers react spontaneously with H2, at temperatures as
low as 10 K, to give the doubly bridged species Ga(�-H)2Ga
[reaction (1)], while Ga atoms do not react spontaneously
under these conditions. Ga atoms instead require photo-
activation through 2S� 2P or 2D� 2P excitation before
inserting into the H�H bond with the formation of the GaII


radical species GaH2 [reaction (2)].[4, 5] However, both
reactions are exothermic. Thus, a Ga atom carrying an
unpaired electron in one of the frontier 4p orbitals, which
one might intuitively expect to be more reactive than a Ga2
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dimer, turns out to be relatively inert. The kinetic inertia of
group 13 atoms appeared for a long time to be a teasing
problem, for two reasons. Firstly, simple MO pictures tend to
predict an attractive interaction between the half-filled
frontier p orbital of the Group 13 atom and, for example,
the �* orbital of H2. Secondly, the results of many experi-
ments indicate that transition metal atoms are reactive not in
their ground electronic state, but in an excited state corre-
sponding to the excitation of an electron from a d orbital into
an empty frontier p orbital.[6] We seek herein to offer a
detailed and satisfying explanation of the conundrum pre-
sented by the different kinetic properties of Ga and Ga2 vis-a¡ -
vis their reactions with H2.
Additional motivation for the characterization of species


such as Ga2H2 arises from the fact that subvalent hydrides of
Group 13 elements are likely to play an important role in
chemical vapor deposition (CVD) processes designed for the
fabrication of thin metal or semiconductor coatings.[7] In these
processes, a volatile compound containing the Group 13
element, for example, Ga(CH3)3, is decomposed near a
surface, at elevated temperatures, in a stream of H2, which
may contain another species, such as NH3.
Finally, a species like Ga2H2 is of considerable academic


interest. This compound can adopt four isomeric forms,
namely cyclic Ga(�-H)2Ga (D2h symmetry), trans-bent HGa-
GaH (C2h symmetry), GaGaH2 (C2v symmetry) and Ga(�-
H)GaH (Cs symmetry), which differ in their energies by not
more than 60 kJmol�1, according to quantum chemical
calculations. The Ga�Ga bond in one of these isomers, the
trans-bent species HGaGaH, is of particular interest, and
much effort has been put into the synthesis of some of its
derivatives with the formula RGaGaR� (whereby R and R� are
sterically demanding organic groups). The first compound of
this type (R�R�� 2,6-Dipp2C6H3, Dipp� 2,6-iPr2C6H3) has
been structurally analyzed only very recently.[8]


Computational Methods


The nonrelativistic ab initio quantum chemical calculations relied on the
M˘ller ± Plesset second-order treatment of electron correlation by using
the resolution of the identity approximation for fast integral transformation
(RI-MP2), as implemented in the TURBOMOLE package.[9] Basis sets of
triple zeta valence (TZV) quality developed by Ahlrichs and co-workers[10]


were used in conjunction with appropriate sets of polarization functions.
For gallium, only one primitive (2d1f) set, optimized for correlation of the
valence electrons, is available (see ref. [11]), which has the short notation
TZVPP. For inclusion of d-electron correlation, the underlying TZV basis
was decontracted in the d-shell, giving a contraction pattern of (842111/
63111/411) and yielding triple zeta quality for this shell also. An additional
primitive (2f1g) set of polarization functions (exponents: 7.2, 2.0, and 5.0)
was roughly optimized for correlation of the d electrons. This newly created


basis set will be denoted TZVPPext in the following account. An auxiliary
basis set, as required for RI-MP2, was optimized for this basis set and is
available in electronic form from one of the authors (A.K.).[12] RI-MP2 and
MP2 results differ by less than 1 kJmol�1 in the case of reaction energies,
less than 5 cm�1 in the case of vibrational frequencies, and less than
0.0001 ä for structural parameters. Geometry optimizations were carried
out using analytic gradients, and vibrational properties were obtained by
numerical differentiation.


To investigate the reaction path, we employed the CASSCF method, as
implemented in the DALTON program package,[13] in combination with
split valence plus polarization (SVP) basis sets.[14] All configurations
allowed by distributing all valence electrons among the orbitals originating
from gallium 4s and 4p and hydrogen 1s levels were included in the active
space (full valence CAS). At this level of theory we carried out full and
constrained geometry optimizations, as well as calculations of the vibra-
tional frequencies. For optimizations in which certain selected coordinates
were frozen, a Karlsruhe version of the DALTON code was used. For the
single-reference-dominated minimum structures, the quality of the
CASSCF description was assessed by comparison with the MP2 results.
Near the transition state, multireference configuration interaction (MRCI)
calculations were employed to analyze correlation effects, which include
single and double excitations from the CAS into the secondary (or virtual)
orbital space. For the non-size-consistent MRCImodel, all relative energies
are quoted relative to a Ga2�H2 ™super-molecule∫, which consists of Ga2
and H2 (both in their ground electronic states) separated by 50 ä. For the
CASSCF and MRCI calculations, we neglected the correlation of d
electrons due to computational restrictions, although, as discussed later,
this might affect any quantitative description. On the other hand, the level
of theory employed should be sufficient to allow for a reasonable
qualitative description of the electronic states relevant to the Ga/H2 and
Ga2/H2 reactions.


Experimental Section:


Details of the matrix isolation methods can be found elsewhere.[3] Very
briefly, Ga vapor was co-deposited over a period of 2 hours with H2, in an
excess of Ar, on a freshly polished Cu block, which was kept at 12 K by
means of a closed-cycle refrigerator (Leybold LB 510). The resulting
matrix was characterized by its IR and Raman spectrum. The matrix was
then subjected to several cycles of photolysis, and the changes thus brought
about were monitored again by IR and Raman measurements. The
experiments were repeated with different isotopomers (D2 and HD).


The IR spectra were recorded with the aid of a Bruker 113v spectrometer,
which allowed for measurements in the 4000 ± 200 cm�1 region (MCT and
DTGS detectors) with a resolution of 1 cm�1. Raman spectra were recorded
with the aid of a Dilor XY800 spectrometer equipped with a CCD camera
(Wright Instruments, Si-chip from EEV). Both the �� 488 nm and ��
514 nm lines of an Ar-ion laser (Coherent, Innova 90-5) were used for
excitation.


Results and Discussion


We start with a summary of the experimental findings which
give detailed information about the reaction mechanisms to
be analyzed by the subsequent quantum chemical calcula-
tions.


Matrix experiments : A full account of our experimental IR
results can be found elsewhere.[3] We now present Raman
spectra to complete the characterization of this system by
vibrational spectroscopy. The rate of deposition of Ga was
determined, by using a microbalance, to be 5 �gh�1. A typical
Raman spectrum recorded for a matrix containing up to 5%
of H2 in Ar, immediately after deposition, is shown in
Figure 1. It contains two strong and sharp signals at 353.1
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and 585.3 cm�1, which can be assigned to the rotational bands
S0(0) and S0(1) of H2 (notation SR(J), whereby S means �J� 2
and J� 0 and 1, respectively, and R refers to a possible
translational sideband of the pure transition). These bands
originate from isolated H2 molecules that are trapped in a
matrix site free of Ga2.[15] In addition to these features, a signal
appeared at 176.2 cm�1. This can be assigned to the �2(ag)
mode of Ga(�-H)2Ga. A combination mode �2(ag)� �4(b1u)
had already been detected in the IR spectra and on this basis
the wavenumber of the �2(ag) mode was estimated to be 175�
5 cm�1. Thus the IR and Raman results are in excellent
agreement. The �2(ag) mode can be described as a combina-
tion of the bending mode �(H-Ga-H) and, if there is any
interaction between the Ga atoms at all, Ga�Ga ™stretching∫.
The Raman experiment was repeated with D2 in place of H2.
In these experiments, strong signals were observed at 178.6
and 296.8 cm�1 due to the rotational bands S0(0) and S0(1) of
D2. Appearing as a shoulder of the emission at 178.6 cm�1 was
another sharp, strong signal at 176.1 cm�1, which belongs
almost certainly to the corresponding �2(ag) mode of Ga(�-
D)2Ga. The small shift of only 0.1 cm�1 of this mode uponH/D
substitution is in good agreement with the predictions of
quantum chemical calculations.[3] Unfortunately, because of
fluorescence, our Raman experiments failed to detect the
second a1 and the b1g mode of Ga(�-H)2Ga. The wavenumber
of these modes can be estimated, on the basis of combination
modes detected in the IR experiments, to be 1220 and
880 cm�1, respectively.[3] Presumably because of the heat
transferred into the matrix through the laser light, the Raman
spectra gave immediate evidence of the formation of Ga(�-
D)2Ga in case of Ga/D2 mixtures. Both in the IR and the
Raman experiments the bands belonging to Ga(�-H)2Ga
decreased upon photolysis.
On the basis of the experimental results, normal coordinate


calculations were performed onGa(�-H)2Ga, for which five of
the six vibrational fundamentals have been located exper-
imentally. The four M�H bond lengths, the M ¥¥¥M separa-
tion, and the dihedral angle expressing the displacement of
one atom relative to the plane defined by the other three (for
out-of-plane motion), were chosen as internal coordinates.


The wavenumbers for both
M2H2 and M2D2 were employed
to refine the force constants,[16]


using experimental values
where available. The force con-
stant for elongation of the
Ga ¥¥¥ Ga separation was deter-
mined to be 97.8 Nm�1, very
close to that of Ga2, which is
approximately 100 Nm�1.[19]


However, this cannot be taken
as clear evidence of interaction
between the two Ga atoms in
Ga(�-H)2Ga, as it is not possi-
ble to eliminate the contribu-
tion arising from Ga-H-Ga
bending.
The matrix experiments con-


ducted with Ga2 dimers and Ga
atoms proved that reactions (1) and (2), whether spontaneous
or photoactivated, proceed in a concerted fashion.[3, 4] It
follows that each reaction involves a one-step process for
which a choice of reaction coordinates is indicated in Figure 2.
In addition, extremely useful experimental information for
the reaction of Ga2 with H2 is to hand. Figure 3 shows IR
spectra recorded after deposition of Ga2 together with Ar


Figure 2. Definition of the reaction coordinates r1 and r2 for the reactions
of H2 with a) Ga to give GaH2 and b) Ga2 to give Ga(�-H)2Ga.


Figure 3. Infrared spectra in the region 1100 ± 700 cm�1 recorded a) im-
mediately after deposition of Ga vapor together with a 1:1 H2/D2 mixture in
an excess of Ar (H2/D2/Ar� 0.4/0.6/100) at 14 K, b) after 12 hours, c) after
20 hours and exposure to IR light.


Figure 1. Raman spectrum taken upon deposition of Ga2 together with H2 in an excess of Ar.
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doped with an equimolar mixture
of H2 and D2 at 14 K. The spec-
trum recorded immediately after
deposition (Figure 3a) shows a
very strong signal near
1002 cm�1. This can be assigned
to the �4(b2u) mode of singlet
Ga(�-H)2Ga,[3] which is formed
spontaneously. On the other hand,
it shows only a weak signal at
728 cm�1 due to the corresponding
mode of Ga(�-D)2Ga. Strikingly,
however, the second signal has
been observed to grow with time
or if the matrix is exposed to IR
radiation to provide slightly more
energy. Hence, it appears that
there is a small barrier to reaction.
One possible explanation for this
isotope effect is that there is a
difference in the barrier heights
for the systems Ga2/H2 and Ga2/
D2 caused by differences in the
zero-point energies of the reac-
tants and/or the transition states.
The second possibility is that the
barrier is narrow enough to allow
for effective tunneling through it,
which is then subject to a marked
isotopic effect.
In summary, the experimental data give quite detailed


information about the reaction mechanisms which will be
used at several stages of the following quantum chemical
analysis of the results. It should be noted that our calculations
do not allow for any special matrix effects caused by the
interaction of the molecules or atoms with the Ar atoms of the
matrix cage.[17]


Quantum chemical calculations: Prior to the discussion of the
reaction mechanisms, the structures and relative energies of
the relevant electronic states of Ga2, GaH2, and Ga2H2 will be
explored. For some species, there is information from
experimental and/or previous quantum chemical studies,
which provides tests of the accuracy of the methods and basis
sets used later for the exploration of the potential-energy
surfaces. There follows a discussion of the correlation
diagrams for the systems Ga/H2 and Ga2/H2, which afford
useful qualitative information about the reactions. Finally, the
potential-energy surfaces are analyzed for a detailed descrip-
tion of the reaction mechanism.


Ga2, GaH2 and Ga2H2 in their global energy minimum
structures : Dimensions and harmonic frequencies calculated
at different levels of theory are summarized in Table 1. Theory
and experiment agree that Ga2 assumes a triplet ground
electronic state.[18±20] The lowest energy triplet valence-shell
configuration (�g2�u2�g1�u1) results in a 3�u state with a Ga ±
Ga distance of 2.76 ä at the CASSCF/SVP level. MP2 theory
gives a considerably shorter bond length (2.71 ä), which


shrinks even further (to 2.63 ä) if the correlation of the d
electrons (d10 ± d10 interaction) is taken into account. In
addition, the �g2�u2�u2 configuration of the valence shell gives
rise to the 3�g� state (with a Ga�Ga distance of 2.39 ä at the
MP2/TZVPPext level), which our calculations find to be only
7 ± 9 kJmol�1 more energetic than the 3�u state (see Table 1).
The singlet electronic state lowest in energy is 1�g� with the
valence-shell configuration �g2�u2�g2 and a Ga�Ga distance of
2.92 ä (3.09 ä at the CASSCF level); this is calculated to lie
46 kJmol�1 higher in energy than the 3�u ground electronic
state. The CASSCF calculation predicts, however, an adia-
batic separation of not more than 19 kJmol�1, a result of some
importance to the following discussion of possible reaction
pathways. Two additional singlet electronic states, 1�u and
1�g, might also be of importance; these have energies 46
and 56 kJmol�1, respectively, above the ground electronic
state at the CASSCF level. As a general trend, we find
the Ga�Ga distance shortens upon inclusion of dynamic
electron correlation (by about 0.04 ± 0.09 ä), an effect which
is even more pronounced if the d-shells are correlated
by using appropriately modified basis sets. Simultaneously,
the vibrational frequencies increase by 20 ± 30 cm�1 (see
Table 1).
Table 2 includes the atomization and reaction energies of


relevance to our analysis. The dissociation energy of Ga2,
including the harmonic estimate of the zero-point energy
(ZPE), ranges from 92 to 131 kJmol�1 for the different levels
of theory employed. Our MP2/TZVPPext result may be
corrected for the basis-set superposition error to give a value


Table 1. Dimensions [in ä], harmonic vibrational frequencies [in cm�1] and relative energies [in kJmol�1] of
Ga2 in various electronic states, GaH, GaH2, and Ga2H2.


CASSCF/SVP MP2/TZVPP MP2/TZVPPext Exptl.


Ga2 3�u d(Ga�Ga) 2.763 2.714 2.632
�(Ga�Ga) 161 178 188 180[18]


3�g
� �E 7.1 7.8 9.1


d(Ga�Ga) 2.510 2.471 2.394
�(Ga�Ga) 204 222 238.4


1�g
� �E 19.0 41.5 45.8


d(Ga�Ga) 3.093 3.003 2.915
�(Ga�Ga) 121 146 153


1�u �E 46.3
d(Ga�Ga) 2.781
�(Ga�Ga) 154


1�g �E 56.4
d(Ga�Ga) 2.587
�(Ga�Ga) 170


GaH 1�g
� d(Ga�H) 1.700 1.679 1.651


�(Ga�H) 1553 1653 1668 1513.8[4]


GaH2
2A1 d(Ga�H) 1.623 1.596 1.562


�(H-Ga-H) 119.8 120.0 120.9
�(H-Ga-H) 724 755 764 740.1[4]


�s(Ga�H) 1743 1894 1927 1727.7[4]


�as(Ga�H) 1993 1922 1967 1799.5[4]


Ga2H2
1A1 d(Ga�H) 1.892 1.871 1.836


d(H�H) 2.251 2.197 2.168
d(Ga�Ga) 3.042 3.029 2.964
�(ag) 189 199 201 176.2 (this work)
�(b1u) 292 303 282
�(b3u) 915 960 986 880[3b]


�(b1g) 933 1011 1038 906.5[3b]


�(b2u) 1136 1158 1162 1002[3b]


�(ag) 1278 1324 1341 1220[3b]







Reaction of Ga with H2 3909±3919


Chem. Eur. J. 2003, 9, 3909 ± 3919 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3913


of 124 kJmol�1. Spin-orbit contributions (estimated on the
basis of earlier work[21]) reduce this value by another
9 kJmol�1. Overall, the value calculated here is in reasonable
agreement with the experimental value of 110.8�
4.9 kJmol�1.[22, 23]


The calculated relative energies of the electronic states of
Ga2 are in fair agreement with the results of earlier MR-
ACPF calculations,[20] which predicted the 3�g�, 1�g�, 1�u, and
1�g states to lie 10.6, 34.7, 44.4, and 48.2 kJmol�1, respectively,
above the energy of the 3�u ground state. In this earlier work,
the Ga�Ga separations and harmonic frequencies �(Ga�Ga)
of the 3�u, 3�g�, 1�g�, 1�u, and 1�g states were calculated to be
2.69, 2.47, 2.94, 2.70, 2.55 ä, and 170, 210, 118, 169, 170 cm�1,
respectively.[20]


GaH possesses a closed-shell ground state (1�g�). The bond
length and the harmonic vibrational frequency are predicted
to be 1.65 ä and 1668 cm�1, respectively, in good agreement
with the experimentally determined values of 1.6621 ä and
1604 cm�1.[4, 24] It is evident from the values calculated with
different methods and basis sets (see Table 1) that dynamic
correlation and d-shell inclusion lead to further significant
alterations in the values calculated for these observable
parameters.
GaH2 has been studied previously in inert gas matrices by


means of IR and EPR spectroscopy.[4, 5] The experimental
results clearly show that GaH2 is a bent molecule with C2v
symmetry. On the basis of the experimental results, the H-Ga-
H bond angle was estimated to be approximately 120�.[4]


Previous calculations[25±27] predict an H-Ga-H bond angle
and a Ga�H bond length of
118 ± 120.4� and 1.580 ± 1.616 ä,
respectively. In delivering a
Ga�H bond length of 1.56 ä
and a H-Ga-H bond angle of
121�, our calculations are in
good agreement with these pre-
vious reports. Trends similar to
those discussed for Ga2 and
GaH are found if different
levels of theory are applied
(see Table 1).
As already mentioned, Ga(�-


H)2Ga has been characterized
on the basis of its IR spec-
trum.[3] The Ga�H and Ga ¥¥¥
Ga distances of this planar
molecule (D2h symmetry) were
calculated to be 1.84 and


2.96 ä, respectively, and the
H-Ga-H angle was calculated
to be 72.4�. Again, our values
are in good agreement with
those obtained previously by
applying DFT or CCSD meth-
ods,[3, 27±29] although the bond
lengths are significantly shorter
in our calculations, probably
because of the inclusion of
d10 ± d10 interactions. We note


further that the Ga ¥¥ ¥Ga separation in Ga(�-H)2Ga is close to
the value adopted for Ga2 in its 1�g� electronic state. In the
following discussion, we will see that the reaction of Ga2 with
H2 (along the reaction coordinate r2 as defined in Figure 2)
involves first a shortening and then a lengthening of the
Ga ¥¥¥ Ga separation.


Correlation diagrams : The experimental results favor con-
certed reaction mechanisms for both Ga � H2 and Ga2 � H2.
It will be shown in the following discussion that the choice of
high-symmetry coordinates as defined in Figure 2 is reason-
able, and that the C2v symmetry is maintained throughout the
reactions. The correlation diagrams for the systems Ga/H2 and
Ga2/H2 are visualized in Figures 4 and 5. In the case of the
reaction of atomic Ga with H2, the initial valence-shell
electronic configuration is �24s24p1, which translates into the
three possible valence-shell configurations a12a12a11, a12a12b11,
and a12a12b21 for an approach of the two reactants in C2v
symmetry. However, according to our simple correlation
diagram, none of these three configurations leads to the
ground-state valence-shell electronic configuration of the
GaH2 product, which is a12b12a11. Instead, the valence-shell
configurations lead to excited states of GaH2.[30] In the case of
the reverse process, the decomposition of GaH2 into a Ga
atom and H2, the valence-shell configuration a12b12a11 prior to
decomposition correlates with an electronic configuration
�24s14p2 for the Ga atom after decomposition. This might
imply that a 2D� 2P or 2S� 2P electronic excitation of the
Ga atom would support the forward reaction, and in fact it has


Table 2. Reaction energies at 0 K [in kJmol�1, ZPE corrections included].


Reaction CASSCF/SVP MP2/TZVPP MP2/TZVPPext Exptl.


H2� 2H � 366.2 � 406.2 � 432.07(1)[a]
Ga2� 2Ga � 91.8 � 117.7 � 131.1 110.3(7.0)/110.8(4.9)[b]


GaH� Ga�H � 248.3 � 257.9 � 260.9 � 274[24]


Ga�H2� GaH�H � 117.9 � 148.3 � 145.3
Ga�H2� GaH2 � 2.3 � 15.9 � 13.3
Ga2�H2� Ga2H2 � 93.1 � 95.7 � 96.0
Ga2H2� 2GaH � 54.4 � 103.8 � 111.5
[a] JANAF Thermochemical Tables, 3rd ed., J. Phys. Chem. Ref. Data 1998, 4, Monograph 9. [b] See ref. [23].


Figure 4. Correlation diagram for the reaction between a Ga atom and H2 to give HGaH [reaction (2)].
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been reported that Ga atoms in their 2D (and also 2S)
electronic state react spontaneously with H2 to give GaH2.[4, 5]


Figure 5 shows the corresponding correlation diagram for
the reaction of Ga2 with H2 to give Ga(�-H)2Ga. The
�g
2�u


2�g
2�g


1�u
1 ground-state valence-shell configuration trans-


lates into a12b22a12a11a11 or a12b22a12a11b11 configurations in
C2v symmetry. Ga(�-H)2Ga in D2h symmetry exhibits a
ground electronic state with the valence-shell configuration
ag2b2u2b3u2ag2, which corresponds to a12b22b12a12 in C2v symme-
try. From Figure 5 it is clear that neither of the two possible
initial electronic states will lead to this ground electronic state.
The �g2�u2�g2�g1�u1 valence-shell electronic state of Ga2 leads
instead to the excited electronic state of Ga(�-H)2Ga with the
configuration ag2b2u2b3u1ag2b1u1. On the other hand, decompo-
sition of Ga(�-H)2Ga into Ga2 and H2 would, according to our
diagram, lead to Ga2 in its 1�g or 1�g� electronic state, but not
of course directly to the 3�u ground state.
In summary, the correlation diagrams show that the


reactions of H2 with both Ga and Ga2 feature electronic
states of the reactants that are incompatible with those of the
products, and, therefore, there must be a change of electronic
state somewhere along the reaction coordinate. This change
also brings with it the expectation of at least a small barrier
that has to be overcome if the reactions are to take place.


Reaction mechanisms


Ga � H2 : The reaction energy for reaction (2) was calculated
to be �13 kJmol�1 at the MP2 level of theory. This implies
that the Ga�H bond formation can only just compensate for
the large energy required to break the H2 bond. The CASSCF


calculation yields a somewhat smaller value of �2 kJmol�1.
As a first step, calculations were employed to analyze the
approach of a Ga atom to an H2 molecule along a high-
symmetry C2v-symmetric path (reaction coordinate r1, see
Figure 2), leading to a concerted reaction. Figure 6 shows the
potential energy, defined relative to that of a Ga atom in its 2P
ground electronic state and an H2 molecule at infinite
separation, as a function of the reaction coordinate r1. For


Figure 6. CASSCF potential energy for the approach of Ga and H2 along
the high-symmetry path (C2v, see Figure 1). Shown are the three states
arising from the degenerate 2P state of Ga. At each value of r1, the
remaining dimensions were optimized for the 2B1 electronic state at the
CASSCF level.


Figure 5. Correlation diagram for the reaction between a Ga2 dimer and H2 to give Ga2H2 [reaction (1)].
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all electronic states arising from 2P (2A1, 2B1, and 2B2), the
potential energy increases rapidly for values of r1 smaller than
2.0 ± 2.5 ä. The potential-energy curve of the 2B1 state, for
which the singly-occupied Ga 4p orbital is oriented parallel to
the H2 axis, exhibits the smallest energy increase. For
symmetry reasons, however, this state evidently does not lead
directly to the desired product. The 2A1 state, which is initially
highly repulsive, does not change much if the H�H distance
for this state is optimized. An inspection of the second
derivatives of the potential energies shows that the vibrational
modes which break the C2v symmetry exhibit imaginary
wavenumbers for this state, indicating that another reaction
path is energetically favored. Additionally, we note that at
r2� 2 ä the 2B1 ± 2A1 separation decreases again and at r1�
1.45 ä the 1A1 state becomes lower in energy than the 2B1
state. At these distances the 1A1


state already has the product
configuration (a12b12a11). Hence
we may conjecture that reduc-
tion of the symmetry will lead
to a neighboring transition state
that connects the reactant and
product potential-energy surfa-
ces. Our calculations do indeed
suggest a low symmetry, but
now nonconcerted, reaction
pathway, proceeding in two
steps, first to the simple GaI


hydride GaH and H atom and
then, on recombination, to the
GaH2 product [reactions (3)
and (4)].[31]


Ga�H2 � GaH�H . (3)


GaH�H . � HGa .H (4)


Our CASSCF calculations result in a reaction energy
(including ZPE) of �118 kJmol�1 for the first step leading to
GaH and H; MP2 calculations predict a somewhat larger
value of �145 kJmol�1. The endothermic character of the
reaction testifies to the weakness of the newly formed Ga�H
bond formed at the expense of the strong H�H bond. At
�138 kJmol�1 (including ZPE), the CASSCF reaction barrier
for this first step comes out to be only slightly higher than the
reaction energy. The second step, leading to the GaH2


reaction product, is exothermic by �120 kJmol�1
(�159 kJmol�1 at the MP2 level); according to our CASSCF
calculations, it is opposed by a minuscule barrier with a height
not exceeding �4 kJmol�1. Figure 7 is designed to illustrate
this reaction pathway and the geometries of the transition
states.


Ga2 � H2 : According to our calculations, reaction (1) is
exothermic by some �96 kJmol�1 at the MP2/TZVPPext
level; the CASSCF/SVP result is �93 kJmol�1. As already
mentioned, several electronic states of Ga2 have to be taken
into account. In principle, three mechanisms have then to be
considered (see Scheme 1).


1) Reaction occurs between Ga2 in a triplet electronic state
and H2 to give Ga(�-H)2Ga in an excited triplet electronic
state (Scheme 1, top). In a second step, this species is
quenched (e.g., by the matrix environment or in the gas
phase by collision with a third body), to deliver Ga(�-
H)2Ga in its singlet ground electronic state.


2) The process starts with the excitation of Ga2 from its triplet
ground state into its lowest energy singlet state (Scheme 1,
middle). This is a ™forbidden∫ process that might, never-
theless, be brought about by spin-orbit coupling, which is
already significant for Ga2 (giving a maximum splitting of
the 3�u level that amounts to about 470 cm�1[21]), and with
the aid of the environment. This intersystem crossing is
then followed by reaction with H2 to give singlet Ga(�-
H)2Ga.


3) A third possibility begins with a triplet Ga2/H2 system and
ends with a singlet Ga(�-H)2Ga product by way of an
intersystem crossing somewhere on the reaction coordi-
nate (Scheme 1, bottom). This triplet ± singlet electronic
transition can again be achieved either through spin-orbit
coupling or, in a solid noble gas matrix, through the
potential of the matrix environment to contain and
efficiently quench excited molecular species.[17]


In the following account, we discuss these three possible
reaction mechanisms. We start again by assuming the


Scheme 1. Illustration showing the three possible mechanisms for the reaction of Ga2 dimers with H2 to give
Ga(�-H)2Ga.


Figure 7. Schematic representation of the reaction of Ga and H2 leading to
GaH2 along the low-symmetry path (Cs).
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symmetry of the approaching molecules to be C2v for all
values of the reaction coordinate r2. This assumption makes
sense on the basis of the experimental findings, which support
a concerted reaction pathway. It also emerges, from an
inspection of the second derivatives of the potential energies,
that none of the vibrational modes that break the C2v
symmetry exhibit imaginary wavenumbers, implying that we
have indeed chosen the lowest energy path.
At the stage of the approach of H2 toward Ga2, when the


two reactants can no longer be treated as separated molecules,
the overall symmetry is C2v and the degenerate 3�u state of
Ga2 splits into two states: a 3B1 (component perpendicular to
the reaction coordinate r2) and a 3A1 (component collinear
with r2) state. Of these two states the 3B1 state is energetically
favored. Figure 8 shows the potential energy of Ga2/H2 in its


Figure 8. CASSCF (bold lines) and MRCI (thin lines) potential energy in
dependence of r2 (see Figure 1 for its definition) for the approach of Ga2
and H2 along the high-symmetry path (C2v). At each value of r2 , the
remaining dimensions were optimized for the 3B1 state at the CASSCF
level.


3B1 electronic state as a function of r2; at each point the H ¥¥¥H
and Ga ¥¥¥ Ga separations were optimized at the CASSCF
level. The potential energy is expressed relative to the energy
at infinite separation of the Ga2 (3�u) and H2 molecules. It is
evident from Figure 8 that a significant repulsive interaction
between H2 and Ga2 starts for values of r2 smaller than about
3 ä. If correlation is included, a significant interaction starts
at somewhat smaller values of r2 .
An additional curve in Figure 8 represents the relative


energies of the 3A1 electronic state of the Ga2/H2 system, with
the energies calculated at each value of r2 for the same
geometries as for the 3B1 state. In this case the repulsive
interaction between the H2 andGa2 molecules starts at a much
earlier stage than it does for the 3B1 electronic state. A
repulsion energy amounting to 50 kJmol�1 has already been
reached at r2� 2.7 ä and exceeds 150 kJ mol�1 at r2� 2 ä.
This behavior does not change significantly if the geometry of
the 3A1 state is fully optimized. On these grounds it can be
argued that the 3A1 electronic state is unlikely to play a major
role in the reaction mechanism, although it would lead


directly to the 3B1u excited state of Ga(�-H)2Ga. The situation
resembles that of the Ga�H2 system (2B1 and 2A1 states), and
we likewise expect the reaction leading to the lowest energy
triplet electronic state of Ga(�-H)2Ga to occur after symmetry
breaking in a nonconcerted fashion. From our calculations,
the barrier height can be estimated to exceed 120 kJmol�1.
Accordingly, we can rule out such a mechanism.
Finally, Figure 8 shows how the relative potential-energy


curve derived for the 1A1 electronic state, which represents
the lowest energy singlet electronic state, varies with r2 . Due
to the energy difference between the 3�u and 1�g


� electronic
states of Ga2, the energy for the 1A1 state at infinite values of
r2 is 19 kJmol�1 higher than that calculated for the 3B1 state.
This singlet ± triplet separation is somewhat smaller when
calculated at the CASSCF level than at the correlated level
(46 kJmol�1 at theMP2/TZVPP and 32 kJmol�1 at theMRCI/
SVP level). However, both CASSCF and MRCI calculations
agree that the singlet state shows a much smaller repulsive
interaction, upon approach of the reactants, than do the other
electronic states, and for r2� 1.482 ä the 1A1 state becomes
energetically favored.
Figure 9a shows the potential-energy surface as calculated


for the 1A1 electronic state using CASSCF/SVP. In this
representation, the energy is plotted as a function of the
reaction coordinate r2 and the H�H separation, and the
Ga�Ga distance is optimized at the CASSCF level at each
point. For values of r2 larger than 1.8 ä, the H�H bond still
remains intact, but it breaks upon passing the transition state
at r2� 1.6 ä and relaxes to a H ¥¥¥H separation close to the
one finally adopted in the Ga(�-H)2Ga molecule. The
transition state was also explicitly optimized at the CASSCF
level and found to possess a single imaginary frequency. The
™classical∫ barrier to reaction (not accounting for possible
tunneling processes) amounts to about 53 kJmol�1 (relative to
H2�Ga2(1�g�)) without ZPE and does not change signifi-
cantly after ZPE corrections (minuscule change to
52 kJmol�1).[32] It follows that the isotope effects for such a
mechanism should be rather small. Indeed, for the corre-
sponding reaction of Ga2 with D2 to give Ga(�-D)2Ga, we
calculate a barrier only 0.5 kJmol�1 higher. Relative to the
triplet ground electronic state of Ga2, the ™classical∫ barrier
height then amounts to about 70 kJmol�1.
To assess the influence of dynamic correlation, the calcu-


lations were repeated at the MR-CI level. The results of these
calculations are depicted in Figure 10. As already pointed out,
the calculations result in a larger singlet ± triplet gap
(32 kJmol�1), but the barrier height on the singlet hypersur-
face now amounts to only 19 kJmol�1, giving an overall
™classical∫ barrier height of 51 kJmol�1 relative to the triplet
ground state. A comparison of Figures 9a and 10a reveals only
minor changes in the topology of the energy surface.
The barrier is also relatively broad and therefore efficient


tunneling, accompanied by what is likely to be a significant
isotopic effect, is not expected to take place. However, the
computational results indicate that the reaction, if it follows
this pathway, has to proceed through the transition state and
so has to overcome the full ™classical∫ barrier height.
We finally come to a discussion of the potential-energy


surface as calculated for the 3B1 electronic state, the energy
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again being expressed as a function of the reaction coordinate
r2 and the H ¥¥¥H separation (with the Ga ¥¥ ¥Ga distance
optimized at the CASSCF level). The results at the CASSCF
and MRCI levels are monitored in Figures 9d and 10d,
respectively. In order to find the intersection between the
potential-energy curves for the 1A1 and 3B1 electronic states,
we have calculated additionally at each point the energy of the
1A1 electronic state, the geometry being the same as for the
3B1 electronic state at this point. Hence, we have determined
the vertical singlet ± triplet separations between the two
potential-energy surfaces. The surfaces, displayed in Fig-
ures 9c and 10c, reveal only small differences in comparison
with the relaxed surfaces, which are plotted in Figures 9a and
10a, respectively. The intersection line, along which the singlet
and triplet electronic states are degenerate, is also shown.
Similarly, for the relaxed 1A1 surface the 3B1 energy at each
point was calculated, with the results displayed in Figures 9b
and 10b.


At the CASSCF level, the
singlet ± triplet intersection has
its minimum close to the values
of r2 and d(H�H) adopted in the
transition state on the singlet
surface. The energy at this point
is 80 kJmol�1 and thus
10 kJmol�1 higher than the en-
ergy of the transition state,
which is reached by relaxation
of the Ga ¥¥ ¥Ga distance towards
its singlet equilibrium distance.
The intersection between the
relaxed 1A1 state and the triplet
state occurs at about 70 kJmol�1.
However, the intersection takes
place shortly before the transi-
tion state on the 1A1 surface is
reached (see Figure 9a/b). A
similar result is obtained at the
MRCI level: the singlet ± triplet
intersection reaches its mini-
mum at r2� 1.53 ä and
d(H�H)� 0.95 ä, and has an
energy about 65 kJmol�1 higher
than that of the reactants and
15 kJmol�1 higher than that of
the transition state on the singlet
surface. As with the results of
the CASSCF calculations, the
relaxed 1A1 state intersects al-
ready at r2� 1.65 ä with a mini-
mum energy of about
50 kJmol�1. Computational re-
strictions prevented us from cal-
culating the spin-orbit-induced
interaction potential between
the 3B1 and 1A1 potentials. Nev-
ertheless, we note that the spin-
orbit interaction can mix the two
states (in other words, 3B1 and


1A1 states map to the same irreducible representation of the
C2v double group and therefore, in a relativistic treatment,
both states possess the same symmetry).
Though the energetics alone do not clearly favor the


mechanism shown at the bottom of Scheme 1, there is a
kinetic aspect which makes this mechanism the candidate
most likely to explain the experimental findings. It has been
argued earlier that the second mechanism (Scheme 1, middle)
is not expected to show a strong isotope effect. Tunneling
processes also seem unlikely to be of significance because of
the relatively broad barrier. If, on the other hand, we inspect
the topology of a composite potential-energy surface consist-
ing of the triplet state (Figures 9d or 10d, respectively) on one
side and the singlet state (see Figures 9a and 10a) on the other
side of the intersection line, we find that the barrier width is
much reduced, making tunneling a likely process. A pro-
nounced isotope effect may than be expected, in agreement
with the experimental findings.


Figure 9. CASSCF potential-energy surfaces for the high-symmetry path (C2v). a) 1A1 electronic state with
relaxed Ga�Ga distances; the position of the TS is marked by a cross. b) 3B1 electronic state at the Ga�Ga
distances relaxed for 1A1; the dotted line indicates the intersection of the surfaces a) and b). c) 1A1 electronic
state at the Ga�Ga distances relaxed for 3B1. d) 3B1 electronic state with relaxed Ga�Ga distances; the dotted
line indicates the intersection of the surfaces c) and d).
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An interesting point of the analysis is that the Ga ¥¥ ¥ Ga
separation first decreases and then increases again in the
course of the reaction between Ga2 and H2. This behavior can
be understood from an analysis of the wavefunctions. In the
course of the approach of the two reactants, the 3�u and 3�g


�


type states of the Ga2 moiety mix and the optimal Ga�Ga
distance is about 2.65 ä. At the point of intersystem crossing
from triplet to singlet states, Ga2 adopts a 1�g-type state for
which the optimal distance is somewhat shorter (about
2.55 ä). After the intersystem crossing, the Ga�Ga distance
again increases, and the ground electronic state of the product
reflects the 1�g� state of Ga2, with its Ga�Ga distance of about
3.00 ä.
In summary, the calculations favor the third mechanism


(Scheme 1, bottom), which includes, firstly, the approach of
the fragments on the triplet surface, followed by an inter-
system crossing. According to our MRCI calculations, the


barrier height for reaction (1)
amounts to 50 ± 60 kJmol�1,
which is somewhat higher than
the value of 35 kJmol�1 esti-
mated on the basis of the ex-
perimental results.[3] Clearly, in
view of the modest basis set and
the neglect of semi-core d-elec-
tron correlation, no quantita-
tive prediction is to be expected
on the basis of these calcula-
tions. However, the third mech-
anism suggests a significant
contribution from tunneling,
which is in accord with the
experimentally observed iso-
tope effects. What can definite-
ly be concluded is that reac-
tion (1) is opposed by a much
lower barrier than reaction (2).
The calculations therefore suc-
ceed in correctly predicting the
differences in reactivity be-
tween a Ga atom and a Ga2
dimer.


Conclusion


In summary, the results of this
study, which are based on ex-
perimental facts as well as de-
tailed quantum chemical calcu-
lations, offer a satisfactory ex-
planation of the striking
differences in reactivity, with
respect to H2, displayed by a
Ga atom and a Ga2 dimer under
conditions of matrix isolation.
The barriers to reaction with H2


found in this study are charac-
terized and can be attributed to


changes of electronic state (rehybridization). In other words,
what makes Ga2 more reactive than Ga is its access to a
greater range of excited electronic states at relatively low
energies; moreover, the specific characters of these states,
with their associated orbital symmetries and multiplicities, is
likely also to make Ga2 more selective in its reactions. The
barriers to the reactions of Ga atoms, in their 2P ground
electronic state to give doublet GaH2, and of Ga2 molecules,
in their 3�u ground electronic state to give triplet Ga(�-
H)2Ga, are too high for the reactions to occur spontaneously.
In the case of Ga/H2, the calculations predict, for the thermal
reaction, a radical mechanism leading first to GaH�H and
then to GaH2. On the other hand, the reaction of Ga2
molecules in the 3�u ground electronic state with H2 to form
singlet Ga(�-H)2Ga, with an intersystem crossing during the
approach, is subject to only a small activation barrier. The
analysis of the barrier structure suggests that efficient


Figure 10. MRCI potential-energy surfaces for the high-symmetry path (C2v). a) 1A1 electronic state with relaxed
Ga�Ga distances (optimized at the CASSCF level). b) 3B1 electronic state at the Ga�Ga distances relaxed for
1A1; the dotted line indicates the intersection of the surfaces a) and b). c) 1A1 electronic state at the Ga�Ga
distances relaxed for 3B1. d) 3B1 electronic state with relaxed Ga�Ga distances; the dotted line indicates the
intersection of the surfaces c) and d).
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tunneling processes may occur and, thus, account satisfacto-
rily for the significant isotope effect revealed by experiment.[3]


It is likely, too, that the same factors, namely rehybridization
effects, which dictate the reactivity patterns of the Ga atom
versus the Ga2 dimer, also play key roles in governing the
reactivities of larger gallium clusters. In this sense, the present
study is a small step towards a better understanding of the
chemical properties of clusters, which can be very different
from those of not only the corresponding atoms, but also the
bulk metal.


Acknowledgements


The authors thank Prof. R. Ahlrichs for fruitful discussions and support,
and the Deutsche Forschungsgemeinschaft for financial support, partially
through SFB 195 (™Lokalisierung von Elektronen in mikroskopischen und
makroskopischen Systemen∫) and the award of a Habilitanden-Stipendium
(to H.-J.H.).


[1] See, for example: a) B. C. Gates, Chem. Rev. 1995, 95, 511; b) J. Evans,
J. Chem. Soc. Dalton. Trans. 1996, 555; c) A. Ecker, E. Weckert, H.
Schnˆckel, Nature 1997, 287, 379; d) B. F. G. Johnson, Coord. Chem.
Rev. 1999, 190 ± 192, 1269; e) H. Schnˆckel, A. Schnepf, Adv. Organo-
met. Chem. 2001, 47, 235.


[2] Z. L. Xiao, R. H. Hauge, J. L. Margrave, Inorg. Chem. 1993, 32, 642.
[3] a) H.-J. Himmel, L. Manceron, A. J. Downs, P. Pullumbi, Angew.


Chem. 2002, 41, 796; Angew. Chem. Int. Ed. 2002, 114, 829; b) H.-J.
Himmel, L. Manceron, A. J. Downs, P. Pullumbi, J. Am. Chem. Soc.
2002, 124, 4448.


[4] P. Pullumbi, C. Mijoule, L. Manceron, Y. Bouteiller,Chem. Phys. 1994,
185, 13.


[5] L. B. Knight Jr., J. J. Banisaukas III, R. Babb, E. R. Davidson, J.
Chem. Phys. 1996, 105, 6607.


[6] See, for example: a) S. C. Chang, R. H. Hauge, W. E. Billups, J. L.
Margrave, Z. H. Kafafi, Inorg. Chem. 1988, 27, 205; b) J. M. Parnis,
G. A. Ozin, J. Phys. Chem. 1989, 93, 4023; c) Z. L. Xiao, R. H. Hauge,
J. L. Margrave, J. Phys. Chem. 1992, 96, 636.


[7] Chemistry of Aluminium, Gallium, Indium and Thallium (Ed.: A. J.
Downs), Blackie, Glasgow, 1993.


[8] N. J. Hardman, R. J. Wright, A. D. Phillips, P. P. Power, Angew. Chem.
2002, 114, 2966; Angew. Chem. Int. Ed. 2002, 41, 2842


[9] a) R. Ahlrichs, M. B‰r, M. H‰ser, H. Horn, C. Kˆlmel, Chem. Phys.
Lett. 1989, 162, 165; b) F. Weigend, M. H‰ser, Theor. Chem. Acc. 1997,
97, 331.


[10] A. Sch‰fer, C. Huber, R. Ahlrichs, J. Chem. Phys. 1994, 100, 5829.
[11] F. Weigend, M. H‰ser, H. Patzelt, R. Ahlrichs, Chem. Phys. Lett. 1998,


294, 143.
[12] Please order via email: andreas.koehn@chemie.uni-karlsruhe.de.


[13] T. Helgaker, H. J. A. Jensen, P. J˘rgensen, J. Olsen, K. Ruud, H.
ägren, A. A. Auer, K. L. Bak, V. Bakken, O. Christiansen, S. Coriani,
P. Dahle, E. K. Dalskov, T. Enevoldsen, B. Fernandez, C. H‰ttig, K.
Hald, A. Halkier, H. Heiberg, H. Hettema, D. Jonsson, S. Kirpekar, R.
Kobayashi, H. Koch, K. V. Mikkelsen, P. Norman, M. J. Packer, T. B.
Pedersen, T. A. Ruden, A. Sanchez, T. Saue, S. P. A. Sauer, B.
Schimmelpfennig, K. O. Sylvester-Hvid, P. R. Taylor, and O. Vahtras,
DALTON–an electronic structure program, release 1.2, 2001.


[14] A. Sch‰fer, H. Horn, R. Ahlrichs, J. Chem. Phys. 1992, 97, 2571.
[15] See, for example: a) J. A. Warren, G. R. Smith, W. A. Guillory, J.


Chem. Phys. 1980, 72, 4901; b) M. E. Alikhani, B. Silvi, J. P. Perchard,
V. Chandrasekharan, J. Chem. Phys. 1989, 90, 5221; c) M. E. Alikhani,
L. Manceron, J. P. Perchard, B. Silvi, J. Mol. Struct. 1990, 222, 185.


[16] The calculations were carried out with the ASYM 40 program,
version 3.0, upgrade of program ASYM 20, L. Hedberg, I. M. Mills, J.
Mol. Spectrosc. 1993, 160, 117; If the atoms are numbered Ga1, H2,
Ga3, H4, the choice of symmetry coordinates used in the analysis was:
S1� r(Ga1�H2) � r(Ga1�H4) � r(Ga3�H2) � r(Ga3�H4), S2�
r(Ga1�Ga3), S3� r(Ga1�H2)� r(Ga1�H4) � r(Ga3�H4)�
r(Ga3�H2), S4� r(Ga1�H2) � r(Ga1�H4)� r(Ga3�H4)�
r(Ga3�H2), S5� r(Ga1�H2)� r(Ga1�H4)� r(Ga3�H4) �
r(Ga3�H2), S6� �(Ga1-H2-Ga3-H4).


[17] See, for example: H.-J. Himmel, A. J. Downs, T. M. Greene, Chem.
Rev. 2002, 102, 4191.


[18] F. W. Froben, W. Schulze, U. Kloss, Chem. Phys. Lett. 1983, 99, 500.
[19] K. Balasubramanian, J. Phys. Chem. 1986, 90, 6786.
[20] T. K. Gosh, K. Tanaka, Y. Mochizuki, Theochem. 1998, 451, 61.
[21] K. K. Das, J. Phys. B 1997, 30, 803.
[22] G. Balducci, G. Gigli, G. Meloni, J. Chem. Phys. 1998, 109, 4384.
[23] I. Shim, K. Mandix, K. A. Gingerich, J. Phys. Chem. 1991, 95, 5435.
[24] K. P. Huber, G. Herzberg,Molecular Spectra and Molecular Structure.


IV. Constants of Diatomic Molecules, van Nostrand Reinhold, New
York, 1979.


[25] S. Aldrige, Chem. Rev. 2001, 101, 3305. J. A. Pople, B. T. Luke, M. J.
Frisch, J. S. Binkley, J. Phys. Chem. 1985, 89, 2198.


[26] a) K. Balasubramanian, Chem. Phys. Lett. 1989, 164, 231; b) C. W.
Bock, K. D. Dobbs, G. J. Mains, M. Trachtman, J. Phys. Chem. 1991,
95, 7668.


[27] G. Treboux, J.-C. Barthelat, J. Am. Chem. Soc. 1993, 115, 4870.
[28] Y. Yamaguchi, B. J. DeLeeuw, C. A. Richards, Jr., H. F. Schaefer III. ,


G. Frenking, J. Am. Chem. Soc. 1994, 116, 11922.
[29] Z. Pala¬gyi, H. F. Schaefer III, E. Kapuy, Chem. Phys. Lett. 1993, 203,


195.
[30] Similar arguments were used previously (see J. M. Parnis, G. A. Ozin,


J. Phys. Chem. 1989, 93, 1220) to explain the reactivity of Al atoms
toward H2 and CH4.


[31] For a general discussion of reaction mechanisms involving radicals see,
for example: S. Shaik, A. Shurki, Angew. Chem. 1999, 111, 616, and
references therein.


[32] The analysis of the ZPE contributions shows that the loss of ZPE for
the H�H vibration (which mainly contributes to the imaginary mode)
is compensated by the formation of Ga�H bonds.


Received: December 3, 2002 [F4633]








A Density Functional Study To Choose the Best Fluorophore for
Photon-Induced Electron-Transfer (PET) Sensors


Abhijit Chatterjee,* Toshishige M. Suzuki, Yukiko Takahashi, and
David A. Pacheco Tanaka[a]


Abstract: Anthracenes bearing aliphat-
ic or aromatic amino substituents, which
behave as molecular sensors, have
shown their potential to act as photon-
induced electron-transfer (PET) sys-
tems. In this PET, the fluorophore
moieties are responsible for electron
release during protonation and deproto-
nation. The principle of hard and soft
acids and bases (HSAB) deals with both
intra- and intermolecular electron mi-
gration. It is possible to calculate the
localized properties in terms of Fukui
functions in the realm of density func-
tional theory (DFT) and thus calculate
and establish a numerical matchmaking


procedure that will generate an a priori
rule for choosing the fluorophore in
terms of its activity. We calculated the
localized properties for neutral, anionic,
and cationic systems to trace the course
of the efficiency. A qualitative scale is
proposed in terms of the feasibility of
intramolecular hydrogen bonding. To
investigate the effect of the environment
of the nitrogen atom on protonation


going from mono- to diprotonated sys-
tems, we calculated the partial density of
states and compared the activity se-
quence with reactivity indices. The re-
sults show that location of the nitrogen
atom in an aromatic ring does not
influence the PET, but for aliphatic
chains it plays a role. Furthermore, the
protonation/deprotonation scenario has
been explained. The results show that
the reactivity indices can be used as a
suitable property for scaling the activity
of fluorophore molecules for the PET
process.


Keywords: density functional
calculations ¥ donor ± acceptor
systems ¥ electron transfer ¥
reactivity indices ¥ sensors


Introduction


Fluorescent signaling by the PET strategy is distinguished by
its intrinsically supermolecular nature, since distinct compo-
nents each perform one (or more) of the necessary func-
tions.[1] A sensor molecule consists of three parts: A fluo-
rophore module is the site for both photonic excitation and
emission, a receptor module is responsible for guest complex-
ation and decomplexation, and a spacer module holds the
fluorophore and receptor close to, but separate from, each
other. It is well known that life processes are usually
successful only within a relatively narrow window of pH,
and many other chemical species must also be held within
narrow ranges of concentration. Organisms depend on such
concentration windows for their survival.[2] It would be useful
to rapidly screen microenvironments for the presence of such
windows of pH. Fluorescent sensing is particularly capable of
imaging concentrations of chemical species in microenviron-


ments.[3±5] De Silva et al[6] proposed a predictive design for
molecules with PET characteristics, which display strong
fluorescence within a pH window. It involves self-assembly of
ligands and metal moieties, especially transition metal cations.
Ligands containing amino or pyridinyl groups and a fluores-
cent moiety display rich photophysical behavior in aqueous
solution, due to variation in fluorescence intensity with pH. A
ligand of the pyridine type quenches the fluorescence of a
fluorophore like anthracene only when protonated,[6] while an
amino group quenches the fluorescence of the same fluoro-
phore only when not protonated.[7] This means that the
fluorescence of aminomethylanthracenes is switched off as a
result of PET.[8] Protonation of the amino group stops PET,
and the fluorescence is switched on. Such proton-induced
™off ± on∫ switching is the normal logic of fluorescent PET
sensors.[3] The opposite case of proton-induced ™on ± off∫
switching can achieved by using reversed-logic fluorescent
PET sensors.[3] As this reaction is to be performed in aqueous
medium it should be pH-dependent. If one knows the
percentage of a particular species in a particular pH range it
would be possible to switch advantageously from one species
to another or from one architecture to another by simply
tuning the pH or modulating the degree of protonation.
Hence, if the fluorophore structure is known and the electron-
donor/receptor property of the molecule can be tuned, then
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an active fluorophore suited for a particular PET sensing
process can be proposed. This prompted us to use localized
structure-based properties to obtain an activity scale for a
range of molecules suitable for the PET process. So far there
have been no such studies for rationalizing the phenomenon
of PET for a set of molecules, for arranging them on an
activity scale, and for understanding the mechanism of the
process.
The principle of hard and soft acids and bases (HSAB)


classifies the interaction between acids and bases in terms of
global softness. Pearson proposed the global HSAB princi-
ple.[9] The global hardness was defined as the second
derivative of the energy relative to the number of electrons
at constant temperature and external potential, which in-
cludes the nuclear field. The global softness is the inverse of
this. Pearson also suggested a principle of maximum hardness
(PMH),[10] which states that, for a constant external potential,
the system with the maximum global hardness is the most
stable. This added a new dimension to understanding the
driving forces of chemical processes. Recently, DFT has
gained widespread use in quantum chemistry. Some DFT-
based local properties, for example, Fukui functions and local
softnesses,[11] have already been used to make reliable
predictions for various types of electrophilic and nucleophilic
reactions.[12±15] In our recent studies[16±18] we used a scale of
reactivity indices for predicting intermolecular reactivity.
Here, in the current study we deal with an intramolecular
reactivity sequence to find the electrophilic and nucleophilic
centers of a given molecule. We used the concept of relative
nucleophilicity/electrophilicity proposed by Roy et al.[19] to
choose the active site. They applied this concept to carbonyl
compounds, and we also successfully used it to rationalize the
adsorption of nitrogen heterocycles over smectites.[20]


In the present work we investigated some possible candi-
dates as multidentate polytopic N donor ligands of the
pyridine and amine types. We considered all feasible locations
of the nitrogen atoms in both cases, and investigated the case
with a phenyl ring to determine the electronic structure in the
absence of nitrogen donors. The geometry of the optimized
structures was studied to see if there is any influence of the
location of the active centers on the performance of the
molecule. The cases with and without protonation were
studied to rationalize the ™off ± on∫ mechanism of the sensors
during protonation. We could successfully grade the range of
molecules studied in terms of their activity as fluorophores.
Partial density of state (PDOS) calculations were performed
with a special emphasis on the nitrogen centers, and the
results are discussed in terms of the contribution of the
respective atomic orbital to the respective molecular orbital.
This methodology was used to find the best fluorophore from
the range of available molecules.


Theory


In density functional theory, hardness � is defined by
Equation (1)[21] , where E is the total energy, N the number
of electrons of the chemical species, and � the chemical
potential.


�� (�2E/�N2)v(r)/2� (��/dN)v/2 (1)


The global softness S is defined as the inverse of the global
hardness � [Eq. (2)].


S� 1/2�� (�N/��)v (2)


By using the finite-difference approximation, S can be
approximated as Equation (3), where IE and EA are the first
ionization energy and electron affinity of the molecule,
respectively.


S� 1/(IE�EA) (3)


The Fukui function f(r) is defined by Equation (4)[11] where
N is the total number of electrons, � is the chemical potential,
and v is the potential acting on an electron due to all nuclei
present.


f(r)� [��/dv(r)]N� [��(r)/�N]v (4)


The function f is thus a local quantity which has different
values at different points in the molecule. Since �(r) as a
function of N has slope discontinuities, Equation (1) provides
three reaction indices [Eqs. (5a ± c)][11] .


f�(r)� [��(r)/�N]�v (for electrophilic attack) (5a)


f�(r)� [��(r)/�N]�v (for nucleophilic attack) (5b)


f0(r)[f�(r)� f�(r)]/2 (for radical attack) (5c)


In a finite-difference approximation, the condensed Fukui
function[22] of an atom, say x, in a molecule with N electrons
are defined as Equations (6a ± c), where qx is the electronic
population of atom x in a molecule.


f�x � [qx(N� 1)�qx(N)] (for nucleophilic attack) (6a)


f�x � [qx(N)� qx(N� 1)] (for electrophilic attack) (6b)


f0x � [qx(N� 1)�qx(N� 1)]/2 (for radical attack) (6c)


The local softness s(r) can be defined as Equation (7).


s(r)� (��(r)/��)v (7)


Equation (3) can also be written as Equation (8).


s(r)� [��(r)/�N]v[�N/��]v� f(r)S (8)


Thus, the local softness contains the same information as
the Fukui function f(r) plus additional information on the
total molecular softness, which is related to the global
reactivity with respect to a reaction partner, as stated in the
HSAB principle. Atomic softness values can easily be
calculated by using Equation (4) [Eqs. (9a ± c)].


s�x � [qx(N� 1)�qx(N)]S (9a)


s�x � [qx(N)� qx(N� 1)]S (9b)


s0x � S[qx(N� 1)� qx(N� 1)]/2 (9c)
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Methods of Calculation


All calculations were carried out with DFT[23] by using the DMOL3 code of
MSI Inc. A gradient-corrected BLYP functional[24, 25] and DNP basis set[26]


was used throughout. Geometries of the interacting molecules 9-N-(2-
phenylmethyl)aminomethylanthracene, 9-N-(2-pyridylmethyl)aminome-
thylanthracene, 9-N-(3-pyridylmethyl)aminomethylanthracene, 9-N-(4-
pyridylmethyl)aminomethylanthracene, 9-N-(2-aminoethyl)aminomethyl-
anthracene, and 9-N-[2-(methylamino)ethyl]aminomethylanthracene were
fully optimized for calculating the reactivity indices. The structures of the
molecules are shown in Figures 1 ± 6. Single-point calculations on the cation
and anion of each molecule at the optimized geometry of the neutral
molecule were also carried out to evaluate Fukui functions and global and
local softness. The condensed Fukui function and atomic softness were
evaluated by using Equations (6) and (9), respectively. The gross atomic
charges were evaluated by using the technique of electrostatic potential
(ESP) driven charges. The methodology for the PDOS calculation is
mentioned in the relevant section.


Results and Discussion


The aim of the current study is to choose the best fluorophore
from a range of available molecules to act as a PET system
mimicking the process in the microorganism. This was carried
out in the following steps: 1) optimization of the molecules to
determine the geometrical parameters, 2) calculation of the
reactivity indices of the molecules to locate the active centers
in the neutral nonprotonated molecules, 3) ordering of these
molecules on a reactivity-index scale, 4) calculation of the
HOMO±LUMO energy difference to predict the feasibility
of electronic transition, and 5) comparing the activity of the
nitrogen centers in the molecules in terms of their conforma-
tion, as predicted by PDOS.


Influence of geometric parameters on the properties of the
molecules : The molecules studied are labeled as shown in
Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, and Figure 6.


Figure 1. Optimized geometry of 9-N-(2-phenylmethyl)aminomethylan-
thracene with important atoms labeled.


Figure 2. Optimized geometry of 9-N-(2-pyridylmethyl)aminomethylan-
thracene with important atoms labeled.


Figure 3. Optimized geometry of 9-N-(3-pyridylmethyl)aminomethylan-
thracene with important atoms labeled.


The molecules were fully optimized, and the geometric
parameters, that is, bond lengths and bond angles for the
selected atoms, are listed in Table 1 and Table 2, respectively,
in all cases going from the nonprotonated to diprotonated via
monoprotonated forms. We compared the bond lengths
C23�N25, N25�C26, C26�C32, and C32�NPy. We found that
for the phenyl-substituted compound all three bonds lengthen
on going from the nonprotonated to the monoprotonated
molecule. The C26�C32 bond, the linkage between the
methylene carbon atom and the benzene ring, is the least
affected by protonation. For the pyridine series there is a
remarkable change in the bond length associated with N25
after protonation; the distance increases in the order of 2-, 3-,
and 4-pyridylanthracene molecules. The distance remains
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Figure 4. Optimized geometry of 9-N-(4-pyridylmethyl)aminomethylan-
thracene with important atoms labeled.


Figure 5. Optimized geometry of 9-N-(2-aminoethyl)aminomethylanthra-
cene with important atoms labeled.


almost same for both the di- and monoprotonated forms for
all three molecules. There is almost no change in the C26�C32
bond length for 2- and 3-pyridyl-containing molecules, even
after protonation, whereas a change occurs in the 4-pyridyl-
substituted molecule, in which the pyridyl nitrogen atom is
trans to the methylene group. Except for the diprotonated
form of the 4-pyridyl compound, this bond length remains
same as in the monoprotonated molecule. We determined the
distance between C32 and the nitrogen atom of the pyridine
ring for the set of molecules. The distances are nonbonding for
all molecules except for the 2-pyridyl compound. In the
2-pyridyl compound there is no change in this bond length on
transition from the nonprotonated to the monoprotonated
species, but the bond length increases on going to the
diprotonated form. The same trend is observed for the two


Figure 6. The optimized geometry of 9-N-[2-(methylamino)ethyl]amino-
methylanthracene with important atoms labeled.


other cases, in spite of the nonbonding nature of this distance.
We determined the bond length between C32�N35 for
aminoalkyl-substituted aminoanthracenes. The trend is al-
most same as that observed in the case of aromatic ring for the
C23�N25, N25�C26, and C26�C32 bond lengths. The bond
length involving N35 increases remarkably for the diproto-
nated forms. In the compound with a terminal methyl group,
the bond length increases steadily from the nonprotonated via
the monoprotonated to the diprotonated form. With regard to
the central nitrogen atom the trend is the same for both
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Table 1. Bond lengths for the molecules concerned before and after
protonation.


Molecule[a] Bond lengths [ä]
C23�N25N25�C26C26�C32C32�Npy[c]


2-phenyl-anth a) 1.368 a) 1.342 a) 1.412 ± ±
b) 1.451 b) 1.433 b) 1.421 ± ±


2-pyridyl-anth a) 1.362 a) 1.341 a) 1.428 a) 1.259
(N41)


b) 1.446 b) 1.424 b) 1.428 b) 1.260 ±
c) 1.446 c) 1.439 c) 1.437 c) 1.310 ±


3-pyridyl-anth a) 1.365 a) 1.345 a) 1.415 a) 2.229
(N38)[c]


b) 1.456 b) 1.435 b) 1.417 b) 2.235 ±
c) 1.458 c) 1.435 c) 1.419 c) 2.252 ±


4-pyridyl-anth a) 1.368 a) 1.342 a) 1.421 a) 2.574
(N37)[c]


b) 1.505 b) 1.482 b) 1.491 b) 2.578 ±
c) 1.522 c) 1.482 c) 1.490 c) 2.594 ±


C32�N35 N35�C37
NH2CH2CH2-antha[d] a) 1.371 a) 1.383 a) 1.394 a) 1.324


b) 1.448 b) 1.429 b) 1.406 b) 1.335 ±
c) 1.449 c) 1.436 c) 1.406 c) 1.404 ±


CH3NHCH2CH2-antha[d] a) 1.364 a) 1.342 a) 1.407 a) 1.343 a) 1.329
b) 1.446 b) 1.433 b) 1.406 b) 1.350 b) 1.331
c) 1.450 c) 1.441 c) 1.410 c) 1.434 c) 1.403


[a] anth�methylaminomethylanthracene. [b] a� nonprotonated, b�mo-
noprotonated, c�diprotonated. [c] Nonbonding distance between C32 and
the nitrogen atom of the pyridine ring, except for 2-pyridyl. Npy�pyridyl
nitrogen, numbers are given in parenthesis. [d] antha� aminomethyl-
anthracene.
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pyridyl- and amino-substituted molecules, whereas the effect
for the other nitrogen atoms is more pronounced for the
amino-type compounds.
We measured the C23-N25-C26, N25-C26-C32, and C26-


C32-C/N (depending on the atom present) bond angles of the
molecules at their optimized geometries for all possible cases
mentioned above. With phenyl substitution, C23-N25-C26
decreases and N25-C26-C32 increases on protonation. This
means that the benzene ring moves away from the nitrogen
atom. For the pyridyl-substituted molecules C23-N25-C26
decreases on protonation and remains almost unchanged on
further protonation. The N25-C26-C32 angle increases on
protonation but remains almost the same after diprotonation.
The same trend is also found for C26-C32-C/N (the terminal
atoms for the 2-, 3-, and 4-pyridyl compounds are N41, C39,
and C40, respectively). After protonation, the pyridyl ring
also moves away from the central nitrogen atom, irrespective
of the position of the nitrogen atom in the pyridyl ring. For the
aliphatic amino substituents the C23-N25-C26 angle increases
on protonation and remains unchanged after the second
protonation step. The N25-C26-C32 angle shows a similar
incremental trend to that observed in the case of aromatic
rings. The effect of the second protonation here is more
pronounced than those of aromatic ring systems. A similar
trend of increasing C26-C32-C/N with increasing degree of
protonation is observed. The difference is more pronounced
after the second protonation. Different contributions from
aliphatic chains and aromatic rings are observed.


Activity of interacting fluorophore molecules in terms of
reactivity index : The global softness values were calculated
for each of the molecules (Table 3). It can be seen in Table 3
that no systematic ordering is evident for the global softness
values of the ranges of molecules tested here. The values are
higher for some compounds, and lower for others. Therefore,
to test the HSAB principle, it is necessary to analyze the local
softness values, Fukui functions, or reactivity indices for the


constituent atoms of the interacting molecular species are
more reliable parameters. The local electrophilicities s�x and
nucleophilicities s�x were calculated and are presented in
Tables 4 ± 9. These allow us to estimate the relative tendency


of an atomic center to behave as an electrophile or a
nucleophile. The local electrophilicity (s�x ) and nucleophilicity
(s�x ) have been calculated and are presented in Tables 4 ± 9.
The results show that for intramolecular electrophilicity and
nucleophilicity there are some anomalous cases in which a
specific atom shows both high electrophilicity and nucleophi-
licity, and to rationalize this a concept of relative electro-
philicity/nucleophilicity is more appropriate. Relative nucle-
ophilicity is the nucleophilicity of a site relative to its own
electrophilicity, and vice versa for relative electrophilicity.
The relative nucleophilicity and electrophilicity also take care
of the basis-set and correlation effects present in localized
calculations. We calculated the reactivity indices for the
nonprotonated moieties, and used the result to predict their
activities towards protonation, or, in other words, we can
estimate the probability of intramolecular hydrogen bonding.
The coexistence of nucleophilic and electrophilic sites will
result in intramolecular hydrogen bonding, whereby the
center of highest relative nucleophilicity interacts with the
center of highest relative electrophilicity. Depending on the
activity of the respective centers the electron donor/acceptor
property will vary. We calculated the relative nucleophilicities
and electrophilicities for all the important constituent atoms
of the molecules in this study. We neglected the anthracene
part and part of the pyridyl or phenyl ring for the sake of
clarity. The atoms of the molecules considered are labeled in
Figures 1 ± 6. As can be seen in Table 4 for 9-N-(phenyl-
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Table 2. Bond angles for the molecules concerned before and after
protonation.


Molecule[a] Bond angles[b] [�]
C23-N25-C26 N25-C26-C32 C26-C32-C/N


2-phenyl-anth a) 120.2 a) 116.1 a) 121.3 (C41)
b) 116.6 b) 119.6 b) 124.3


2-pyridyl-anth a) 120.1 a) 115.5 a) 119.3 (N41)
b) 114.9 b) 116.4 b) 119.3
c) 115.4 c) 116.6 c) 120.1


3-pyridyl-anth a) 119.9 a) 115.8 a) 121.1 (C39)
b) 116.1 b) 118.8 b) 125.4
c) 116.2 c) 118.6 c) 124.2


4-pyridyl-anth a) 120.1 a) 116.2 a) 121.2 (C40)
b) 116.5 b) 119.5 b) 125.0
c) 115.3 c) 120.1 c) 125.5


NH2CH2CH2-antha[c] a) 114.9 a) 112.7 a) 107.2 (N35)
b) 115.7 b) 115.6 b) 114.7
c) 115.7 c) 118.8 c) 118.3


CH3NHCH2CH2-anth a) 120.8 a) 115. 5 a) 113.1 (N35)
b) 115.7 b) 116. 7 b) 113.3
c) 115.3 c) 119.1 c) 116.3


[a] anth�methylaminomethylanthracene. [b] a� nonprotonated, b�mo-
noprotonated, c� diprotonated. [c] antha� aminomethylanthracene.


Table 3. Global softness values [a.u.].


Molecule[a] Global softness


2-phenyl-anth 3.68582
2-pyridyl-anth 3.69237
3-pyridyl-anth 3.63506
4-pyridyl-anth 3.62435
NH2CH2CH2-antha[b] 2.34982
CH3NHCH2CH2-antha[b] 2.69341


[a] anth�methylaminomethylanthracene. [b] antha� aminomethylanthracene.


Table 4. Condensed local softnesses for all constituent atoms except the
anthracene ring and four carbon atoms of the benzene ring in 9-N-
(phenylmethyl)aminomethylanthracene.


Atom s�x s�x s�x /s�x s�x /s�x


C23 0.121 0.258 0.468 2.132
H27 0.136 0.058 2.344 0.426
H28 0.110 0.070 1.571 0.636
N25 0.165 0.917 0.179 5.557
H29 0.254 0.342 0.742 1.346
C26 0.331 0.213 1.553 0.643
H30 0.184 0.033 5.575 0.179
H31 0.169 0.029 5.827 0.171
C32 0.088 0.136 0.647 1.545
C41 0.154 0.055 2.800 0.357
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methyl)aminomethylanthracene C26 has the highest s�x and
N25 has the highest s�x , but the relative electrophilicity s�x /s�x is
highest for H31, and the highest value of the relative
nucleophilicity s�x /s�x is that for N25. Hence, H31 is the most
probable site of attack by a nucleophile, and N25 is favored
for attack by an electrophile.
In the case of 9-N-(2-pyridylmethyl)aminomethylanthra-


cene the highest local softness value for high electrophilicity is
found for N25, and N41 shows the highest nucleophilicity
(Table 5). However, when we calculated the relative electro-


philicity we found that H29 has the highest value, that is, it will
be attacked by a nucleophile. The highest relative nucleophi-
licity is exhibited by N41, which is thus the best candidate for
attack by an electrophile. The same trend in relative electro-
philicity/nucleophilicity is found for the other two pyridyl-
substituted compounds, 9-N-(3-pyridylmethyl)aminomethy-
lanthracene and 9-N-(4-pyridylmethyl)aminomethylanthra-
cene. For both compounds the highest value of the relative
electrophilicity is found for H29, and the highest value of the
relative nucleophilicity for N38 and N37, respectively. The
results are listed in Tables 6 and 7. Table 8 shows that for 9-N-
(2-aminoethyl)aminomethylanthracene the highest electro-
philicity is found for N35, and the highest nucleophilicity for
H37. However, the relative electrophilicity shows the highest
value for H29, and the highest value of the relative
nucleophilicity is that for H37. This shows that H29 of the
amine will be more susceptible to nucleophilic attack, while


H37 will be susceptible to electrophilic attack. For 9-N-[2-
(methylamino)ethyl]aminomethylanthracene the trend is the
same for the relative electrophilicities, but different for the
relative nucleophilicities, as can be seen in Table 9. Atom N35
shows the highest electrophilicity and nucleophilicity, which is
ambiguous; however, in terms of relative nucleophilicity C23
has the highest value, but N35 still has the highest relative
electrophilicity. This is may be due to the terminal methyl
group, which is electron-withdrawing in nature. These results
show that protonation is more favorable in pyridyl-type
molecules and even phenyl-substituted molecules, but is less
favorable for the compounds with aliphatic amino substitu-
ents. The situation is slightly improved for amines with a
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Table 5. Condensed local softness for all the constituent atoms except the
anthracene ring and the carbon atoms of the pyridine ring in 9-N-(2-
pyridylmethyl)aminomethylanthracene.


Atom s�x s�x s�x /s�x s�x /s�x


C23 0.195 0.007 27.85 0.035
H27 0.107 0.007 15.28 0.065
H28 0.007 0.011 0.636 1.571
N25 0.893 0.070 12.75 0.078
H29 0.358 0.007 51.14 0.019
C26 0.232 0.011 21.09 0.047
H30 0.092 0.048 1.911 0.521
H31 0.022 0.295 0.074 13.41
C32 0.096 0.354 0.271 3.687
N41 0.022 1.085 0.020 49.31


Table 6. Condensed local softnesses for all the constituent atoms except
the anthracene ring and carbon atoms of the pyridine ring in 9-N-(3-
pyridylmethyl)aminomethylanthracene.


Atom s�x s�x s�x /s�x s�x /s�x


C23 0.065 0.025 2.600 0.384
H27 0.207 0.181 1.143 0.874
H28 0.116 0.359 0.323 3.094
N25 0.665 0.508 18.30 0.763
H29 1.283 0.023 54.02 0.017
C26 0.388 0.072 5.388 0.185
H30 0.537 0.101 5.316 0.188
H31 0.163 0.149 1.093 0.914
C32 0.258 1.806 0.142 7.000
N38 0.003 0.782 0.003 260.66


Table 7. Condensed local softnesses for all the constituent atoms except
the anthracene ring and the carbon atoms of the pyridine ring in 9-N-(4-
pyridylmethyl)aminomethylanthracene.


Atom s�x s�x s�x /s�x s�x /s�x


C23 0.250 0.047 5.319 0.188
H27 0.057 0.007 8.142 0.122
H28 0.065 0.004 16.25 0.061
N25 0.924 0.004 66.00 0.015
H29 0.329 0.004 82.25 0.012
C26 0.206 0.032 6.437 0.155
H30 0.036 0.010 3.600 0.277
H31 0.025 0.014 1.785 0.056
C32 0.144 0.123 1.170 0.854
N37 0.014 3.882 0.003 277.28


Table 8. Condensed local softnesses for all the constituent atoms except
the anthracene ring in 9-N-(2-aminoethyl)aminomethylanthracene.


Atom s�x s�x s�x /s�x s�x /s�x


C23 0.401 0.408 0.982 1.017
H27 0.371 0.022 16.86 0.059
H28 0.244 0.024 10.16 0.098
N25 0.009 0.009 1.00 1.00
H29 0.594 0.024 24.75 0.040
C26 0.383 0.079 4.848 0.206
H30 0.298 0.022 13.54 0.073
H31 0.415 0.029 14.31 0.069
C32 0.462 0.148 3.121 0.320
H33 0.291 0.070 4.157 0.240
H34 0.270 0.028 9.642 0.103
N35 0.784 0.697 1.124 0.889
H36 0.364 0.206 1.766 0.565
H37 0.646 1.517 0.425 2.348


Table 9. Condensed local softnesses for all constituent atoms except the
anthracene ring in 9-N-[2-(methylamino)ethyl]aminomethylanthracene.


Atom s�x s�x s�x /s�x s�x /s�x


C23 0.048 0.091 0.527 1.895
H27 0.158 0.191 0.827 1.208
H28 0.175 0.123 1.422 0.702
N25 0.379 0.083 4.566 0.218
H29 0.651 0.048 13.562 0.073
C26 0.603 0.169 3.568 0.280
H30 0.183 0.029 6.310 0.158
H31 0.239 0.226 1.057 0.945
C32 1.088 0.119 9.142 0.109
N35 2.566 0.503 5.101 0.196
H36 0.692 0.250 2.768 0.361
C37 1.090 0.331 3.293 0.303
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terminal methyl group. The relative nucleophilicity/elctrophi-
licity studies show that the active centers of the molecule
themselves are susceptible to electrophilic and nucleophilic
attack. There is one electrophilic center and one nucleophilic
center for each molecule, with different ranges of activity. It
seems that mono-protonation is more favorable than dipro-
tonation. It is also observed that for pyridyl substituents H29,
bonded to N25, is electrophilic and the nitrogen atom in the
pyridine ring is neucleophilic. Hence, in these cases there is
the possibility of intramolecular hydrogen bonding between
the pyridine nitrogen atom and another proton center present
in the molecule, depending on its structure.
This finding supports the postulate of Amendala et al.,[27]


who calculated the protonation constants for two sets of
amine- and pyridine-type compounds. They showed that,
irrespective of the ligand, the value for the second protonation
is much higher than that of the first protonation step. They
assumed that this might be due to the formation of an
intramolecular hydrogen bond between the protonated amino
group and the pyridine nitrogen atom in the the other half of
the molecule.


Reactivity-index scale : The aim of the current study is to
choose a molecule from an available variety of fluorophores
suitable for PET process. The order of global softness for the
fluorophore types is as follows: NH2CH2CH2 ± anthracene�
CH3NHCH2CH2 ± anthracene� 4-pyridyl ± anthracene� 3-
pyridyl ± anthracene� 2-phenyl ± anthracene� 2-pyridyl ± an-
thracene. In terms of relative electrophilicity of the atoms of
the molecules the order for highest values is as follows:
4-pyridyl ± anthracene� 3-pyridyl ± anthracene� 2-pyridyl-
anthracene �NH2CH2CH2 ± anthracene�CH3NHCH2CH2 ±
anthracene� 2-phenyl ± anthracene, while for as the relative
nucleophilicities of the atoms of the molecules we found the
following order of the highest values: 4-pyridyl ± anthracene�
3-pyridyl ±anthracene� 2-pyridyl ±anthracene� 2-phenyl ±
anthracene�NH2CH2CH2±anthracene�CH3NHCH2CH2±
anthracene. From the orders of activity it is clear that the
location of the nitrogen atom does play a role in the PET process
for these fluorophores. Since the trends of the relative electro-
philicities and nucleophilicities are different, the contributions of
the active sites residing in the receptor and in the flurophore
must also differ. At the same time we can scale the two sets of
molecules in two specific orders of activity for pyridyl and amine
compounds. For pyridyl compounds the order is 4-pyridyl� 3-
pyridyl� 2-pyridyl, both in terms of relative electrophilicity and
nucleophilicity, and intermolecular hydrogen bonding is a
feasible process. The first amine molecule is a nonperformer,
but the second molecule in this series, with a terminal methyl
group shows better performance. The molecule with a phenyl
ring has the active site located closest to each other, and
intramolecular hydrogen bonding does not appear feasible.


HOMO and LUMO of the fluorophore molecules : The
HOMO and LUMO of all the receptor ligand molecules were
calculated by DFT, and the results are listed in Table 10. All
the possible structures were considered, including the non-,
mono-, and diprotonated species. The results show that the
HOMO–LUMO gap is the smallest in case of diprotonated


9-N-(3-pyridylmethyl)aminomethylanthracene (0.305 eV),
and for diprotonated 9-N-[2-(methylamino)ethyl]aminome-
thylanthracene the value is 0.391 eV. For rest of the molecules
the difference between HOMO and LUMO is greater than
2 eV. In most cases the HOMO±LUMO gap increases on
protonation and decreases for further protonation. This
suggests that the electronic transition is more favorable at
lower degrees of protonation. That means that for the PET
process the transition may occur during the transition from
nonprotonated to monoprotonated species, and will be
terminated at the diprotonated stage. The transition is
favorable in case of 2-, 3-, and 4-pyridyl substituents. This
may be due to the particular orientation of the molecule when
the nitrogen atom becomes most nucleophilic with a tendency
to favorable hydrogen bonding, which is not observed in
other cases. The order for neutral molecule is 4-pyridyl ±
anthracene� 3-pyridyl ± anthracene� 2-pyridyl ±
anthracene� 2-phenyl ± anthracene�NH2CH2CH2 ±
anthracene�CH3NHCH2CH2 ± anthracene. This trend is the
same as our predictions from the calculation of reactivity
indices for the neutral molecules. This shows that our
predictions based on calculation of reactivity indices can
successfully be validated by HOMO±LUMO calculations to
determine the feasibility of these molecules× acting as
fluorophores. For the monoprotonated case the HOMO±
LUMO gap folows the order NH2CH2CH2 ± anthracene� 2-
pyridyl ± anthracene� 4-pyridyl ± anthracene� 3-pyridyl ±
anthracene� 2-phenyl ± anthracene�CH3NHCH2CH2 ± an-
thracene. The trend for the diprotonated case is
NH2CH2CH2 ± anthracene� 2-pyridyl ± anthracene� 4-pyrid-
yl ± anthracene�CH3NHCH2CH2 ± anthracene� 3-pyridyl ±
anthracene. From this trend we can state that after monop-
rotonation, amine-type molecules having the largest band gap
cannot act as fluorophores, and the band gap is even wider
after diprotonation. It seems that for 3-pyridyl ± anthracene
the diprotonated species will perform better than the monop-
rotonated one. These results also show that the active site
present in the part associated with a pyridyl ring or amino
substituent has a greater contribution to the electronic
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Table 10. HOMO and LUMO for all molecules studied.[a]


Molecule[b] HOMO [eV] LUMO [eV]


2-phenyl-anth a) � 10.960 a) � 8.197
b) 11.041 b) � 8.200


2-pyridyl-anth a) � 10.873 a) � 8.189
b) � 11.058 b) � 8.205
c) � 11.054 c) � 8.206


3-pyridyl-anth a) � 10.919 a) � 8.200
b) � 11.049 b) � 8.203
c) � 14.511 c) � 14.206


4-pyridyl-anth a) � 10.958 a) � 8.198
b) � 11.044 b) � 8.202
c) � 11.051 c) � 8.210


NH2CH2CH2-antha[c] a) � 4.627 a) � 1.972
b) � 11.051 b) � 8.193
c) � 11.045 c) � 8.190


CH3CH2NHCH2antha[c] a) � 10.852 a) � 9.062
b) � 11.400 b) � 8.695
c) � 10.224 c) � 9.833


[a] a� nonprotonated, b�monoprotonated, c� diprotonated. [b] anth�
methylaminomethylanthracene. [c] aminomethylanthracene.
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transition that closer to the anthracene moiety, the receptor in
the system. We now compare the PDOS for the contributing
nitrogen centers to determine whether their environment
plays a role in their atomic orbital contributions.


Partial density of state calculation for the fluorophore
molecules : The PDOS can be used to study the contribution
of a particular orbital or group of orbitals to the molecular
orbital spectrum. In PDOS, atomic wave functions are
projected onto the molecular orbital [Eq. (10)].


Dj(E)�
�i�1


N


��j ��i��(E�Ei)ni
[28] (10)


Thus it gives a reasonable indication of the contribution of
the AO �i to the MO �j, but a major disadvantage is that the
values are not normalized. Adding the partial DOS for all
orbitals in the system does not give the total number of
electrons in the system, because of the nonorthogonality of
the basis functions on different atoms. However, qualitative
information can still be gathered from the analysis. We used
the contribution of the nitrogen atomic orbitals to determine
the effect of their environment and to visualize the energy
shift occurring due to protonation, which will further help us
to propose a plausible mechanism for these fluorophores in
the PET process. We determined the PDOS for the nitrogen
centers present in the ligands. We first compared the PDOS
for the common nitrogen center N25 present in non- and
monoprotonated 2-phenyl ± anthracene and non-, mono-, and
diprotonated species of the other molecules. The results are
shown in Figures 7 ± 9. The PDOS of N25 in non- and
monoprotonated 9-N-(phenylmethyl)aminomethylanthra-
cene are compared in Figure 7. The central peak for


Figure 7. PDOS curve for the N25 center in non- and monoprotonated
9-N-(2-phenylmethyl)aminomethylanthracene.


the contributions of p and s orbitals at about �11 eV shifts to
lower energy in the protonated form, and thus the probability
of fluorescence in the monoprotonated form is decreased.
Figure 8 compares the PDOS for the N25 center in the three
pyridyl-type molecules. The energy contour for the 3-pyridyl
compound is different from those of the other two. The energy
difference between the non- and monoprotonated forms is
less pronounced than in the other two cases, and the profile
moves to a higher energy, so that electron transition in the


Figure 8. PDOS curve for N25 in non-, mono-, and diprotonated 9-N-(2-
pyridylmethyl)aminomethylanthracene (a), 9-N-(3-pyridylmethyl)amino-
methylanthracene (b), and 9-N-(4-pyridylmethyl)aminomethylanthracene
(c).


monoprotonated is favorable. This also matches well to the
trend proposed from the HOMO±LUMO gaps. The compar-
ison of N25 centers for the amine-type compounds in Figure 9
shows different trends for the compounds with NH2CH2CH2
and CH3NHCH2CH2 substituents. The latter molecule has a
higher transition probability in terms of the contour energy
difference between the non- and monoprotonated forms.
Comparing these data with Figure 8 shows that the central
nitrogen atom has different contributions in amine- and
pyridyl-type compounds. The PDOS for the pyridyl nitrogen
atoms are compared in Figure 10, while the PDOS of N35 of
the amine-type molecules are shown in Figure 11. The trends
for the pyridyl molecules are similar to those shown in
Figure 8, with the exception of the 3-pyridyl compound, for
which the contributions for non-, mono-, and diprotonated
forms are visually distinct from one another, whereas in other
cases they almost overlap with each other. For the amine-type
molecules the trend is different from that of Figure 9. The N35
center common to both molecules makes a much larger
contribution to the electronic transition than the N25 center.
The second molecule of this series will be a better performer
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Figure 9. PDOS curve for N38 in a) 9-N-(2-aminoethyl)aminomethylan-
thracene and b) 9-N-[2-(methylamino)ethyl]aminomethylanthracene in
non-, mono-, and diprotonated forms.


Figure 10. PDOS curve for the pyridyl N atoms in a) 9-N-(2-pyridylme-
thyl)aminomethylanthracene, b) 9-N-(3-pyridylmethyl)aminomethylan-
thracene, and c) 9-N-(4-pyridylmethylaminomethylanthracene in non-,
mono-, and diprotonated forms.


Figure 11. PDOS curve for N35 in a) 9-N-(2-aminoethyl)aminomethylan-
thracene and b) 9-N-[2-(methylamino)ethyl]aminomethylanthracene in
non-, mono-, and diprotonated forms.


than the first one. In the case of the other amine compound,
the PDOS shows a higher transition probability in terms of the
location of the high-intensity contour. The PDOS results show
that the atomic contribution from the centers further from the
anthracene group have greater contributions than the other
centers. This trend also matches the scale of reactivity indices.


Conclusion


This is the first study to rationalize the phenomenon of PET
and to select molecules suitable for PET. The aim was to
choose the best ligand among a series of molecules. As the
PET phenomenon is based on protonation and electronic
transition, we predicted that the mechanism can be explained
well by the HSAB principle within the domain of DFT. We
calculated the local reactivity indices and relative nucleophi-
licities/electrophilicities to locate the active electrophile and
nucleophile in molecules in which a receptor is linked to a
fluorophore. This paves the way for visualizing the effect of
intramolecular hydrogen bonding between the electrophilic
and nucleophilic centers. We compared this behavior for
compounds with pyridinyl and aliphatic amino substituents to
study the role, location, and configuration of the nitrogen
atoms in the process. We also correlated the geometric
parameters. This was then followed by the calculation of the
HOMO±LUMO band gap of the molecules before and after
protonation. We finally plotted the results to show that the
4-pyridyl compound is the best ligand, with small but
significant differences in behavior relative to its 2- and
3-pyridyl counterparts. The case of amine-type compounds
was also examined. These results were then validated by
calculating partial densities of states, which reveal orbital
degeneracy. We examined the nitrogen orbital for all cases,
and a specific scenario evolved. Since the PET process
involves excitation by a photon, which is not the subject of our
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study, we investigated the receptor ligands on the basis that if
they take part in the PET process they require both
nucleophilicity and electrophilicity in the molecule, and the
scale of these activities were correlated with their suitability
for PET. The HOMO±LUMO gaps and the PDOS show the
orbital contributions and describe the degeneracy of elec-
trons. In PET the photon excitation is transmitted through the
HOMO±LUMO to end up in a stable state, so the current
methodology could be utilized to design receptors according
to need. This is the first study on designing fluorescence
sensors. The promising results provoked us to perform
calculations on the excited states to simulate the fluorescence
spectra, and these studies are now underway.
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Pluronic L61 Accelerates Flip ± Flop and Transbilayer Doxorubicin
Permeation�


Oxana O. Krylova,[a, d] Nikolay S. Melik-Nubarov,*[a] Gennadii A. Badun,[a]
Alexander L. Ksenofontov,[b] Fred M. Menger,[c] and Alexander A. Yaroslavov[a]


Abstract: It has recently been found
that Pluronics (block copolymers of
ethylene oxide, EO, and propylene ox-
ide, PO) favor the permeability and
accumulation of anthracycline antibiot-
ics, for example doxorubicin (Dox), in
tumor cells. In an effort to understand
these results, the interaction of EO2/
PO32/EO2 (Pluronic L61) with unilamel-
lar egg yolk vesicles (80 ± 100 nm in
diameter) was examined. A partition
coefficient Kp� [Pl]membrane/[Pl]water� 45


was determined. This corresponds to
adsorption of about 20 polymer mole-
cules to the surface of each vesicle in a
20 �� polymer solution. Despite this
rather weak adsorption, Pluronic has a
substantial effect upon the transmem-
brane permeation rate of Dox and upon


the phospholipid flip ± flop rate within
the bilayers. Thus, the Dox permeation
rate increases threefold and the flip ±
flop rate increases sixfold in 20 ��
Pluronic. The two rates increase linearly
with the amount of adsorbed polymer.
The obvious ability of Pluronics to
increase the mobility of membrane
components may have important bio-
medical consequences.


Keywords: flip ± flop ¥ lipids ¥
liposomes ¥ membrane permeability
¥ membranes ¥ Pluronic


Introduction


Ethylene oxide (EO) and propylene oxide (PO) block
copolymers (also referred to as Pluronics) are nowadays used


in pharmacy and medicine as immunoadjuvants[1] and com-
ponents of artificial blood.[2] They were shown to inhibit
thrombosis[3, 4] and modulate neutrophile activity.[5] It has
recently been found that Pluronics favor accumulation of
anthracycline antibiotics, for example doxorubicin (Dox), in
tumor cells[6] and demonstrate promising results in therapy of
multidrug resistant tumors.[7±9] In order to study the mecha-
nism of Pluronic-induced transmembrane drug permeation,
native and malignant cells, as well as lipid vesicles as cell-
mimetic objects, have been used. It has been shown in
particular that Pluronics significantly increase the permeabil-
ity towards anthracycline antitumor drugs[10] and other
bioactive compounds.[11] The permeabilizing activity of Plur-
onics depends on the copolymer composition: the molecular
mass of polyPO block and molar content of EO units.[12±13]


We have demonstrated earlier that binding of Pluronics to
mammalian tumor cells decreases the membrane microvis-
cosity,[14] which reflects a rise in mobility of lipids and other
membrane components. In the present work we continue to
investigate the mechanism of Pluronic/biomembrane inter-
action and in doing so, have disclosed a correlation between
the amount of adsorbed Pluronic and both the Pluronic-
mediated transmembrane migration of lipids and the perme-
ation of Dox. This seems to be useful for interpreting
biological effects of water-soluble synthetic polymers. To
perform the research, membrane active EO2/PO32/EO2 three-
block copolymer (Pluronic L61) and egg yolk lecithin (EL)
vesicles, as cell mimetic species, were used.
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Results and Discussion


Binding of Pluronic L61 to lipid vesicles : The starting point of
the work was to estimate the efficiency of Pluronic binding to
EL vesicles, that is how Pluronic molecules are distributed
between the vesicle surface and the surrounding solution. This
was accomplished by means of the equilibrium dialysis
technique. The dialysis cell included two compartments:
internal and external, separated from each other by a
cellulose dialysis membrane (see Experimental Section for
details). Before the actual Pluronic binding measurements,
diffusion of Pluronic molecules through the dialysis mem-
brane was tested and the equilibration time of the process was
estimated. For this, the internal compartment was filled with
0.4 mL of 20 m� HEPES-Tris buffer solution (pH 7.0), the
external one with 1 mL of 20 �� Pluronic 3H-L61 solution in
the same buffer. The changes of copolymer concentrations in
both compartments in the course of time, controlled by a
radiocounting method, are represented in Figure 1a. It can be
seen that the copolymer concentration increases in the
internal compartment (curve 1) and decreases in the external
(curve 2), achieving an identical value in both compartments
after about 50 hours. This means that the Pluronic molecules
were able to pass through the dialysis membrane, which
results in a homogeneous distribution of Pluronic over the
entire dialysis cell. Finally, a possible loss of Pluronic due to its
binding to the dialysis membrane was taken into account and
quantified as follows. Figure 1a shows that the equilibrated
Pluronic concentration was 14 ��. �ultiplying it by the
overall volume of dialysis cell (1.4 mL), the total amount of
equilibrated Pluronic in the dialysis was found to be
19.6 nmol. Comparison of this value with the initial amount
of Pluronic injected into the external compartment (1 mL�
20 ��� 20 nmol) indicates only negligible binding of Pluronic
to the dialysis membrane.


Subsequently, the equilibrium dialysis experiment was
repeated except that a 30 mgmL�1 EL vesicle solution was
added to the internal compartment of the dialysis cell. The
results are shown in Figure 1b. An increase of the Pluronic
concentration in the internal compartment (curve 1) and its


Figure 1. Time-dependence of the Pluronic concentration in the internal
and external compartments of a dialysis cell at 30 �C. The internal
compartment contained 0.4 mL of 20 m� HEPES/5 m� Tris buffer
solution, pH 7.0 (curve 1, A), and 0.4 mL of 30 mgmL�1 EL vesicle
suspension in the buffer (curve 1, B); the external: 1 mL of 20 �� Pluronic
3H-L61 solution in the buffer (curves 2, A and B).


decrease in the external compartment (curve 2) were also
observed. However, in contrast to the vesicle-free experiment,
the ultimate Pluronic concentration in the internal compart-
ment, [Pl]int, appeared to be higher then that in the external,
[Pl]ext. Such an accumulation of Pluronic in the internal
compartment could only be due to its binding to EL vesicles.
A difference between these values obviously corresponded to
a concentration of Pluronic bound to the EL vesicles: [Pl]int�
[Pl]ext� [Pl]b. By measuring [Pl]b values for different initial
bulk concentrations of Pluronic, [Pl]o, the linear isotherm for
Pluronic L61 binding to EL vesicles was obtained (Figure 2a).
Saturation was unachievable in this experiment because of a
large excess of the vesicle concentration over that of Pluronic.
At the same time, the increase in vesicle concentration in the
internal compartment (at a fixed Pluronic external concen-
tration) resulted in a progressive elevation in the amount of
the vesicle-bound Pluronic, the [Pl]b� [EL] dependence being
described by a hyperbolic curve (Figure 2b).


The interaction of amphiphilic compounds with bilayer
lipid membranes is usually treated as a partition of a solute
between water and the vesicular membrane.[15] Following this
approach, the Pluronic-vesicle interaction can be described by
an equilibrium:


Plwater�Plmembrane (1)


with a partition coefficient of Pluronic between both phases:


Kp�
�Pl�m
�Pl�w


(2)


where [Pl]m and [Pl]w are the concentrations of Pluronic in the
membrane and water phases, respectively. [Pl]m and [Pl]w were
expressed via concentration of vesicle-bound copolymer,
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Figure 2. Dependence of concentration of Pluronic 3H-L61 bound to EL
vesicles on the total concentration of A) Pluronic and B) vesicles, and
C) inverse vesicle concentration. EL concentration 30 mgmL�1 (A), [Pl]0�
7.1 �� (B and C). See other conditions in the legend of Figure 1.


[Pl]b, total (internal � external) volume of water phase, V0 ,
and volume of the membrane microphase, Vm:


[Pl]m� [Pl]b
V0


Vm


(3a)


[Pl]w� ([Pl]0� [Pl]b)
V0


V0 � Vm


(3b)


Vm was calculated from Equation (4):


Vm�
ELconcV0


�
(4)


where ELconc is the weight EL concentration and � is the
density of bilayer lipid membrane equal to 1.0135 gmL�1.[16]


By substituting Equations (3a), (3b) and (4) in Equation (2),
as well as taking into account Vm�V0, Equation (5) was
obtained:


Kp�
�Pl�b �


ELconc ��Pl�0 � �Pl�b	
(5)


which was then reduced to a linear form:


1


�Pl�b
� �


�Pl�0Kp


1


ELconc


� 1


�Pl�0
(6)


In order to quantify Kp value, the dependence of Pluronic
binding on EL concentration from Figure 2b was rearranged
as 1/ELconc� 1/[Pl]b plot (Figure 2c). The best fit for the


experimental data was observed for a curve with Kp� 45
 8,
which indicates an extremely low affinity of Pluronic to the
lipid membrane.


Based on the data of Figure 2a, a dependence of average
number of Pluronic macromolecules bound to one vesicle,Np,
on copolymer concentration was calculated using a simple
relationship:


Np�
2�D 2�Pl�b
�EL�S (7)


where D is a hydrodynamic diameter of EL vesicles and S is
an area per one EL headgroup, 0.75 nm2.[17] As follows from
Figure 3, addition of a 20 �� Pluronic solution to the vesicle
suspension was accompanied by adsorption of about 20
macromolecules on the surface of each vesicle.


Figure 3. Dependence of average number of Pluronic 3H-L61 macro-
molecules bound to one EL vesicle (Np) on the total Pluronic concen-
tration. Recalculated from the data of Figure 2a by using Equation (8).


Hydrophobic interactions are known to play a key role in
the binding of amphiphilic compounds to biological and
artificial lipid membranes. In the case of conventional
membrane active compounds, their hydrophobic residues
are free to incorporate into the lipid bilayer. Such anchoring is
highly effective: the Kp values for aliphatic alcohols and local
anesthetics lie in 700 ± 1000 range.[15] The samemechanism has
been also proposed for Pluronic binding to the membranes.[18]


However, as shown above, this interaction is characterized by
a much lower efficiency, apparently because of a strong
difference in structures of hydrophobic bulky PPO blocks and
highly ordered layer represented by alkyl residues of lipid
molecules, and the presence of polar ether groups in
incorporating PPO fragments.


Pluronic-induced acceleration of transmembrane doxorubicin
permeation : To study the transmembrane permeation of
noncharged form of Dox via partition ± diffusion mechanism,
the technique, based on the pH-induced uptake of Dox into
vesicles, was used. Following the previously reported techni-
que,[19] a suspension of EL vesicles was prepared with neutral
aqueous buffer solution outside (pH 7) and an acidic one
inside (pH 4). Addition of a strong fluorophore Dox to these
suspensions resulted in pH gradient induced uptake of
noncharged Dox molecules inside vesicles and their proto-
nation. Within the first 5 s of the process, the local concen-
tration of Dox inside vesicles is sufficient to cause self-
quenching due to an internal filter effect, liposome entrapped
drug being invisible by fluorescence technique. Therefore
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Dox located in the external solution mainly determines the
sample fluorescence. Decrease in the concentration of this
form of Dox resulted in a monoexponential decay of the
sample fluorescence that was monitored using fluorescence
spectroscopy. This process, following a first order kinetics,
reflected the transmembrane Dox permeation.


The kinetics of spontaneous Dox permeation through the
membrane of EL vesicles is described by curve 1 in Figure 4a
with the first-order constant k0 equal to 0.33min�1. Addition
of Pluronic L61 solution to this system resulted in an
acceleration of the Dox uptake (curve 2). As shown in our
recent paper,[10] binding of Pluronic L61 to the vesicular
membrane was not accompanied by formation of hydrated
pores or other transient channels permeable for Dox. In other
words, both in the presence and absence of Pluronic, the
permeation of Dox through the membrane developed via a
partition ± diffusion pathway.


Figure 4. Kinetics of Dox permeation in the absence (1) and in the
presence of 20 �� Pluronic L61 (2) (A); and the effect of Pluronic on DOX
permeation as a function of Pluronic concentration (bottom axis) and Np


value (top axis) (B). External buffer: 20 m� HEPES/5 m� Tris, pH 7.0,
supplied with 0.3� sucrose; internal buffer: 0.3� citrate-Tris, pH 4.0; 30 �C.


Figure 4b demonstrates the effect of Pluronic on the
transmembrane Dox permeation, quantified as a kp/k0 ratio,
where kp and k0 are the rate constant values in the presence
and in the absence of Pluronic, on the total Pluronic
concentration (bottom x axis) and Np value (upper x axis).
As follows from the figure, addition of 20 �� Pluronic solution
to the vesicle suspension caused a threefold acceleration of
the transmembrane Dox permeation. Importantly, this effect
actually resulted from binding of only 20 macromolecules of
Pluronic (in average) to each EL vesicle.


Pluronic-induced acceleration of lipid flip ± flop : To inves-
tigate the Pluronic effect on the mobility of membrane
components, the transmembrane migration of lipid molecules
(flip ± flop) was examined. Up to now, a number of methods
for controlling flip ± flop have been developed, including ESR
and N�R spectroscopy,[20] measurements of transmembrane
potential[21] and resonance energy transfer fluorescence
spectroscopy.[22] In the present work a method originally
proposed by McIntyre and Sleight[23] was used. For this, EL
vesicles with fluorescent NBD-PE incorporated only into the
inner leaflet of the membrane were prepared (see Exper-
imental Section). Addition of a fresh solution of sodium
dithionite to the newly made asymmetrically labeled vesicles
resulted in a minor decay of NBD fluorescence (curve 1 in
Figure 5). Since sodium dithionite was shown to be unable to


Figure 5. Kinetics of sodium dithionite-induced decay in fluorescence of
EL vesicles asymmetrically labeled with NBD-PE. Sodium dithionite
solution was added to the vesicles just after their preparation (1) and after
keeping them in the absence (2) and in the presence of 25 �� Pluronic L61
(3) for 1 hour at 25 �C. EL concentration 0.15 mgmL�1, 10 m� Tris-HCl/
150 m� choline chloride/1 m� EDTA buffer, pH 7.0.


penetrate through the lipid membrane,[23, 24] a decrease in the
NBD fluorescence intensity obviously reflects the kinetics of
reduction of NBD-PE transferred from the inner to outer
membrane leaflet for the time of the kinetics record (7 min).
Addition of sodium dithionite to the same vesicles but kept
for an hour at 25 �C was accompanied by a time-dependent
decrease in the NBD fluorescence intensity with a lower
ultimate fluorescence level (curve 2 in Figure 5). This curve
described a reduction of NBD-PE species already transferred
to the outer membrane leaflet for one hour. A fraction of
fluorescent NBD-PE species migrated from the inner to outer
membrane leaflet, f, was calculated using Equation (8):


f (%)� I asym
0 � I asym


t


I asym
0 � �1� �	 � I sym � 100% (8)


where


�� 2
I sym � I asym


0


I sym


� �
(8a)


Equation (8a) is the content of unilamellar vesicles in the
NBD-labelled vesicle sample. This value was detected in each
experiment and commonly was in 0.92 ± 0.96 range. By
measuring f for different incubation time values, the kinetics
of spontaneous NBD-PE transmembrane migration (flip ±
flop) was obtained (Figure 6, curve 1).


The experiment was then repeated but a solution of
Pluronic L61 was added to the suspension of asymmetrically
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Figure 6. Kinetics of NBD-PE flip ± flop in the asymmetrically labeled
vesicles in the absence (1) and in the presence of 5 �� (2) and 20 ��
Pluronic L61 (3). See other conditions in the legend of Figure 5.


labeled vesicles. The kinetics of decrease in the NBD
fluorescence intensity for the Pluronic/vesicle mixture, kept
for one hour at 25 �C, after treating it by sodium dithionite is
described by curve 3 (Figure 5). Importantly, addition of
Pluronic had no effect on the slope of the stationary segment
of the kinetic curve indicating no copolymer effect on the
permeability of lipid membranes towards dithionite ions. This
is in agreement with the earlier results[10] where no formation
of pores or other transient defects in the membrane in the
presence of Pluronics was reported. At the same time,
amplitude of the dithionite-induced fluorescence decay was
higher in the presence of Pluronic L61 than in its absence (cf.
curves 2 and 3 in Figure 6). This means that Pluronic induced
the transfer of an additional amount of NBD-PE species from
the inner to outer leaflet of the vesicular membrane over and
above the amount ensured by the spontaneous NBD-PE flip ±
flop. The kinetics of NBD-PE flip ± flop in the presence of
Pluronic L61 for two copolymer concentrations is represented
by curves 2 and 3 in Figure 6. The effect of Pluronic L61 on
NBD-PE flip ± flop was quantified as k f


p/k f
0 ratio, where k f


p and
k f
0 are the rate constant values in the presence and in the


absence of Pluronic L61, respectively. The dependence of
k f
p/k f


0 value on Pluronic concentration is shown in Figure 7. It
is observed that the Pluronic effect on flip ± flop rate increased
continuously with rising copolymer concentration, reaching
tenfold increase at 30 �� Pluronic concentration.


Thus, we demonstrated that Pluronics were able to accel-
erate the flip ± flop of lipid molecules and transmembrane
Dox permeation. It is well known that both processes can be


Figure 7. Effect of Pluronic L61 on NBD-PE flip ± flop in the asymmetri-
cally labeled vesicles as a function Pluronic concentration. See other
conditions in the legend of Figure 5.


also intensified by an increase in temperature.[19, 25] Thus, it
would be interesting to compare quantitatively the effects
induced in the lipid bilayer by Pluronic and temperature. As
follows from the data of Figure 7, the binding of 22 Pluronic
macromolecules to mixed EL/NBD-PE vesicles induces a
sixfold acceleration of NBD-PE flip ± flop. According to the
work of Homan and Pownall,[25] where the temperature
dependence of spontaneous flip ± flop in bilayer lipid vesicles
has been examined, a sixfold flip ± flop acceleration also
results from an increase in the temperature by nearly 10 �C.
Thus, the binding of 22 Pluronic macromolecules per each
vesicle results in the increase of NBD-PE flip ± flop rate that
can be also achieved by heating of the membrane by about
10 �C. At the same time, a 10 �C increase in temperature is
accompanied by a threefold acceleration of Dox accumulation
in EL vesicles.[19] It is this effect that is observed when binding
about 20 Pluronic macromolecules to each EL vesicle
according to the data of Figure 4b. An excellent correlation
between the Pluronic effects on lipid flip ± flop and the
permeation of Dox was thus shown. Each of them, in turn,
resulted from structural disarrangement (fluidization) in the
lipid bilayer due to incorporation of hydrophobic PPO blocks
of Pluronic macromolecules.


The strong effect on the mobility of the membrane
components, which is caused by adsorption of a few Pluronic
molecules, may be explained either by cooperative influence
on the membrane structure or by formation of small zones on
the vesicle surface in which the mobility of membrane
components is increased drastically. The techniques applied
in the present work do not allow a definite comparison
between these explanations. Nevertheless it seems likely, that
any cooperative influence on liposome structure should affect
the size distribution of liposomes, cause their aggregation or
fusion. Measurement of photon-correlation spectra shown
that in the presence of Pluronic L61 size distribution of
lecithin vesicles remained practically unchanged, no aggrega-
tion or fusion being detected. Therefore, it is most likely that
adsorbed copolymer forms ™defective∫ areas on the liposome
membrane where the mobility of lipid molecules and perme-
ability of the bilayer is highly increased. We suppose that it is
these areas that are responsible for the increase of the flux of
Dox through the membrane and acceleration of transmem-
brane movement of lipid.


The low affinity of Pluronics seems to be important for
diminishing side effects and toxicity of the copolymer in
comparison with other synthetic polymers of biomedical
application. Recently, a few other synthetic compounds
(™chemical flipases∫) that is alcohols, diols, local anesthetics,
amides and sulfonamides were also reported to accelerate a
lipid flip ± flop.[26] Based on the Pluronic-mediated structural
effects in the lipid membrane, one could expect that lipid
flip ± flop acceleration, induced by the chemical flipases, will
be probably accompanied by increase in the membrane
permeability towards Dox. Attaching ™chemical flipase∫
moieties to a polymer chain might additionally enhance their
permeabilizing effect.


Certainly, the data obtained in the present study using a
simple model system cannot be simply extrapolated to the
mechanism of Pluronic action in biological systems. The
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apparent rate constant of Dox permeation to liposomes is
about 0.3min�1 (see Figure 4), while the transport of the drug
into living cells is usually much slower (kapp� 0.03min�1);[28]


this indicates that the transmembrane permeation is not a
rate-limiting step in the drug accumulation in cells. Therefore
it is unlikely that the acceleration of this process can result in
considerable changes in the amount of drug accumulated in
living cells. Nevertheless, Pluronic induced acceleration of
Dox permeation through model lipid membranes and activa-
tion of flip ± flop processes both indicate a considerable
disturbance of the lipid bilayer that agrees with our previously
reported data concerning fluidization of tumour cells mem-
branes caused by Pluronics L61 and P85.[14] It can be assumed
that such disturbance is the main reason for Pluronic effects
on cell functioning. At the same time, it should be emphasized
that the biomedical importance of the reported results needs
further confirmation.


Experimental Section


Materials : The three-block copolymer EO2/PO32/EO2 (Pluronic L61) was
from Serva (Germany), N-[(7-nitrobenz-2-oxy-1,3-diazol-4yl) dipalmitoyl]
phosphatidylethanolamine (NBD-PE) was purchased from Avanti Polar
Lipids (USA), Dox from the Russian Institute of Antibiotics (Russia). Egg
yolk lecithin (EL) ethanol solution, sodium dithionite and buffer compo-
nents: tris(hydroxymethyl) aminomethane (Tris), ethylenediaminetetraa-
cetate disodium (EDTA), 2-(N-morpholino)ethanesulfonic acid (MES),N-
2-hydroxyethylpiperazine-N�-ethanesulfonate free acid (HEPES) and
choline chloride, from Sigma-Aldrich (USA) were purchased and used as
received.


To prepare a Triton X-100 containing toluene scintillation solution, 2,5-
diphenyloxazole (3.66 g; Serva, Germany), 1,4-bis[2-(5-phenyl)-oxazolyl]-
benzene (0.24 g; Serva, Germany), concentrated ammonia solution
(4.4 mL; Reakhim, Russia) and Triton X-100 (300 mL; scintillation grade,
Sigma, USA) were dissolved in toluene (600 mL; Reakhim, Russia).


Unilamellar vesicles : To prepare unilamellar EL vesicles, we followed the
procedure described by Yaroslavov et al.[27] First, EL ethanol solution was
added into a flask and the solvent was carefully evaporated under vacuum.
A thin lipid layer was vortexed in 20 m� HEPES, 5 m� Tris buffer with
pH 7.0 and then sonicated with a 4700 ultrasonic homogenizer (Cole-
Parmer, USA) at 22 kHz (4� 200 s) and 4 �C. Vesicles samples thus
obtained were separated from titanium dust by centrifugation. The
diameter of vesicles, measured by photon correlation spectroscopy with
Autosizer 2c (Malvern, UK), was in 80 ± 100 nm range.


Tritium-labeled Pluronic L61: Tritium atoms were incorporated into
Pluronic C-H groups by atomic bombardment technique according to the
procedure we reported previously.[14] The preparation was purified from
exchangeable tritium by several cycles of dissolution in ethanol and further
solvent evaporation. Then the labeled Pluronic 3H-L61 was separated from
low molecular radioactive by-products by gel-permeation chromatography
on Sephadex LH-20 using ethanol as eluent. The specific radioactivity of
thus prepared copolymer was 0.2 Cimmol�1.


Binding of Pluronic L61 to EL vesicles : Pluronic binding to the vesicles was
measured using the equilibrium dialysis technique. For this, a small dialysis
sack with 0.4 mL of EL vesicle suspension inside was placed into 2 mL
Eppendorf tube and 1 mL of Pluronic 3H-L61 solution in 20 m� HEPES,
5 m� Tris, pH 7.0 buffer were added. The solution was purged with argon
for 3 min to remove any oxygen and the tube was then closed. The tube was
incubated for 72 hours at 30 �C. Subsequently the sack was extracted from
the tube, and 0.3 mL of solution from the sack (inner solution) and 0.3 mL
of solution remaining in the tube (outer solution) were taken and mixed
each with 3 mL of the Triton X-100-containing toluene scintillation
solution. Radioactivity of both samples was measured using Delta-400
(USA) scintillation counter. Concentrations of Pluronic 3H-L61 were
calculated with S.R.� 0.2 Cimmol�1.


Kinetics of transmembrane doxorubicin permeation : The kinetics of
transmembrane permeation of Dox, characterized by a strong fluorescence,
were investigated using the procedure described by Harrigan et al.[19] A
Dox molecule contains amino group with pKa 8.6, so in neutral or slightly
alkaline solutions part of the Dox molecules is noncharged and can
incorporate into the vesicular membrane. If the internal vesicle cavity is
loaded with an acidic buffer, Dox desorbs from the membrane and
accumulates inside vesicles that finally results in self-quenching of Dox
fluorescence. This allowed us to follow the transmembrane Dox perme-
ation by measuring the fluorescence intensity in the system at �em� 557 nm
(�ex� 490 nm) using an F-4000 spectrofluorometer (Hitachi, Japan).


According to this scheme, in the present work EL vesicles were prepared in
0.3� Tris-citrate buffer solution with pH 4.0, using the sonication proce-
dure described above, and then passed through a Sepharose CL-4B column,
equilibrated with 20 m� HEPES-Tris buffer with pH 7.0, additionally
containing 0.3� sucrose for osmotic pressure compensation. The suspen-
sion of pH-gradient EL vesicles with pH 4.0 inside vesicles and pH 7.0 in
surrounding solution was thus prepared. Hydrodynamic diameter of such
vesicles, measured by photon correlation spectroscopy, was in 100 ± 115 nm
range.


Dox was added to the pH-gradient vesicle suspension at 50 �� concen-
tration, which corresponded to the maximum Dox fluorescence intensity.
When concentration of Dox inside vesicles exceeded 50 ��, the fluores-
cence intensity in the system began decreasing due to the self-quenching
effect, the process following the first order kinetics.


Flip ± flop measurements : To control spontaneous and Pluronic-induced
lipid flip ± flop in the vesicular membrane, a fluorescence approach was
applied. For this, EL vesicles with NBD-PE incorporated into the bilayer
were prepared as it has been recently described.[24] Mixed EL/NBD-PE
(0.995/0.005 w/w) ethanol solution was put in a flask and the solvent was
evaporated under vacuum. A thin lipid layer was dispersed in 10 m� Tris-
HCl buffer, pH 7, supplemented with 150 m� choline chloride and 1 m�
EDTA. The lipid dispersion obtained was subjected five times to the
freeze-thawing procedure and finally passed 35 times through polycarbon-
ate filter with 100 nm pore diameter using an Avanti miniextruder.
Hydrodynamic diameter of the resulting vesicles was in 90 ± 95 nm range
as determined by photon correlation spectroscopy. According to the
previously reported data,[24] the NBD-PE species are uniformly distributed
between both membrane leaflets (symmetrically labeled vesicles). To make
the vesicles applicable for flip ± flop kinetics measurements, they were
converted to asymmetrically labeled by the following procedure. An
appropriate amount of a 0.25� freshly prepared sodium dithionite solution
with pH 10 was added to the 1.5 mgmL�1 suspension of the symmetrically
labeled vesicles so that 2 m� sodium dithionite concentration was
achieved. The mixture was incubated for 6 min at room temperature
(18 ± 22 �C) for completing sodium dithionite-induced reduction of NBD-
PE nitro groups located only in the outer membrane leaflet. This was
accompanied by approx. 46% decrease in the NBD fluorescence intensity,
apparently indicating approx. 92% content of unilamellar vesicles in the
original symmetrically labeled EL/NBD-PE vesicles. The reduced EL/
NBD-PE vesicles (asymmetrically labeled) were immediately separated
from an excess of sodium dithionite by gel-filtration on Sephadex G-50
column equilibrated with Tris-HCl buffer.


The kinetics of migration of intact NBD-PE species from the inner to outer
leaflet of the asymmetrically labeled vesicles in the absence and in the
presence of Pluronic L61 was studied as follows. 1 mL of 0.15 mgmL�1


suspension of the asymmetrically labeled vesicles was prepared and its
fluorescence intensity, I asym


0 , was measured. From this moment, the flip ±
flop of NBD-PE species began to be measured, a temperature of 25 �C
being held. After period of time chosen, t, the sample was cooled down to
20 �C in order to suppress the NBD-PE flip ± flop and minimize sponta-
neous sodium dithionite decomposition and 20 �L of freshly prepared 0.5�
sodium dithionite solution, pH 10 was then added. The kinetics of
fluorescence decay was recorded until a new stationary fluorescence level,
I asym
t , achieved. A fraction of intact NBD-PE species migrated from the
inner to the outer membrane leaflet for t moment, f, was calculated
according to Equation (8). By using different samples from the same
asymmetrically labeled vesicle batch and calculating f for different t values,
the kinetics of spontaneous NBD-PE flip ± flop was obtained. NBD
fluorescence intensity was measured using Hitachi F-4000 spectrofluorim-
eter with �em� 530 nm (�ex� 450 nm).
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Thermodynamics and Kinetics of the Hydride-Transfer Cycles for
1-Aryl-1,4-dihydronicotinamide and Its 1,2-Dihydroisomer


Xiao-Qing Zhu,* Lei Cao, Yang Liu, Yuan Yang, Jin-Yong Lu, Jian-Shuang Wang,
and Jin-Pei Cheng*[a]


Abstract: Five 1-(p-substituted phenyl)-
1,4-dihydronicotinamides (GPNAH-1,4-
H2) and five 1-(p-substituted phenyl)-
1,2-dihydronicotinamides (GPNAH-1,2-
H2) were synthesized, which were used
to mimic NAD(P)H coenzyme and its
1,2-dihydroisomer reductions, respec-
tively. When the 1,4-dihydropyridine
(GPNAH-1,4-H2) and the 1,2-dihy-
droisomer (GPNAH-1,2-H2) were treat-
ed with p-trifluoromethylbenzylidene-
malononitrile (S) as a hydride acceptor,
both reactions gave the same products:
pyridinium derivative (GPNA�) and
carbanion SH� by a hydride one-step
transfer. Thermodynamic analysis on
the two reactions shows that the hydride
transfer from the 1,2-dihydropyridine is
much more favorable than the hydride


transfer from the corresponding 1,4-
dihydroisomer, but the kinetic examina-
tion displays that the former reaction is
remarkably slower than the latter reac-
tion, which is mainly due to much more
negative activation entropy for the for-
mer reaction. When the formed pyridi-
nium derivative (GPNA�) was treated
with SH�, the major reduced product
was the corresponding 1,4-dihydropyri-
dine along with a trace of the 1,2-
dihydroisomer. Thermodynamic and ki-
netic analyses on the hydride transfer
from SH� to GPNA� all suggest that the


4-position on the pyridinium ring in
GPNA� is much easier to accept the
hydride than the 2-position, which in-
dicates that when the 1,4-dihydropyri-
dine is used the hydride donor to react
with S, the formed pyridinium derivative
GPNA� may return to the 1,4-dihydro-
pyridine by a hydride transfer cycle; but
when the 1,2-dihydropyridine is used as
the hydride donor, the formed pyridini-
um derivative can not return to the 1,2-
dihydropyridine by the hydride reverse
transfer from SH� to GPNA�. These
results clearly show that the hydride-
transfer cycle is favorable for the 1,4-
dihydronicotinamides, but unfavorable
for the corresponding 1,2-dihydroisom-
ers.


Keywords: hydride transfer ¥
kinetics ¥ nicotinamide ¥
thermodynamics


Introduction


The reduced form of the nicotinamide-adenine dinucleotide
coenzyme [NAD(P)H] with 1,4-dihydropyridine ring plays a
vital role in many bio-reductions in living bodies by transfer a
hydride ion to the surrounding substrates [Eq. (1)].[1±3] In the
past decades studies, the structure and chemical properties of
NAD(P)H have been an interesting issue. Before the 1950s,
NAD(P)H was generally believed to be a derivative of 1,2-
dihydropyridine and at that time some researchers devoted
their academic career to the study on the reaction mechanism
of NAD(P)H by using small molecule derivatives of 1,2-
dihydropyridine as NAD(P)H model compounds.[1, 4] Until
the late 1950s, NAD(P)H was unambiguously identified to be


a derivative of 1,4-dihydropyridine rather than a derivative of
1,2-dihydropyridine.[1, 4] From then on, various of 1,4-dihydro-
pyridine derivatives such as 1-benzyl-1,4-dihydronicotinamide
(BNAH),[5] Hantzsch 1,4-dihydropyridine (HEH),[6] 10-meth-
yl-9,10-dihydroacridine (AcrH2)[7] and many other 1,4-dihy-
dropyridine derivatives[8] have been extensively used to mimic
NAD(P)H reduction; this, of course, introduced an interest-
ing question as to why NAD(P)H coenzyme in its biological
evolution chooses 1,4-dihydropyridine rather than the 1,2-
dihydropyridine structure as its redox active center in its
reversible hydride transfer cycle [Eq. (1)]. The answer could
result mainly from regiochemistry control of the enzyme. But
the difference between NAD(P)H and its 1,2-dihydroisomer
in thermodynamics and kinetics caused by the different
structures in the hydride transfer cycles still is not clear up till
now; this obviously is important and necessary to understand
the biological evolution of NAD(P)H coenzyme for the 1,4-
dihydropyridine rather than the 1,2-dihydroisomer as the
reaction center structure.


In this article, we wish to elucidate the question by using a
chemical mimic method. Compounds 1-(p-substituted phe-
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nyl)-1,4-dihydronicotinamides (GPNAH-1,4-H2) and their
1,2-dihydroisomers (GPNAH-1,2-H2) (Scheme 1) were used
as NAD(P)H and its 1,2-dihydroisomer models, p-trifluoro-
methylbenzylidenemalononitrile (S) was used as a hydride


Scheme 1.


acceptor. From the experimental results, it is interesting to
find that i) the 1,4-dihydronicotinamides are more stable by
about 1.5 kcalmol�1 than the corresponding 1,2-dihydroisom-
ers to release a hydride, but the activation free energy of the
hydride transfer from the 1,4-dihydropyridines to S is smaller
than that from the corresponding 1,2-dihydroisomer by about
2 kcalmol�1; ii) the 4-position on the pyridinium generated
from the 1,4- or 1,2-dihydronicotinamides is quite favorable to
accept a hydride than the corresponding 2-position in
thermodynamics and kinetics. These results show that the
active center of NAD(P)H should be also more favorable in
thermodynamics and kinetics to choose 1,4-dihydropyridine
rather than 1,2-dihydropyridine by the hydride transfer cycle
without the steric control of enzyme.


Results


1-(p-Substituted phenyl)-1,4-dihydronicotinamides (GPNAH-
1,4-H2)[9] and their corresponding 1,2-dihydroisomers
(GPNAH-1,2-H2)[10] were synthesized according to literature
method and were treated with p-trifluoromethylbenzylidene-
malononitrile (S) in acetonitrile/methanol (9:1 v/v) at room
temperature under argon atmosphere, to give the 1-(p-
substituted phenyl)nicotinamide cations (GPNA�, as
NAD(P)� models) and 2-(p-trifluoromethylbenzyl)malononi-
trile (SH2) [Eqs. (2) and (3)]. 4,4-Dideuterated PNAH-1,4-H2


(PNAH-4,4-D2) was used as a substitute for PNAH-1,4-H2 to
react with S under the same conditions; one deuterium atom
was found to be located at the �-position to the cyano group in
the reduced product 2-(p-trifluoromethylbenzyl)malononi-
trile by 1H NMR and MS spectral data. p-Dinitrobenzene (p-
DNB), a stronger electron acceptor,[11] was added into the two


reaction mixtures; no remarkable inhibitory effect on the two
reaction rates was observed. Redox potentials of the reactants
in Equations (2) and (3) were determined by cyclic voltam-
metry at 100 mVs�1 in acetonitrile. The results show that the
oxidation potentials of the dihydropyridines cover 0.281 ±
0.400 V (vs Fc�/0) for GPNAH-1,4-H2 and 0.199 ± 0.302 V (vs
Fc�/0) for GPNAH-1,2-H2 and the reduction potential of p-
trifluoromethylbenzylidene-malononitrile (S) is �1.229 V (vs
Fc�/0). Free energy changes of one electron transfer from the
1,4-dihydropyridines and the 1,2-dihydropyridines to S were
estimated by using Nernst equation. The detailed results are
summarized in Table 1.


Kinetics of the two reactions [Eqs. (2) and (3)] were
conveniently monitored with UV/Vis absorption spectra by


(2)


(3)


following the time dependence of the absorbance at �max�
390 nm for the 1,2-dihydropyridines (Figure 1) and at �max�


(1)


Table 1. Oxidation potentials of the 1,4- and 1,2-dihydropyridines (V vs
Fc�/0) and free energy changes of one electron transfer from the 1,4- and
1,2-dihydropyridines to S [kcalmol�1].


NAD(P)H models Eox (V vs Fc�/0)[a] �GeT [kcalmol�1][b]


CH3OPNAH-1,4-H2 0.281 34.83
CH3PNAH-1,4-H2 0.313 35.55
PNAH-1,4-H2 0.363 36.72
ClPNAH-1,4-H2 0.395 37.44
BrPNAH-1,4-H2 0.400 37.56
CH3OPNAH-1,2-H2 0.199 32.92
CH3PNAH-1,2-H2 0.222 33.47
PNAH-1,2-H2 0.251 34.14
ClPNAH-1,2-H2 0.297 35.19
BrPNAH-1,2-H2 0.302 35.31


[a] Measured by CV in MeCN at 25 �C and reproducible to 5 mV or better.
[b] Free energy changes of one electron transfer from the NAD(P)H
models to S were obtained from the equation �GeT � � 23.06 [Ered(S)�
Eox(GPNAH)] [kcalmol�1], taking Ered(S)��1.229 (V vs Fc�/0).
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Figure 1. Change in the UV/Vis absorption spectra during the reduction of
S by PNAH-1,2-H2. Conditions: 0.127m� PNAH-1,2-H2, 10.62m� S in
CH3CN/CH3OH at 25 �C. Spectra were recorded at 10 min intervals. Inset:
Decay curve of PNAH-1,2-H2 by S at �max� 390 nm.


360 nm for the 1,4-dihydropyridines under pseudo-first-order
reaction conditions with S in more than 25-fold excess. The
pseudo-first-order rate constants were calculated by Guggen-
heim×s method.[12] The second-order rate constants (k2) at
different temperature between
25 and 45 �C are given in Ta-
ble 2, which were derived from
the slopes of the plots of the
pseudo-first-order rate con-
stants versus the concentrations
of S. Arrhenius activation energy (�Ea) and Eyring activation
parameters: activation enthalpy (�H�) and activation entropy
(�S�) for the two reactions [Eqs. (2) and (3)] were summar-
ized in Table 3, which were derived from Arrhenius plots of
lnk2 and Eyring plots of ln(k2/T) versus the reciprocal of the
absolute temperature (1/T), respectively.
Heterolytic dissociation energies of C4�H bond for the 1,4-
dihydropyridines (GPNAH-1,4-H2) and C2-H bond for the
1,2-dihydropyridines (GPNAH-1,2-H2) as well as C�-H bond
for SH� to release a hydride were obtained from their
corresponding heat of reaction with N-methylacridinium


(AcrH�) iodide in dry acetonitrile [Eqs. (4) and (5)]. The
heat of reaction of N-methylacridinium (AcrH�) iodide with
GPNAH-1,4-H2, GPNAH-1,2-H2 and SH� can be directly
determined by titration calorimetry, respectively (Figure 2).
The detailed experimental results are listed in Table 4.


(5)


Figure 2. Titrated calibration graph: AcrH� in acetonitrile was titrated
into p-trifluoromethylbenzyl- malononitrile-2-yl carbanion (SH�) in ace-
tonitrile solution ([SH�] �0.011�, [AcrH�]� 0.0105�). �Hrxn�
18.0 kcalmol�1.


Discussion


Mechanisms of the two reactions [Eqs. (2) and (3)]: Accord-
ing to the product analysis and the isotope deuterium atom
tracing experiment mentioned above, it is conceived that the
reactions of GPNAH-1,4-H2 and GPNAH-1,2-H2 with S were


Table 2. Second-order rate constants k2(GPNAH-1,4-H2) and
k2(GPNAH-1,2-H2) [��1s�1] for the reductions of S in acetonitrile/
methanol at different temperatures between 25 and 45 �C.[a]


T [�C] k2(GPNAH-1,4-H2)� 102


p-OMe p-CH3 p-H p-Cl p-Br
25 4.19� 0.02 3.52� 0.01 2.64� 0.02 1.89� 0.02 1.95� 0.02
30 5.74� 0.02 5.19� 0.02 4.02� 0.02 2.95� 0.02 2.86� 0.01
35 9.73� 0.03 8.43� 0.02 6.97� 0.02 5.21� 0.02 5.19� 0.02
40 14.49� 0.03 12.02� 0.02 10.69� 0.03 8.15� 0.03 8.07� 0.09
45 23.23� 0.22 21.18� 0.18 17.62� 0.15 13.74� 0.12 13.68� 0.11


T [�C] k2(GPNAH-1,2-H2)� 102


25 1.23� 0.01 1.12� 0.02 0.96� 0.02 0.76� 0.02 0.77� 0.02
30 1.54� 0.01 1.40� 0.02 1.22� 0.02 1.00� 0.02 1.01� 0.02
35 2.20� 0.02 2.04� 0.02 1.77� 0.03 1.48� 0.03 1.49� 0.02
40 2.77� 0.04 2.56� 0.03 2.27� 0.02 1.91� 0.03 1.91� 0.04
45 3.81� 0.04 3.55� 0.04 3.14� 0.04 2.69� 0.04 2.66� 0.04


[a] Second-order rate constants k2 were obtained from the corresponding
pseudo-first-order rate constants by the linear correlation against the
concentration of S.


(4)


Table 3. Activation parameters for the reductions of S with GPNAH-1,4-
H2 and GPNAH-1,2-H2 in acetonitrile/methanol.


NA(P)H models �Ea
[a] �H�[b] �S�[c] �T�S�[d]


GPNAH-1,4-H2


p-OCH3 15.7� 0.9 15.1� 0.9 � 14.4� 2.8 4.3� 0.8
p-CH3 16.0� 0.9 15.4� 0.9 � 13.7� 2.9 4.1� 0.9
p-H 17.2� 0.7 16.6� 0.7 � 10.0� 2.2 3.0� 0.6
p-Cl 18.0� 0.7 17.4� 0.7 � 8.1� 2.2 2.4� 0.6
p-Br 17.8� 0.9 17.2� 0.9 � 8.8� 2.9 2.6� 0.9
GPNAH-1,2-H2


p-OCH3 10.3� 0.6 9.7� 0.6 � 34.9� 1.8 10.4� 0.5
p-CH3 10.5� 0.6 9.9� 0.6 � 34.3� 2.1 10.2� 0.6
p-H 10.8� 0.6 10.2� 0.5 � 33.6� 1.8 10.0� 0.5
p-Cl 11.5� 0.6 10.9� 0.5 � 31.9� 1.8 9.5� 0.5
p-Br 11.2� 0.6 10.7� 0.5 � 32.5� 1.8 9.7� 0.5


[a] From the Arrhenius plots, the unit is [kcalmol�1]. [b] From the slope of
the Eyring plots, the unit is [kcalmol�1]. [c] From the intercept of the
Eyring plots, the unit is [calmol�1K�1]. [d] The unit is [kcalmol�1].
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carried out first by a formal hydride transfer from the
dihydropyridines (GPNAH-1,4-H2 and GPNAH-1,2-H2) to
the �-position to cyano group in the substrate S. No
remarkable inhibitory effect of p-dinitrobenzene on the two
reaction rates[14] and the estimation of large positive free
energy changes for one electron transfer from the dihydro-
pyridines to S (see Table 1) suggest that the formal hydride
transfer from the dihydropyridines to S could not be initiated
by single electron transfer.[15] A tentative reduction mecha-
nism of S by GPNAH may be proposed as shown in Scheme 2:
a hydride departs from the dihydropyridines first attached the
�-carbon of S to form a carbanion intermediate SH�, which
then attracts a proton from methanol to form the final
reduction product SH2.


In order to determine the rate-limiting step in the reaction
route (Scheme 2), Hammett-type free energy analyses of the
two reactions were made, which provide two excellent straight
lines of logk2 against the � constant of the substituents G with
reaction constant � values of �0.672 and �0.413 for the 1,4-
dihydropyridines and for the 1,2-dihydropyridines as the
hydride donors, respectively (Figure 3). The negative � values
indicate the developing positive charge on the pyridine ring in
the rate-limiting step.[16] The magnitude of the � values is a
measure of the increase of the effective positive charge at the
1-position nitrogen atom on the pyridine ring in going from
the dihydropyridines to their corresponding transition


Figure 3. Correlation of logk2 (at 25 �C) versus � constants for the
reactions of GPNAH-1,4-H2 (�) and GPNAH-1,2-H2 (�) with S.


states.[17] Due to the significant dependence of the logk2 on the
remote substituent G and the negative � values for the two
reactions, the rate-limiting step should be the initial hydride
transfer rather than the second step protonation of SH� ; this
indicates that the reaction rates of Swith the dihydropyridines
obtained by following the disappearance of the dihydropyr-
idines (Table 2) should be controlled by the initial hydride
transfer rather than the second step protonation of SH�.


Thermodynamics and kinetics of the initial hydride transfer
and the hydride reverse transfer : In order to elucidate the
difference of the redox reactivity between NAD(P)H and its
1,2-dihydroisomer caused by the different center structures in
the hydride transfer cycles, thermodynamics and kinetics of
the hydride transfer from the two types of dihydropyridines to
S and the hydride reverse transfer in Scheme 2 were
examined. The standard state energy change and the activa-
tion free energy for the initial hydride forward transfer were
obtained from the heterolytic dissociation energies of the
related C�H bonds (Table 4)[18] and from the relationship
�G���H��T�S�, respectively. The detailed results are
summarized in Table 5.


The standard state energy change and the corresponding
activation free energy for the hydride transfer from SH� to
GPNA� (the hydride reverse transfer) were obtained accord-
ing to the principle ofmicroscopic reversibility,[19] that is under
the same conditions, the mechanism for the hydride forward
transfer is the same as that for the hydride reverse transfer
(see Figure 4) and the detailed thermodynamic and kinetic
data were listed in Table 6.[20]


The most eye-catching feature in the second column of
Table 5 is that the standard state energy changes of the initial
hydride transfer from the 1,4-dihydropyridines and from the
1,2-dihydropyridines to S are all positive values, which


Table 4. Heat of reaction of AcrH� with the 1,4-dihydropyridines, 1,2-
dihydropyridines and SH� in dry acetonitrile and the heterolytic C4-H, C2-H
and C�-H bond dissociation energies in the 1,4-dihydropyridines, 1,2-
dihydropyridines and SH� in acetonitrile [kcalmol�1].


Compounds �Hrxn
[a] �Hhet(C�H)[b]


CH3OPNAH-1,4-H2 14.7 68.3
CH3PNAH-1,4-H2 13.6 69.4
PNAH-1,4-H2 12.0 71.0
ClPNAH-1,4-H2 10.5 72.5
BrPNAH-1,4-H2 10.8 72.2


CH3OPNAH-1,2-H2 16.2 66.8
CH3PNAH-1,2-H2 15.1 67.9
PNAH-1,2-H2 13.5 69.5
ClPNAH-1,2-H2 11.7 71.3
BrPNAH-1,2-H2 12.2 70.9


SH� 18.0 65.0


[a] The reaction heats of AcrH� with the 1,4-dihydropyridines (GPNAH-
1,4-H2), 1,2-dihydropyridines (GPNAH-1,2-H2) and SH� measured by
titration calorimetry in dry CH3CN at 25 �C. The data obtained were
average values of at least two independent runs, each of which was again an
average value of 10 consecutive titrations except for the first. The
reproducibility is 0.5� 0.2 kcalmol�1. [b] Obtained from the equation
�Hhet(C�H)��Hhet(AcrH2)��Hrxn , taking �Hhet(AcrH2)� 83 kcalmol�1


in acetonitrile from ref. [13]. Standard deviation was estimated to be
smaller than 1 kcalmol�1.


Scheme 2.
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indicates that the initial hydride transfer from the 1,4- or 1,2-
dihydropyridines are not spontaneous in thermodynamics.[21]


Evidently, the initial hydride transfer requires some energies
which can easily be compensated from the follow-up proto-
nation of SH�. The experimental results that no reactions of
the dihydropyridines with S were observed in dry acetonitrile
without methanol may be used to support this. From the
comparison of the changes in energy of the hydride forward
transfer from the 1,4-dihydropyridines and from the 1,2-
dihydropyridines to S, it is clear that the energy required for
the hydride transfer from the 1,4-dihydropyridines to S is
larger than the energy required for the hydride transfer from
the corresponding 1,2-dihydropyridines to S ; the reason is that
the heterolytic dissociation energy of the C4-H bond in the 1,4-
dihydropyridines is larger than that of the C2�H bond in the
corresponding 1,2-dihydropyridines, which appears to indi-
cate that the hydride transfer from the 1,2-hydropyridines to S


should be faster than the hydride
transfer from the 1,4-hydropyridines
to S, but the experimental results
show that the cases are just reverse
(see Table 2),[18] the reason is that the
activation free energies of the hydride
transfer from the 1,2-dihydropyridnes
(20.1 ± 20.4 kcalmol�1) are generally
larger than that of the hydride trans-
fer from the corresponding 1,4-dihy-
dropyridnes (19.4 ± 19.8 kcalmol�1).
Detailed comparison of the values of
�H� and the values of �T�S� in
Table 3 for the two reactions shows
that for the hydride transfer from the
1,4-dihydropyridines to S, the �H� is
larger (in an absolute sense) than the
corresponding �T�S� by 10.7 ±
14.6 kcalmol�1; this indicates that
the hydride transfer from the 1,4-
dihydropyridines to S is mainly con-
trolled by activation enthalpy, but for
the reaction with the 1,2-dihydropyr-
idines, the �H� is not larger than the


corresponding �T�S�, which indicates that the hydride
transfer from the 1,2-dihydropyridines to S is not only
controlled by activation enthalpy but also quite more
controlled by activation entropy. Obviously the latter is a
main factor which makes the activation free energy of the
hydride transfer from the 1,2-dihydropyridines to S larger
than that of the hydride transfer from the 1,4-dihydropyr-
idines to S. According to the structures of the 1,4-dihydropyr-
idines and 1,2-dihydropyridines, it is clear that in the 1,4-
dihydropyridines only one substituent resides proximate to
the reaction center to repulse the substrate in the transition
state, whereas in the 1,2-dihydropyridines there are two
substituents located at the ortho-positions to repulse the
approach of the substrate in the transition state (see
Scheme 4); this can be used to explain why the activation
entropy (�S�) for the hydride transfer from the 1,2-dihydro-
pyridines to S (�31.9± � 34.9 calmol�1K�1) is much more
negative than that for the hydride transfer from the


Table 5. Standard state energy change and activation free energies of the
hydride transfer from the 1,4-dihydripyridines and the 1,2-dihydropyridines
to S (hydride forward transfer) in acetonitrile solution [kcalmol�1].


NAD(P)H models �H(H�
T) (forward)[a] �G� (forward)[b]


GPNAH-1,4-H2


CH3O 3.3 19.4
CH3 4.4 19.5
H 6.0 19.6
Cl 7.5 19.8
Br 7.2 19.8
GPNAH-1,2-H2


CH3O 1.8 20.1
CH3 2.9 20.1
H 4.5 20.2
Cl 6.3 20.4
Br 5.9 20.4


[a] �H(H�
T)��Hhet(GPNAH)��Hhet(SH�). [b] Obtained from the


equation of �G�(forward)��H�(forward)�T�S�(forward). The values
of �H� and �S� can be obtained from Table 3.


Figure 4. Reaction coordinate diagram for the hydride transfer from 1-phenyl-1,2-dihydronicotinamide
(PNAH-1,2-H2) and from 1-phenyl-1,4-dihydronicotinamide (PNAH-1,4-H2) to S and for the hydride
reverse transfers.


Table 6. Standard state energy change and activation free energies of the
hydride transfer to the 4-position and to the 2-position in GPNA� from SH�


(hydride reverse transfer) in acetonitrile solution [kcalmol�1].


NAD(P)� models �H(H�
T) (reverse)[a] �G� (reverse)[b]


attack to the 4-position
CH3OPNA� � 3.3 16.1
CH3PNA� � 4.4 15.1
PNA� � 6.0 13.6
ClPNA� � 7.5 12.3
BrPNA� � 7.2 12.6
attack to the 2-position
CH3OPNA� � 1.8 18.3
CH3PNA� � 2.9 17.2
PNA� � 4.5 15.7
ClPNA� � 6.3 14.1
BrPNA� � 5.9 14.5


[a] Obtained from the equation of �H(H�T)(reverse)���H(H�T)(for-
ward), the unit is kcalmol�1. The related data were listed in Table 4.
[b] Calculated according to the equation of �G�(reverse)�
�G�(forward)��H(H�T)(forward), the unit is kcalmol�1. The related
data were listed in Table 3.
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corresponding 1,4-dihydropyridines to S (�8.8±
� 14.4 calmol�1K�1).


For the hydride transfer from SH� to GPNA� (the hydride
reverse transfer), the standard state energy changes and the
activation free energies are not only dependent on the nature
of the two reactants but also on the sites of the reaction center
on the pyridinium ring where the hydride from SH� attacks.
From Table 6, it is clear that when the hydride from SH�


attacks the 4-position on the pyridinium ring, not only the
thermodynamic driving force (�3.3± � 7.5 kcalmol�1) is larg-
er than that when the hydride attacks to the 2-position (�1.8±
� 6.3 kcalmol�1), but the activation free energy (16.1 ±
12.6 kcalmol�1) is also smaller than that when the hydride
attacks the 2-position (18.3 ± 14.5 kcalmol�1); this indicates
that when GPNA� reacts with SH�, it is much easier for t
4-position in GPNA� to accept the hydride ion than for the
2-position to accept the hydride ion. This result means that the
pyridinium derivatives formed from the 1,2-dihydropyridines
cannot return to the original reduced form, 1,2-dihydropyr-
idines by accepting a hydride from SH�. The oxidation ± re-
duction cycles of the 1,4-dihydropyridines and the 1,2-
dihydroisomers in the reactions with S are shown in Scheme 3.


Scheme 3. Hydride-transfer cycles of the 1,4-dihydropyridines and the 1,2-
dihydroisomers in the reactions with S.


In the hydride transfer cycle of the 1,4-dihydropyridines in
the reaction with S, a hydride from the 1,4-dihydropyridines
transfers to the substrate S to produce GPNA� and SH�


(hydride forward transfer). In reverse order, the pyridinium
GPNA� formed may return to the initial reduced form, 1,4-
dihydropyridines, by the hydride reverse transfer from SH� to
the 4-position on the pyridinium ring. Whereas in the
oxidation ± reduction cycle of the 1,2-dihydropyridines in the
reaction with S, the hydride transfers from the 1,2-dihydro-
pyridines to the substrate S to produce GPNA� and SH�


(hydride forward transfer). In the reverse order, however, the
GPNA� formed can not return to the initial reduced form, 1,2-
dihydropyridines, by the hydride reverse transfer from SH� to
the 2-position on the pyridinium ring, because it is much more
favorable for the hydride to attack the 4-position than to
attack the 2-position in both thermodynamic and kinetic
terms, which makes the oxidation ± reduction cycle of the 1,2-
dihydropyridines in the reactions with S break in the reverse
process.


In order to support the above proposal, the reaction of
GPNA� with SH� was examined. When GPNA� (G�H) was
treated with SH� in dry acetonitrile under argon atmosphere,
the 1,4-dihydropyridine was obtained as the major reduced


product (the yield of more than 90%)[22] with a trace of the
1,2-dihydroisomer,[23] which is well consistent with the as-
sumptions made according to the thermodynamic and kinetic
analyses above mentioned.


Nature of the transition state in the hydride forward transfer
and the hydride reverse transfer : In order to further support
the proposal that the 1,4-dihydropyridine is much more easy
to form than the corresponding 1,2-dihydropyridine from
GPNA� by hydride transfer from SH�, the nature of the
transition states in the hydride transfer from the 1,4- and 1,2-
dihydropyridines to S was examined. When the standard state
enthalpy changes [�H (H�T)] and the activation enthalpies
(�H�) for the two reactions [Eqs. (2) and (3)] were plotted
against the Hammett substituent constant �, four excellent
straight lines were observed (see Figure 5) with slope values


Figure 5. Hammett plots of �H�(1,4-) (�) and �H�(1,2-) (�), �H1,4(H�
T)


(�), �H1,2(H�
T) (�) vs �. The values of �H�(1,4-), �H�(1,2-), �H1,4(H�


T),
and �H1,2(H�


T) are listed in Tables 3 and 5, respectively.


of 4.51� 0.46 (equivalent to Hammett reaction constant � of
�0.79)[24] for the activation enthalpy of the reaction with the
1,4-dihydropyridines [�H�(1,4-)], 2.22� 0.21 (equivalent to �


of �0.39) for the activation enthalpy of the reaction with the
1,2-dihydropyridines [�H�(1,2-)], 8.93� 0.58 (equivalent to �


of �1.57) for the standard state enthalpy changes of the
reaction with the 1,2-dihydropyridines [�H1,2(H�T)] and
7.84� 0.65 (equivalent to � of �1.38) for the standard state
enthalpy changes of the reaction with the 1,4-dihydropyr-
idines [�H1,4(H�T)]. The positive slope values reflect that
positive charge increases on the nitrogen atom at the
1-position in going from the GPNAH to the transition state
or to GPNA� and the magnitude of the slope values is a
indicator for the relative change of the effective charge at the
1-position nitrogen atom.[25] In order to quantitatively eval-
uate the effective charge on the 1-position nitrogen atom in
the 1,4-dihydropyridines and the 1,2-dihydropyridines in the
transition states, we defined the effective charge on the
1-position nitrogen atom in GPNAH-1,4-H2 and GPNAH-1,2-
H2 as zero, and the effective charge on the 1-position nitrogen
atom in GPNA� as the positive, one unit from our basic
knowledge of the electronic structures of the neutral
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GPNAH-1,4-H2 and GPNAH-1,2-H2 as well as their corre-
sponding production quaternary ammonium salts;[26] this
indicates that the slope value of 7.84 for the hydride transfer
from the 1,4-dihydropyridines to S [�H1,4(H�T)] is equivalent
to a positive charge increase of one unit on the 1-position
nitrogen in going from GPNAH-1,4-H2 to GPNA�, and from
which it is easily available that the slope value of 4.51 for
[�H�(1,4-)] is equivalent to positive charge increase of 0.58 on
the 1-position nitrogen atom in going from GPNAH-1,4-H2 to
the transition state. Since the effective charge on the
1-position nitrogen in GPNAH-1,4-H2 has been defined as
zero, the effective charge on the 1-position nitrogen in the
transition state of the 1.4-dihydropyridines should be �0.58
(Scheme 4). Similarly, according to the slope value of 8.93 for
the hydride transfer from the 1,2-dihydropyridines to S
[�H1,2(H�T)] equivalent to positive charge increase of one
unit on the 1-position nitrogen in going from GPNAH-1,2-H2


to GPNA�, it is clear that the effective charge on the
1-position nitrogen in the transition state of the 1.2-dihydro-
pyridine is �0.25 (Scheme 4).[27] Comparing the effective
charges on the 1-position nitrogen atom in the two transition
states shows that the effective charge on the 1-position
nitrogen atom in the transition state of 1,2-hydropyridines
(�0.25) is quite smaller than the effective charge in the
corresponding in the transition state of 1,4-hydropyridines
(�0.58); this indicates that the location of the transition state
of 1,2-dihydropyridines is close to the side of reactants
GPNAH-1,2-H2 (early reagent-like), but the transition state
of 1,4-dihydropyridines is in the middle or slight close to the
side of products GPNA� (see Scheme 4 and Figure 4).


As shown from the hydride reverse transfer from SH� to
GPNA� in Figure 4 and Scheme 4, it is clear that the position
of the transition state in the reaction coordination for the
hydride transfer from SH� to the 4-position of GPNA� is


much more close to the side of the initial reactants (SH� �
GPNA�) than that of the hydride transfer to the 2-position;
this indicates that the transition state of the hydride transfer
from SH� to the 4-position is formed easier and earlier than
the other transition state, since the two reactions were
initiated from the same reactants (SH� � GPNA�).[28] This
result again supports that the 1,4-dihydropyridines have
precedence over the corresponding 1,2-dihydropyridines to
form from the reduction of the corresponding pyridinium
cation GPNA� by hydride donor SH�.


According to the thermodynamic and kinetic examination
for the hydride reverse transfer from SH� to GPNA� above
mentioned, we know that there are two main factors which
make the activation energy potential of the transition state to
yield the 1,4-dihydropyridines much lower than that of the
transition state to yield the 1,2-dihydropyridines: one is that
the heterolytic dissociation energy of C4�H bond in the 1,4-
dihydropyridines is larger than that of C2�H bond in the
corresponding 1,2-dihydropyridines; the other is that hin-
drance at the 2-position on the pyridinium ring in GPNA� is
larger than that at the 4-position.


Conclusion


According to the thermodynamic and kinetic examination of
the two reactions of five 1-(p-substituted phenyl)-1,4-dihy-
dronicotinamides (GPNAH-1,4-H2) and five 1-(p-substituted
phenyl)-1,2-dihydro- nicotinamides (GPNAH-1,2-H2) with p-
trifluoromethylbenzylidenemalononitrile (S), following con-
clusions can be drawn:
1) The oxidation potential of the 1,4-dihydropyridines is


generally larger than that of the corresponding 1,2-
dihydroisomers by 0.082 ± 0.112 V and the heterolytic


dissociation energy of C4�H
bond in the 1,4-dihydropyri-
dines is also larger than that
of C2�H bond in the corre-
sponding 1,2-dihydroisomers
by 1.2 ± 1.5 kcalmol�1, which
indicates that to the same
substrate, the thermodynam-
ic driving force of the 1,4-
dihydropyridines offers an
electron or a hydride is small-
er than that of the corre-
sponding 1,2-dihydroisomers.


2) When the two types of the
dihydropyridines were treat-
ed with the same substrate
(S), though the thermody-
namic driving force of the
hydride transfer from the
1,4-dihydropyridines is quite
smaller than that of the cor-
responding 1,2-dihydroisom-
ers, the activation free energy
of the latter reactions is larg-
er than that of the former


Scheme 4. Effective charge maps on the rate-determining transition states in the reactions of S with 1,4-
dihydronicotinamide and with 1,2-dihydronicotinamide.
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reactions, which is due to the more negative activation
entropy for the latter reactions.


3) When the hydride reverse transfers from SH� to the
pyridinium GPNA�, the hydride transfer to the 4-position
on the pyridinium ring to form the 1,4-dihydropyridines is
much more favorable than the hydride transfer to the
2-position on the pyridinium ring to form the 1,2-dihydro-
pyridines in both of thermodynamics and kinetics, which
indicates that the pyridinium derivatives GPNA� [as
NAD(P)� models] can return to the 1,4-dihydropyridines
rather than the 1,2-dihydropyridines by abstracting a
hydride.


These results indicate that the active center of NAD(P)H is
also more favorable to choose the 1,4-dihydropyridine rather
than 1,2-dihydropyridine in the hydride transfer cycle without
the steric control of enzyme.


Experimental Section


Materials : 1-(p-Substituted phenyl)-1,4-dihydronicotinamides (GPNAH-
1,4-H2) were prepared according to the following general methods: the
appropriate aniline (1 mmol) dissolved in dry methanol (10 mL) was added
into a solution of 1-(2,4-dinitrophenyl)nicotinomide chloride
(1 mmol),[29, 30] a so-called Zincke salt, in dry methanol (100 mL). The
resulting red solution was then heated gently overnight or until the red
color fated to yellow, indicating the formation of 2,4-dinitroaniline. The
solution was cooled, and the precipitated side product was removed by
filtration. The filtrate was then evaporated in vacuum, and the residue was
dissolved in H2O (100 mL). The aqueous phase was then exhaustively
washed with diethyl ether. The water layer was then evaporated under
reduced pressure to give a crude product, which was recrystallized from
methanol/Et2O. Reduction of the pyridinium salt was performed in
aqueous basic sodium dithionite to give the corresponding 1,4-dihydropyr-
idine derivatives. 4,4-Dideuterated PNAH-1,4-H2 was synthesized accord-
ing to the literature,[9] the deuterium content was larger than 95% (1H NMR
method). 1-(p-Substituted phenyl)-1,2-dihydronicotinamides (GPNAH-
1,2-H2) were obtained from reductions of the corresponding pyridinium
salt by NaBH4 according to the literature method.[10] p-Trifluoromethyl-
benzylidenemalononitrile was prepared by Knoevenagel condensation of
p-trifluoromethylbenzaldehyde with malononitrile in the presence of a
base.[31] SH� was obtained from the reaction of p-trifluoromethylbenzyl-
malononitrile with KH in dry acetonitrile. p-Trifluoromethylbenzylmalo-
nonitrile was available from the reduction of p-trifluoromethyl-benzylide-
nemalonotrile by 1-phenyl-1,4-dihydronicotinamide in acetonitrile/meth-
anol. 10-Methylacridinium iodide (AcrH�I�) was obtained from the
treatment of acridine by methyl iodide following the literature.[32] Reagent
grade acetonitrile was distilled from P2O5 being passed through a column of
active neutral alumina to remove water and protic impurities.


Kinetic measurements : Kinetic measurements were carried out in acetoni-
trile/methanol (9:1 v/v) using a Hitachi U-3000 spectrophotometer
connected to a super-thermostat circulating bath to regulate the temper-
ature of cell compartments. The oxidation rate of the 1,4-dihydropyridines
and the 1,2-dihydropyridines by S were measured at 25 ± 45 �C by
monitoring the changes of absorption of GPNAH ([GPNAH]�
0.127 m�) at �max� 360 nm for GPNAH-1,4-H2 and at �max� 390 nm for
GPNAH-1,2-H2 under pseudo-first-order conditions (S in over 25-fold
excess). The pseudo-first-order rate constants were then converted to k2 by
linear correlation of pseudo-first-order rate constants against the concen-
trations of S. The activation parameters were derived from Arrhenius plots
and from Eyring plots.


Titrated calibration experiments : The titration experiments were per-
formed on a CSC4200 isothermal titration calorimeter in acetonitrile at
25 �C. Prior to use, the instrument was calibrated against an internal heat
pulse, and the functional response was verified by determination of the heat
of dilution of a concentrated sucrose solution.[33] Data points were collected
every 2 s. The heat of reaction was determined following 10 automatic


injections from a 250 �L injection syringe (containing 0.0105� 10-
methylacridinium iodide) into the reaction cell (1.00 mL) containing
0.011� NAD(P)H models or SH�K�. Injection volumes (10 �L) were
delivered 0.5 s time interval with 500 s between every two injections. The
reaction heat was obtained by area integration of each peak except for the
first.


Electrochemical experiments : All electrochemical experiments were
carried out by CV (sweep rate, 100 mVs�1) using a BAS-100B electro-
chemical apparatus in acetonitrile under an argon atmosphere as described
previously.[34] Bu4NPF6 (0.1�) was employed as the supporting electrolyte.
A standard three-electrode assembly consisted of a glassy carbon disk as
the working electronic, a platinum wire as counter electrode, and 0.1�
AgNO3/Ag as reference. All sample solution was 1.0m�. The ferrocenium/
ferrocene redox couple (Fc�/0) was taken as an internal standard.
Reproducibility is generally smaller than 5 mV.
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Spectroelectrochemical Studies on Mixed-Valence States in a Cyanide-
Bridged Molecular Square, [RuII


2FeII
2(�-CN)4(bpy)8](PF6)4 ¥ CHCl3 ¥H2O


Hiroki Oshio,*[a] Hironori Onodera,[b] and Tasuku Ito[b]


Abstract: A cyanide-bridged molecular
square of [RuII


2FeII
2(�-CN)4(bpy)8]-


(PF6)4 ¥CHCl3 ¥H2O, abbreviated as
[RuII


2FeII
2](PF6)4, has been synthesised


and electrochemically generated mixed-
valence states have been studied by
spectroelectrochemical methods. The
complex cation of [RuII


2FeII
2]4� is nearly


a square and is composed of alternate
RuII and FeII ions bridged by four
cyanide ions. The cyclic voltammogram
(CV) of [RuII


2FeII
2](PF6)4 in acetonitrile


showed four quasireversible waves at


0.69, 0.94, 1.42 and 1.70 V (vs. SSCE),
which correspond to the four one-elec-
tron redox processes of [RuII


2FeII
2]4�


�[RuII
2FeIIFeIII] 5��[RuII


2FeIII
2]6��


[RuIIRuIIIFeIII
2]7��[RuIII


2FeIII
2]8�. Elec-


trochemically generated [RuII
2FeIIFeIII]5�


and [RuII
2FeIII


2]6� showed new absorp-


tion bands at 2350 nm (��
5500��1 cm�1) and 1560 nm (��
10500��1 cm�1), respectively, which
were assigned to the intramolecular IT
(intervalence transfer) bands from FeII to
FeIII and from RuII to FeIII ions, respec-
tively. The electronic interaction matrix
elements (HAB) and the degrees of elec-
tronic delocalisation (�2) were estimated
to be 1090 cm�1 and 0.065 for the
[RuII


2FeIIFeIII
2]5� state and 1990 cm�1


and 0.065 for the [RuII
2FeIII


2]6� states.


Keywords: cyanometalate ¥ electro-
chemistry ¥ iron ¥ mixed-
valent compounds ¥ molecular
square ¥ ruthenium


Introduction


Cyanide-bridged transition-metal compounds show various
physical properties such as electrochromism, photo- and
chemically induced phase transitions and magnetism,[1] which
are characteristic properties of solids and discrete molecules.
A series of cyanide-bridged infinite systems formulated as
Mx[M�(CN)y] (M and M� are transition metal ions, y� 6 or 7)
have been shown to be bulk magnets,[2] and some showed
photoinduced magnetic-ordering phenomena.[3] Cyanometa-
lates of [M(CN)6]n� and [M(CN)8]n� have been used to
construct molecular architectures with high-spin ground
states[4] such as heptanuclear [CrIIIMnII


6] (S� 27³2) and
[CrIIINiII6] (S� 15³2),[5] and higher nuclearites [MnII


9WV
6]


(S� 39³2) and [MnII
6MoV


9] (S� 51³2).[6] Because it is possible to
exert some synthetic control by using cyanide complexes,
larger cluster complexes [CrIII


12NiII12(CN)48]12� and
[CrIII


14NiII13(CN)48]20� have been prepared and are expected


to have superparamagnetic behaviour.[7] Metal complexes
that have metal ions in different valence states can give rise to
strong electronic interactions such as intervalence charge
transfer (IVCT). For valence-localised systems, the energy of
the IVCT band is equal to the sum of the reorganisation
energy and the ground-state free-energy difference, and the
magnitude of the electronic coupling (HAB) is inferred from
the oscillator strength of the IVCT band obtained by
spectroelectrochemical methods. Despite the diverse poten-
tial applications of cyanometalates, relatively little is known
about the properties of IVCT interactions in mixed-metal
systems. The development of versatile synthetic routes to
prepare mixed-metal clusters provides an opportunity to
study the interactions in these systems. We have been studying
a class of cyanide-bridged cluster molecules with a general
formula of [Fe2M2(�-CN)4(bpy)6]n� (bpy� 2,2�-bipyridine)
in which cyanide ions bridge four metal ions to form
the macrocyclic tetranuclear core, so-called molecular
squares. In this paper we present the synthesis, crystal
structure and spectroelectrochemical studies of [RuII


2FeII
2-


(�-CN)4(bpy)8](PF6)4 ¥CHCl3 ¥H2O.


Results and Discussions


Synthesis and description of the structure : The reaction of
[Fe(CN)2(bpy)2] with [Ru(bpy)2(solvent)2]2� yielded a tetra-
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nuclear complex of [RuII
2FeII


2(�-CN)4(bpy)8](PF6)4 ¥CHCl3 ¥
H2O, abbreviated as [RuII


2FeII
2](PF6)4. The molecular struc-


ture of [RuII
2FeII


2]4� is shown in Figure 1, and selected bond
lengths and angles are listed in Table 1.


Figure 1. Ortep diagram (30% probability) of the square cation in
[RuII


2FeII
4(�-CN)4(bpy)8](PF6)4 ¥CHCl3 ¥H2O. Hydrogen atoms are omitted


for clarity.


[RuII
2FeII


2](PF6)4 crystallised in triclinic space group P1≈, and
the complex cation resides on a centre of symmetry.
[RuII


2FeII
2]4� is a nearly square tetranuclear macrocycle with


alternating RuII and FeII ions at the corners of the square.
Magnetic susceptibility measurements revealed that both
metal ions are diamagnetic. The opposite pairs of cyanide are
arranged in an anti-parallel fashion to each in order to bridge


neighbouring metal ions and have flipped during the course of
the reaction. The positions of the RuII ions were assigned to
the highest peaks found in the direct method (SHELEX-97),
but the assignments of the metal ions and the orientation of
the cyanide moieties are ambiguous from the X-ray analysis
alone. However, comparison of the CV data for [RuII


2FeII
2]4�


and a related ferrous square, [FeII
4(�-CN)4(bpy)8](PF6)4,[8]


(abbreviated as [FeII
4](PF6)4) supports the assignments; this


will be discussed later. The RuII and FeII ions in the square
have a quasioctahedral coordination geometry, of which four
coordination sites are occupied by two bpy ligands and the
remaining two cis positions are coordinated by cyanide ions. It
is interesting to compare the core structures of [RuII


2-


FeII
2](PF6)4 with [FeII


4](PF6)4.[8] In [RuII
2FeII


2](PF6)4 the coor-
dination bond lengths of RuII�C(cyanide) and FeII�N(cya-
nide) are 1.955(9) ± 1.985(9) ä and 1.965(9) ± 1.987(9) ä, re-
spectively, while in [FeII


4](PF6)4 the FeII�C(cyanide) and
FeII�N(cyanide) distances are in the range 1.899(4) ±
1.927(4) ä and 1.929(4) ± 1.950(4) ä, respectively. The triple-
bond lengths of the cyanide groups for [RuII


2FeII
2](PF6)4 are


1.130(11) ± 1.168(11) ä, and the corresponding lengths found
in [FeII


4](PF6)4 are 1.144(6) ± 1.154(4) ä. The M�N(bpy) bond
lengths are longer in [RuIIFeII](PF6)4 (2.015(8) ± 2.042(8) ä)
than in [FeII


4](PF6)4 (1.950(4) ± 1.981(4) ä) due to greater �-
back donation in the [FeII


4](PF6)4 square. The C-RuII-C and
N-FeII-N bond angles are close to 90� (88.7(4) ± 89.8(4)�), and
the RuII-C-N and FeII-N-C bond angles are 170.4(8) ±
174.9(8)�. In [RuII


2FeII
2](PF6)4 the cyanide bridges separate


the RuII and FeII ions with interatomic distances of 5.048(2) ±
5.081(2) ä, while the corresponding distances in [FeII


4](PF6)4


are 4.947(1) ± 4.986(1) ä. Individual squares are chiral, with
the metal ions having either ���� or ���� configurations.


Electrochemistry : A cyclic voltammogram (CV) of [RuII
2-


FeII
2](PF6)4, measured in acetonitrile, is shown in Figure 2.


Table 2 summarises the CV data for [RuII
2FeII


2](PF6)4 togeth-
er with related compounds.


Figure 2. Cyclic voltammogram of [RuII
2FeII


4(�-CN)4(bpy)8](PF6)4 ¥
CHCl3 ¥H2O in CH3CN containing 0.1� [(tBu)4N](PF6) with a scan rate
of 100 mVs�1 at 20 �C.


The CV of [RuIIFeII](PF6)4 showed four quasireversible
waves at 0.69, 0.94, 1.42 and 1.70 V (vs. SSCE). As shown by
controlled potential coulometry at 2.0 V, the four quasirever-
sible waves correspond to four one-electron processes:
[RuII


2FeII
2]4��[RuII


2FeIIFeIII]5��[RuII
2FeIII


2]6��[RuIIRuIII-
FeIII


2]7��[RuIII
2FeIII


2]8�. In the case of [FeII
4](PF6)4, the only
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Table 1. Selected bond lengths [ä] and angles [�] for [Ru2Fe2(�-
CN)4(bpy)8](PF6)4 ¥CHCl3 ¥H2O


Ru(1)�C(2) 1.970(9) Ru(1)�C(1) 1.985(9)
Ru(1)�N(8) 2.007(8) Ru(1)�N(6) 2.009(8)
Ru(1)�N(7) 2.017(9) Ru(1)�N(5) 2.042(7)
Ru(2)�C(4) 1.955(9) Ru(2)�C(3) 1.971(9)
Ru(2)�N(12) 2.015(8) Ru(2)�N(10) 2.021(9)
Ru(2)�N(9) 2.035(9) Ru(2)�N(11) 2.042(8)
Fe(1)�N(1) 1.965(9) Fe(1)�N(3) 1.980(11)
Fe(1)�N(14) 1.996(8) Fe(1)�N(13) 1.997(8)
Fe(1)�N(16) 2.009(9) Fe(1)�N(15) 2.022(8)
Fe(2)�N(4) 1.966(9) Fe(2)�N(20) 1.987(9)
Fe(2)�N(2) 1.999(10) Fe(2)�N(18) 2.006(9)
Fe(2)�N(17) 2.012(9) Fe(2)�N(19) 2.013(7)
N(1)�C(1) 1.130(11) N(2)�C(2) 1.141(12)
N(3)�C(3) 1.153(12) N(4)�C(4) 1.168(11)
Ru(1) ¥ ¥ ¥Fe(1) 5.0484(15) Ru(1) ¥ ¥ ¥Fe(2) 5.0810(16)
Ru(2) ¥ ¥ ¥Fe(2) 5.0629(15) Ru(2) ¥ ¥ ¥Fe(1) 5.0746(16)


C(2)-Ru(1)-C(1) 88.7(4) C(4)-Ru(2)-C(3) 89.8(4)
N(1)-Fe(1)-N(3) 89.0(3) N(4)-Fe(2)-N(2) 89.8(4)
C(1)-N(1)-Fe(1) 172.6(8) C(2)-N(2)-Fe(2) 175.1(8)
C(3)-N(3)-Fe(1) 174.9(8) C(4)-N(4)-Fe(2) 171.6(9)
N(1)-C(1)-Ru(1) 172.1(9) N(2)-C(2)-Ru(1) 170.9(8)
N(3)-C(3)-Ru(2) 170.4(8) N(4)-C(4)-Ru(2) 174.9(8)
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two quasireversible CV waves are observed at 0.67 and 0.86 V
and correspond to two one-electron process: [FeII


4]4��
[FeII


3FeIII]5��[FeII
2FeIII


2]6�.[8] In [FeII
4]4�, two of the coordi-


nation sites of the Fe2� ions are occupied by either a cyanide
carbon or nitrogen atom. The d orbitals of the Fe2� ion
coordinated with the cyanide carbon atoms are stabilised by �


back donation, whereas the �-donating character of the
cyanide nitrogen destabilises the d orbitals of the Fe2� ion.


Since the oxidations occur at a lower potential, the first two
quasireversible waves were assigned to the Fe centres
coordinated by cyanide N atoms. [RuIIFeII](PF6)4 has two
oxidation waves at similar potentials (0.69 and 0.84 V),
therefore, these were assigned to the iron centres coordinated
by the cyanide nitrogen atoms. This also supports the atom
assignments in the X-ray analysis. Since the oxidation
potential of the Ru monomer [RuII(CN)2(bpy)2] (0.83 V) is
higher than that of the Fe monomer [FeII(CN)2(bpy)2]
(0.47 V), the two waves at higher potential were assigned to
the RuII centres. The trinuclear cyanide-bridged RuII complex
[NC-Ru(bpy)2-CN-Ru(bpy)2-NC-Ru(bpy)2-CN](PF6)2 shows
similar behaviour as well, and its CV waves at 0.66 and 1.19 V
were assigned to the RuII ions coordinated with cyanide
nitrogen and carbon atoms, respectively.[9]


The separation between the waves is a measure of the
stability, imparted by electron delocalisation, of the mixed-
valence species [RuII


2FeIIFeIII]5� and [RuIIRuIIIFeIII
2]7�. This is


generally represented as comproportionation constants (Kc)
defined by the following Equations (1) and (2).


[RuII
2FeII


2]4� � [RuII
2FeIII


2]6��
Kc


2 [RuII
2FeIIFeIII]5� (1)


[RuII
2FeIII


2]6� � [RuIII
2FeIII


2]8��
Kc


2 [RuIIRuIIIFeIII
2]7� (2)


The observed peak separa-
tions of �E� 0.25 and 0.28 V
yield Kc values of 1.7� 104 and
5.4� 104 for Equations (1) and
(2), respectively; this indicates
an intermediate thermodynam-
ic stability for the mixed va-
lence species. On the other
hand, the separation between
the potentials for the second
and the third oxidation steps is
very large (�E� 0.48 V) be-


cause the first two redox processes occur at the Fe sites and
the last two at the Ru sites.


Controlled potential absorption spectra of [RuII
2FeII


2](PF6)4


in acetonitrile at �30 �C are shown in Figure 3. Table 3
summarises the UV data of [RuII


2FeII
2](PF6)4 together with


that of [FeII
4](PF6)4.


Figure 3. Electronic absorption spectra of [RuII
2FeII


4(�-CN)4(bpy)8]-
(PF6)4 ¥CHCl3 ¥H2O before and after electrolyses. Spectroelectrochemical
experiments were carried out at �30 �C in an optically transparent thin-
layer electrode made by placing a platinum grid between the windows of a
2 mm spectrophotometric cell directly mounted on a spectrophotometer.
Electrochemical oxidations were carried out with the counter electrode, Pt
wire, separated from the cathodic compartment by a frit and SSCE was
used as a reference electrode.


The UV region is dominated by � ±�* transitions of the bpy
ligands, and the visible region consists of metal-to-ligand
charge-transfer (d ±�*) transitions. On electrochemical one-
electron oxidation at 0.80 V (vs. SSCE) for [RuII


2FeII
2](PF6)4,


the MLCT band (�max� 500 nm with �� 17400��1 cm�1)
shifted to the blue with a decrease in its maximum (�max�
470 nm with �� 13100��1 cm�1) as [RuII


2FeIIFeIII]5� was
formed, and a new band grew in the near-IR region (�max�
2350 nm with �� 5500��1 cm�1) after complete one-electron
oxidation at 0.8 V. Further oxidation at 1.2 V causes the
MLCT band to shift to the higher energy region with a
decrease in intensity (�max� 410 nm with �� 10900��1 cm�1)
and the formation of a new band at 1380 nm (��
8600��1 cm�1). In the CV, the first two redox waves (0.69
and 0.84 V) were assigned to one-electron processes occurring
at the Fe centres (FeII/III), while the last two waves (1.42 and
1.70 V) were assigned to the redox processes at the Ru sites
(RuII/III). The d� orbitals of the ruthenium ions are considered
to be more stabilised than those of the iron ions. The new
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Table 2. Cyclic voltammetry data for [Ru2Fe2(�-CN)4(bpy)8](PF6)4 ¥
CHCl3 ¥H2O and related compounds.


Compound E1/2
[a] Kc


[RuII(CN)2(bpy)2] 0.83 RuII/RuIII


[FeII(CN)2(bpy)2] 0.47 FeII/FeIII


[RuII
2FeII


4(�-CN)4(bpy)8](PF6)4 0.69 RuII
2FeII


2/RuII
2FeIIFeIII 1.7� 104


0.84 RuII
2FeIIFeIII/RuII


2FeIII
2


1.42 RuII
2FeIII


2/RuIIRuIIIFeIII
2


1.70 RuIIRuIIIFeIII
2/RuIII


2FeIII
2 5.4� 104


[FeII
4(�-CN)4(bpy)8](PF6)4 0.67 FeII


4/FeII
3FeIII 2.4� 103


0.86 FeII
3FeII/FeII


2FeIII
2


[a] Volts vs. SSCE, a glassy carbon working electrode, CH3CN containing
0.1�. [nBu4N]PF6, scan rate of 100 mVs�1, 20 �C.


Table 3. Uv-visible data and mixed-valence parameters for [Ru2Fe2(�-CN)4(bpy)8](PF6)4 ¥CHCl3 ¥H2O and
related compounds.


Compound �max � ��1/2 HAB �2


[cm�1] [��1 cm�1] [cm�1]


[RuII
2FeII


2(�-CN)4(bpy)8](PF6)4 [RuII
2FeIIFeIII]5� 4260 5500 3000 1090 0.065


[RuII
2FeIII


2]6� 6410 10500 3500 1990 0.096
[FeII


4(�-CN)4(bpy)8](PF6)4 [FeII
2FeIII


2]6� 7230 8600 1450 1230 0.028
[(CN)5FeIII(�-NC)FeII(CN)5]6� 0.03
[(NC)Ru(bpy)2(�-CN)Ru(bpy)2CN]2� 2000 0.07
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absorption bands (2350 and 1380 nm) appearing in the near-
IR region after the electrolyses can, therefore, be attributed to
intervalence transitions (IT) from the FeII to the FeIII sites for
the [RuII


2FeIIFeIII]5� state and from the RuII to the FeIII sites
for the [RuII


2FeIII
2]6� state, respectively.


The values of the molar absorptivities and half-widths are
related to the oscillator strength of the electronic transition.
Applying the Hush equations[10] for mixed valence complexes,
the electronic interaction matrix elements (HAB� 2.05�
10�2


���������������������������
�max���1�2��max


�
/r) and the degrees of electronic delocal-


isation (�� (HAB/��max)2) were estimated to be 1090 cm�1 and
0.065 for the [RuII


2FeIIFeIII
2]5� state and 1990 cm�1 and 0.096


for the [RuII
2FeIII


2]6� states, respectively. In the calculation an
intermetal separation of 5 ä obtained from the X-ray data
was used, and the calculated parameters are listed in Table 3.
The values of �2 for the [RuII


2FeIIFeIII]5� and [RuII
2FeIII


2]6�


states are larger than the reported data for [FeII
2FeIII


2]6� (�2�
0.03) and the dinuclear complex [(CN)5FeIII(NC)FeII(CN)5]6�


(�2� 0.03).[11] A small degree of delocalisation, which is
comparable to the delocalisation in the dinuclear complex
[NC-Ru(bpy)2-(CN)-Ru(bpy)2-CN]2�(HAB� 2000 cm�1 and
�2� 0.07),[12] indicates class II behaviour.[13]


IR spectra : The CN-stretching frequencies of cyanide groups
are generally sensitive to the bond lengths (dCN) of the CN
groups and to the oxidation state of the metal ions to which
they are coordinated as well as the degree of M�CN back
bonding across the ligand bridge.[14] The dCN in [FeII(CN)2-
(phen)2][15] and [FeIII(CN)2(bpy)2](ClO4)[16] are 1.149(7) ±
1.151(7) ä and 1.123(9) ± 1.135(1) ä, respectively. The former
has strong �(CN) signals at 2075 and 2062 cm�1, while the
latter has a very weak IR band at 2120 cm�1.[9] Multiple
absorption bands at 2083, 2112 and 2129 cm�1 were observed
for [FeII


4](PF6)4. [RuII
2FeII


2](PF6)4 has a relatively strong IR
peak at 2116 cm�1, while the compound [RuII(CN)2(bpy)2] has
a strong band at 2060 cm�1. The energy of the �(CN) vibration
frequency does not vary over a wide range for [FeII


4](PF6)4


and [RuII
2FeII


2](PF6)4, considering the different degrees of �-
back bonding. The observed �(CN) stretching frequencies for
the squares are higher than those for the mononuclear
complexes; this implies that there is weaker �-back donation
in the squares. The CV data for [FeII


4](PF6)4 and [RuII
2-


FeII
2](PF6)4 suggest a large degree of �-back bonding and are


inconsistent with the conclusion from the �(CN) data. The
energy of �(CN) stretch in the squares depends on not only �-
back donation but also on symmetry and kinematic coupling
of the bridging cyanide caused by its constraint between two
heavy metal ions.


Conclusion


Mixed-valence states in homometal systems are expected to
have stronger IVCT interactions than heterometal systems.
The IVCT interaction between cyanide-bridged ruthenium
and iron ions is, however, found to be stronger than that
between iron ions, due to the asymmetric bridging ligand CN�.
Cyanide ions have the potential to assemble metal ions and
propagate not only magnetic but also electronic interactions,


which are closely related. Combinations of a variety of metal
ions can be introduced into the molecular squares, physical
and chemical studies of which prompt the further under-
standing of metal-to-metal interactions mediated by cyanide
bridges.


Experimental Section


Synthesis of [RuII
2FeII


2(�-CN)4(bpy)8](PF6)4 ¥ CHCl3 ¥H2O : All chemicals
were used as received without further purification, and all procedures were
carried out under a nitrogen atmosphere. AgNO3 (68 mg, 0.4 mmol) in
ethanol (20 mL) was added to an ethanolic solution (20 mL) of [RuCl2-
(bpy)2]2 ¥H2O (104 mg, 0.2 mmol). After the mixture had been stirred for
three hours, AgCl was removed by filtration. [Fe(CN)2(bpy)2] (85 mg,
0.2 mmol) was added to the resulting dark red solution, and the mixture
was then heated under reflux for three days. NH4PF6 (130 mg, 0.8 mmol)
was added to the dark red solution, and dark violet microcrystals were
filtered by suction. Dark violet plates, suitable for X-ray analysis, were
obtained by diffusion of acetonitrile solution with chloroform. Elemental
analysis calcd (%) for C84H64F24Fe2N20P4Ru2: C 44.89, H 2.87, N 12.47;
found: C 44.75, H 2.84, N 12.31.


Electrochemical measurements and UV-visible spectra : Cyclic voltamme-
try (CV) and differential-pulse voltammetry (DPV) were carried out in
nitrogen-purged acetonitrile solution at room temperature with use of a
BAS CV-50W voltammetric analyser. A glassy carbon electrode was used
as the working electrode. The counter electrode was a platinum coil, and
the reference electrode was a saturated sodium calomel electrode (SSCE).
The concentration of the complexes was 1� 10�3�, and tetrabutyl
ammonium hexafluorophosphate (0.1�) was used as the supporting
electrolyte. CV was performed at a scan rate of 100 mVs�1. All the half-
wave potentials E1/2� (Epc�Epa)/2, in which Epc and Epa are the cathodic
and anodic peak potential, respectively, are reported with respect to the
SSCE in this study. Controlled-potential absorption spectra were obtained
with an optically transparent thin-layer electrode (OTTLE) cell. The
working electrode was platinum mesh, and the counter electrode was a
platinum coil. The reference electrode was an SSCE. Spectroelectrochem-
ical measurements were carried out by using a Hokutodenko HA-501
potentiostat. The OTTLE cell was cooled to about �30 �C. All electro-
chemical and spectroelectrochemical measurements were carried out
under a nitrogen atmosphere.


Crystallography : Crystallographic data are listed in Table 4. A single
crystal (0.04� 0.2� 02 mm3) was mounted with epoxy resin on the top of a
glass fibre. The data were collected at �70 �C (MoK�� 0.71073 ä) on a
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Table 4. Crystal data and structure refinement for [Ru2Fe2(�-
CN)4(bpy)8](PF6)4 ¥CHCl3 ¥H2O.


Fw 2453.07
T [�C] � 70
crystal system triclinic
space group P1≈ (No.2)
a [ä] 13.505(2)
b [ä] 15.520(2)
c [ä] 24.405(4)
� [�] 74.053(4)
� [�] 79.401(4)
� [�] 78.019(4)
V [ä3] 4767.4(13)
Z 2
� [ä] 0.71073
	calcd [gcm�3] 1.709
�(MoK�) [mm�1] 0.897
Transmission coeff. 0.880 ± 1.000
R1[a] 0.088
R2[b] 0.241


[a] R1�� � �Fo � � �Fc � � /� �Fo � . [b] wR2� [�[w(F 2
o �F 2


c �2]/�[w(F 2
o�2]]0.5


and calcd w� 1/[
2(F 2
o� � (0.1961P)2].
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Bruker SMART1000 diffractometer fitted with a CCD-type area detector
for by �� 2� scan method, within the limits 2���� 26�. A total of 23327
reflections were collected; this yielded 13318 (Rint� 0.0461) independent
reflections. An empirical absorption correction was applied (SADABS).
The structures were solved by direct methods and refined by the full-matrix
least-squares method on all F2 data with the SHELXTL 5.1 package
(Bruker Analytical X-ray Systems). All non-hydrogen atoms were refined
with anisotropic thermal parameters. Hydrogen atoms were included in
calculated positions and refined with isotropic thermal parameters riding
on those of the parent atoms. The relatively highR values are due to the low
quality of the crystal and disorder of PF6


� ions and solvent molecules.


CCDC-203551 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.uk).
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Efficient Synthesis of 2-Alkylidene-3-iminoindoles, Indolo[1,2-b]isoquinolin-
5-ones, �-Carbolines, and Indirubines by Domino and Sequential Reactions of
Functionalized Nitriles


Peter Langer,* Joachim T. Anders, Klaus Weisz, and Judith J‰hnchen[a]


Abstract: The sodium hydride mediat-
ed cyclization of arylacetonitriles with
oxalic acid bis(imidoyl) dichlorides, aza-
analogues of oxalyl chloride, afforded
functionalized 2-alkylidene-3-iminoin-
doles with very good regio- and E/Z
selectivity. Excellent chemoselectivities
were observed for functionalized sub-
strates. Based on these results a domino
™cyclization ± lactamization∫ reaction of


bis(imidoyl) chlorides with methyl 2-(cy-
anomethyl)benzoate was developed.
This process allowed a convenient one-
pot synthesis of indolo[1,2-b]isoquino-
lin-5-ones related to tryptanthrin. A new


and convenient synthesis of �-carbolines
by intramolecular electrocyclization ±
elimination reactions of 2-alkylidene-3-
iminoindoles was developed. It was
shown that �-carbolines selectively bind
to triplex or duplex DNA (intercala-
tion). Indirubine analogues were pre-
pared by deprotection and lactonization
of functionalized 2-alkylidene-3-imi-
noindoles.


Keywords: cyclization ¥ DNA ¥
domino reactions ¥ imidoyl chlorides
¥ nitriles


Introduction


2-Alkylidene-3-oxindoles represent important building blocks
for the synthesis of alkaloids[1, 2] and non-natural target
molecules.[3] We have recently reported[4] a versatile synthesis
of 2-alkylidene-3-iminoindoles–masked 2-alkylidene-3-oxin-
doles–by cyclization of dilithiated nitriles and sulfones with
oxalic acid bis(imidoyl) dichlorides.[5] Bis(imidoyl) dichlorides
can be prepared in two steps from inexpensive anilines and
can be regarded as aza-analogues of oxalyl chloride.[6]


However, a problem associated with our methodology lies
in the fact that generation of the dilithio compounds requires
the use of a strong base (lithium diisopropylamide (LDA) or
nBuLi).[7] Therefore, the synthesis of ester-, nitrile-, or halide-
substituted indoles was not possible, due to nucleophilic
attack of the dianion onto the nitrile and ester groups and
metal ± halide exchange, respectively.


Herein, we report a new protocol that allows the synthesis
of functionalized indoles with excellent chemoselectivity.
Based on these results, a new domino process was devel-


oped:[8] The domino ™cyclization ± lactamization∫ reaction of
methyl 2-(cyanomethyl)benzoate with bis(imidoyl) dichlor-
ides allowed a convenient one-pot synthesis of cyano-sub-
stituted indolo[1,2-b]isoquinolin-5-ones. Although the parent
heterocyclic core structure was first reported in 1940,
functionalized derivatives are rare.[9a] Recent syntheses of
unfunctionalized indolo[1,2-b]isoquinolin-5-ones include in-
tramolecular Heck reactions of 2-alkylidene-3-oxindoles.[9e]


Indolo[1,2-b]isoquinolin-5-ones are of considerable pharma-
cological relevance because they represent C-analogues of
tryptanthrin.[10] Related structures occur, for example, in
Goniometine-type alkaloids.[11]


[a] Prof. Dr. P. Langer, Dipl.-Chem. J. T. Anders, Prof. Dr. K. Weisz,
Dr. J. J‰hnchen
Ernst-Moritz-Arndt-Universit‰t Greifswald
Institut f¸r Chemie und Biochemie Soldmannstrasse 16, 17487 Greifs-
wald (Germany)
Fax: (�49) 3834-864373
E-mail : peter.langer@uni-greifswald.de
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In addition, we report a new approach to �-carbolines by
sequential ™cyclization ± electrocyclization∫ reactions of ni-
triles with bis(imidoyl) dichlorides. These results show that
2-alkylidene-3-iminoindoles are useful synthetic building
blocks. Carbolines have been prepared so far mainly by
cycloaddition reactions and occur in a number of natural
products.[12±14] Benzoannulated �-carbolines, which are readily
available by our methodology, are related to the antitumor
agent ellipticin[15] and occur in a variety of antibiotically active
natural products, such as cryptolepine, cryptoquindoline,
biscryptolepine, and neocryptolepine.[16] Benzoannulated �-
carbolines are pharmacologically relevant systems, due to
their potential cancerostatic activity. Herein, we report first
results related to experiments that indicate that our �-
carbolines selectively bind to triplex or duplex DNA (inter-
calation). In these experiments a 35mer oligonucleotide,
capable of forming both triple- and double-helical structures
by folding, was used.


The synthetic utility of 2-alkylidene-3-iminoindoles was
further demonstrated by the development of a new approach
to indirubine analogues by sequential ™cyclization ± lactoni-
zation∫ reactions. The synthesis of indirubine analogues is of
great current interest, due to the recently recognized anti-
tumor activity of indirubine and indigo derivatives.[17]


Results and Discussion


Synthesis of functionalized 2-alkylidene-3-iminoindoles


Optimization : Our standard protocol[4a] for the synthesis of
2-alkylidene-3-iminoindoles relies on the use of dilithiated
nitriles which are generated from two equivalents of strong
base. These dianions reside in many cases as monoanions
which are associated to one molecule of base (e.g. LDA).[7]


Therefore, it was hoped that modification of the reaction
conditions (employment of a weak base, stepwise deprotona-
tion) would improve the applicability of our methodology to


functionalized substrates. Variation of the reaction conditions
was studied for the cyclization of phenylacetonitrile (1a) with
oxalic acid bis(2-tolylimidoyl) dichloride (2a) (Scheme 1,


Scheme 1. Synthesis of indole 3a.


Table 1). Employment of LDA resulted in the formation of
indole 3a in 53 % yield with complete E diastereoselectivity.[4]


The formation of 3a can be explained by initial attack of the


nitrile onto 2a to give an ambident anionic intermediate.
Stereoelectronically favored 5-exo-trig cyclization subse-
quently occurred from the ortho-carbon atom of the arylimino
group and rearomatization led to the final product
(Scheme 1). After much experimentation, we found that
optimal yields of 3a (up to 83 %) were obtained when a
solution of the starting materials in THF was refluxed in the
presence of sodium hydride (NaH) for 72 h. The use of other
solvents or bases proved less satisfactory (Table 1). No loss of
diastereoselectivity was observed. This was not unexpected,
since the E-configured isomer represents the thermodynami-
cally favored product.


Preparative scope : The application of our new protocol to
functionalized substrates was studied next (Scheme 2, Ta-
ble 2). The LDA-mediated reaction of (4-bromophenyl)ace-
tonitrile (1b) with 2a afforded the bromo-substituted indole
3b, however, in only 19 % yield (due to extensive metal ±
halide exchange). In contrast, the use of NaH/THF resulted
in a dramatic increase in yield (91 %). The NaH-mediated
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Abstract in German: Die Natriumhydrid-vermittelte Cyclisie-
rung von Arylacetonitrilen mit Oxals‰ure-bis(imidoyl)dichlo-
riden, Azaanaloga des Oxalylchlorids, liefert funktionalisierte
2-Alkyliden-3-iminoindole mit sehr guter Regio- und E/Z-
Selektivit‰t. Exzellente Chemoselektivit‰ten wurden f¸r funk-
tionalisierte Substrate beobachtet. Basierend auf diesen Resul-
taten wurde eine Domino ™Cyclisierungs-Lactamisierungs∫-
Reaktion von Bis(imidoyl)dichloriden mit Methyl 2-(Cyano-
methyl)benzoat entwickelt. Diese Reaktion ermˆglicht eine
bequeme Ein-Topf-Synthese von Indolo[1,2-b]isoquinolin-5-
onen, die strukturell dem Tryptanthrin verwandt sind. Weiter-
hin wird ein neuartiger und effizienter Zugang zu �-Carboli-
nen durch intramolekulare ™Elektrocyclisierungs-Eliminie-
rungs∫-Reaktionen von 2-Alkyliden-3-iminoindolen vorge-
stellt. Die �-Carboline binden selektiv and Triplex oder
Duplex DNA durch Intercalation. Schlie˚lich wurde ein neuer
Zugang zu Indirubin-Analoga durch Entsch¸tzung und Lac-
tonisierung geeigneter funktionalisierter 2-Alkyliden-3-imi-
noindole entwickelt.


Table 1. Variation of the reaction conditions


Entry Conditions Yield [%][a]


base (equiv) solvent temperature time [h]


1 LDA (2.3) THF � 100� 20 �C 12 53
2 K2CO3(3.0) THF reflux 120 54
3 KOtBu (3.0) THF reflux 120 20
4 K2CO3 (3.0) DMF reflux 24 14
5 NaH (3.0) THF reflux 24 40
6 NaH (3.0) THF reflux 72 83
7 NaH (3.0) THF 20 �C 72 8
8 NaH (3.0) THF reflux 120 72


[a] Yield of 3a isolated.
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Scheme 2. Synthesis of 2-alkylidene-3-iminoindoles 3.


syntheses of the bromo-substituted indoles 3c and 3d were
equally successful. The reaction of (3-bromophenyl)acetoni-
trile (1c) with 2a in the presence of K2CO3 afforded indole 3e
in 49 % yield. The use of NaH again resulted in a dramatic
increase in yield (84 %).


Deprotonation of (2-cyanophenyl)acetonitrile (1d) with
LDA has been reported to result in dimerization by inter-
molecular attack of the carbanion onto the nitrile.[18] It was
therefore not unexpected that treatment of 1d with LDA and
subsequent addition of 2b resulted in the formation of a
complex mixture. In contrast, the cyano-substituted indoles 3 f
and 3g were formed in good yields when NaH and K2CO3


were employed, respectively. The LDA-mediated reaction of
methyl 4-(cyanomethyl)benzoate (1e) with oxalic acid bis-
(imidoyl) dichloride 2a was unsuccessful. In contrast, the
desired indole 3h could be prepared in good yield by using
NaH. The NaH-mediated cyclization of 1a with oxalic acid
bis(m-bromophenylimidoyl) dichloride (2d) afforded 3 i con-
taining a bromo-substituted indole moiety (44 %). In contrast,
the product was formed in only 8 % yield when n-butyllithium
was employed. Although reactions of meta-substituted bis-
(imidoyl) chlorides can, in principle, result in formation of
regioisomers, indole 3 i was formed with very good regiose-
lectivity. The novel 2-alkylidene-3-iminoindoles 3 j ± r were


prepared by use of strong base (except for 3n and 3r). The
synthesis of all indoles 3a ± r proceeded with excellent E
diastereoselectivity (E/Z� 98:2).


Synthesis of indolo[1,2-b]isoquinolin-5-ones by domino
™cyclization ± lactamization∫ reactions


Optimization : Based on the results outlined above, a novel
domino process was developed. The NaH-mediated reaction
of methyl 2-(cyanomethyl)benzoate (4) with bis(imidoyl)
chloride 2a afforded 5,11-dihydro-indolo[1,2-b]isoquinolin-5-
one (5a) in only one step by a domino ™cyclization ± lactam-
ization∫ reaction via intermediate C (Scheme 3). The cleavage


Scheme 3. Domino ™cyclization ± lactamization∫ reactions of 2b with 4.
Conditions: 1) DMSO, reflux, 16 h, 84 %; or 2) THF/HCl (10 %)� 1:1,
20 �C, 72 h, 95%.


of the imino group was studied next. After some experimen-
tation we found that treatment of 5a with a 1:1 mixture of
THF and an aqueous solution of HCl (10%) afforded the
desired parent ketone 6a in 95 % yield. Interestingly, simple
reflux of a solution of 5a in DMSO also resulted in the
formation of 6a in high yield. This reaction was monitored by
1H NMR spectroscopy ([D6]DMSO). The NMR spectrum of
the crude mixture exclusively showed the signals of 6a. No
formation of aniline or azobenzene was detected. However, a
very broad signal in the aromatic region was observed which
suggested that polyaniline was formed. Since no water was
added to the reaction mixture at any time, the oxygen atom of
6a could have derived from DMSO. In fact, the formation of
dimethyl sulfide was detected by its characteristic smell.
However, the DMSO-mediated cleavage of imines has, to the
best of our knowledge, not been previously reported.[19]


Alternatively, the formation of 6a can be explained by
hydrolysis of 5a by small amounts of water present in DMSO.


Preparative scope : The domino cyclizations of 4 with other
bis(imidoyl) chlorides were equally successful and afforded
indolo[1,2-b]isoquinolin-5-ones 5b ± g in 55 ± 96 % yields (Ta-
ble 3). The cyclization of 4 with 2c resulted in formation of a
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Table 2. Synthesis of 2-alkylidene-3-iminoindoles 3a ± r.


1 2 3 Base R1 R2 R3 R4 R5 R6 R7 [%][a] �max
[b]


b a b LDA Me H H H Br H H 19
b a b NaH Me H H H Br H H 91 461
b b c NaH H H H H Br H H 95 461
b c d NaH H Me H H Br H H 61 459
c a e K2CO3 Me H H H H Br H 49 461
c a e NaH Me H H H H Br H 84
d b f LDA H H H H H H CN 0
d b f NaH H H H H H H CN 61 480
d a g K2CO3 Me H H H H H CN 40 461
e a h LDA Me H H H CO2Me H H 0 467
e a h NaH Me H H H CO2Me H H 48
a d i nBuLi H Br H H H H H 8 461
a d i NaH H Br H H H H H 44
f b j LDA H H H H H H OMe 55 465
f a k LDA Me H H H H H OMe 51 462
f c l LDA H Me H H H H OMe 71 462
f e m LDA Me H Me H H H OMe 62 475
g f n NaH H H Me H H OMe H 60 481
h a o nBuLi Me H H H OMe H H 30 470
i b p LDA H H H H H H Me 74 459
j f q nBuLi H H Me H H Me H 62 481
k g r NaH H Me H Me Me H H 96 481


[a] Yield of isolated product. [b] UV/Vis [nm] (CHCl3).
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mixture of regioisomers. The cleavage of the imino group of
5b and 5e ± g afforded the parent indolo[1,2-b]isoquinolin-5-
ones 6b and 6e ± g in good yields. Better yields were generally
obtained by using HCl/THF/20 �C rather than by refluxing a
solution of the starting materials in DMSO.


We also developed an alternative approach to parent
indolo[1,2-b]isoquinolin-5-ones 6. Reflux of a solution of
2-alkylidene-3-iminoindoles 3 f and 3g in DMSO directly
afforded 6a and 6b, respectively (Scheme 4). The formation


Scheme 4. Synthesis of indolo[1,2-b]isoquinolin-5-ones 6a, b from 3 f, g.


of these products can be explained by intramolecular attack of
the indole nitrogen atom onto the nitrile to give an amidine,
cleavage of the imino group (vide supra), and hydrolysis of the
imine during chromatography or by water present in DMSO.
The yields of 6a and 6b (over two steps from bis(imidoyl)


dichlorides 2b and 2a) were 57 % and 23 %, respectively. The
overall yields of those products prepared via 5a and 5b were
70 % and 24 %, respectively. Therefore, the latter approach
was more efficient in terms of yield.


All indoles prepared have been compared with regard to
their UV/Vis absorption properties. Simple unsubstituted
indoles such as 3a showed �max values around 460 nm. The
presence of one (3b ± e) or more (3 i) halide atoms did not
have any significant effect on the �max absorptions. In contrast,
the presence of an ester group (3h) led to a slightly increased
�max value (467 nm). Hypsochromic shifts were observed for
indolo[1,2-b]isoquinolin-5-ones 5a ± g (�max � 420 ± 457 nm)
with respect to the corresponding 2-alkylidene-3-iminoin-
doles 3. This observation can be explained by replacement of
the free NH group by an electron-withdrawing lactam moiety
which results in a less pronounced push ±pull character of the
indigo-type chromophore. The absence of the arylimino group
in heterocycles 6 resulted only in a slight hypsochromic effect.
For reasons of comparison, measurements have been carried
out in DMF and CHCl3: a bathochromic shift of the �max


absorptions was generally observed for measurements in
DMF with respect to CHCl3 (�6 to �20 nm).


Synthesis of �-carbolines by sequential ™cyclization ± electro-
cyclization∫ reactions


Optimization : 2-Alkylidene-3-iminoindoles 3 represent not
only masked 2-alkylidene-3-oxindoles, but also potential
starting materials for the synthesis of �-carbolines. We found
that �-carbolines can be prepared from 3 by 6� electro-
cyclization (involving the exocyclic double bond and the
arylimino group of the indole) and subsequent elimination of
HCN. This type of reaction has to our knowledge not yet been
reported.[20] However, our initial experiments to realize this
transformation were unsuccessful: Treatment of indole 3s[4a]


with TFA or TfOH (neat) or with concentrated aqueous
solutions of HCl or NaOH resulted in decomposition. Only
starting material was recovered by use of more dilute
solutions (CH2Cl2 or H2O). Flash vacuum pyrolysis (FVP)
of 3s afforded the desired �-carboline 7a, however, in only
12 % yield. Only starting material was recovered when a
solution of 3s in THF was refluxed for 48 h. We eventually
found that optimal yields of 7a were obtained when a solution
of 3s in DMSO was refluxed for 48 h (Scheme 5, Table 4). The
use of other solvents was less effective. Prolongation of the
reaction time did not result in an increase of the yield.


Preparative scope : To study the preparative scope of the
novel electrocyclization ± elimination reaction, the substitu-
ents of 2-alkylidene-3-iminoindoles 3 were systematically
varied (Scheme 6, Table 5). A number of �-carbolines (7b ± i),
containing methyl and methoxy groups at various positions,
were prepared from the corresponding indoles in up to 80 %
yield. �-Carbolines 7 j ± l, containing bromo and ester groups,
were prepared from the corresponding functionalized indoles
with very good chemoselectivity. In case of 7 j, 2-alkylidene-3-
oxindole 8 was isolated as a second product in 49 % yield. This
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Table 3. Synthesis of the indolo[1,2-b]isoquinolin-5-ones 5 and 6.


2 5, 6 R1 R2 R3 R4 Yield 5 [%][a] �max
[c] Yield 6 [%][a] �max


[c]


a a H H H H 83 423 84 (95) 419
b b Me H H H 50 426 48 (82) 423
c c H Me H H 55[b] 420 ± ±
c d H H H Me 55[b] 420 ± ±
f e H H Me H 85 431 94 (100) 426
g f H Me H Me 96 457 48 (84) 449
h g H H MeO H 87 ± 67 (90) ±


[a] Yield of isolated product. For compounds 6 : yields obtained by reflux of
a solution of 5 in DMSO; in parentheses: yields obtained by treatment of 5
with HCl (10 %). [b] Mixture of regioisomers (5c/5d� 2.4:1, 5c� 5d�
55%). [c] UV/Vis [nm] (CHCl3).
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Scheme 5. Synthesis of �-carboline 7a.


Scheme 6. Synthesis of �-carbolines 7a ± l.


observation corresponds to the formation of indolo[1,2-b]-
isoquinolin-5-ones 6 from imino derivatives 5. All �-carbo-
lines 7a ± l were isolated in moderate to good yields and are
available in only two steps from readily available and
inexpensive starting materials. Due to the use of symmetric
oxalic acid bis(imidoyl) dichlorides, our methodology is
limited so far to the synthesis of �-carbolines containing
substitution patterns as depicted in Scheme 6. Future plans
are directed towards employment of unsymmetrical bis(imi-
doyl) dichlorides to install substituents at all positions of the
�-carboline moiety independently from each other.


Carbolines 7 are of special interest because they are
fluorescence dyes. Emission in the range of 429 ± 448 nm is
observed for alkyl- and bromo-substituted derivatives. No
shift of the emission wavelength was observed for the
presence of a methoxy group at the phenyl group. In contrast,
a dramatic bathochromic shift was observed for 7 i, which
contains a methoxy group located at the indole moiety
(553 nm).


Mechanistic considerations : Indolo[1,2-b]isoquinolin-5-ones 5
can be regarded as lactam-bridged 2-alkylidene-3-iminoin-
doles. Different thermolytic reaction pathways were observed
for bridged and unbridged 2-alkylidene-3-iminoindoles 5 and
3. Thermolysis of 5b resulted in the formation of 6b (vide
supra) rather than pentacyclic �-carboline 9. This can be


explained in two ways: a) Formation of an sp3-hybridized
carbon atom is required for electrocyclization (intermediate
G ; see Scheme 5). The corresponding intermediate leading to
9 would suffer from severe allylic strain; b) twisting of the
triene system is necessary for optimal orbital overlap during
electrocyclization. This twisting is more difficult for bridged
heterocycles 5 than for 3.


The thermolysis of amide 10[4b] was studied next
(Scheme 7). In this substrate the excellent leaving group
cyanide was replaced by a poor leaving group. Reflux of a
solution of 10 in DMSO resulted in the formation of �-
carboline 7g (53 %). The formation of 2-alkylidene-3-oxin-
dole 11 could not be detected. Although 7g could be prepared
from nitrile 3o in better yield than from 10 (71 %, Table 5),
the product distribution seems not to be influenced by the
leaving group ability.


Mainly decomposition was observed during the thermolysis
of sulfone-substituted indole 12. Small amounts (�10 %) each
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Table 4. Variation of the reaction conditions.


Entry Conditions[a] Yield [%][b]


1 FVP, 450 �C 12
2 THF, reflux, 48 h 0
3 DMSO, reflux, 48 h 61
4 DMSO, reflux, 24 h 30
5 DMSO, reflux, 130 h 50
6 DMSO, 70 �C, 48 h 0
7 DMF, reflux, 48 h 0
8 toluene, reflux, 48 h 0


[a] FVP� flash vacuum pyrolysis . [b] Yield of 7a isolated.


Table 5. Synthesis of �-carbolines 7a ± l.


3 7 R1 R2 R3 R4 R5 R6 R7 Yield [%][a] F �max
[c]


s a H H H H H H H 61 429
a b Me H H H H H H 37 429
t c H H Me H H H H 55 439
q d H H Me H H Me H 63 ±
u e Me H Me H H H H 76 448
r f H Me H Me Me H H 80 444
o g Me H H H OMe H H 71 427
n h H H Me H H OMe H 32 ±
v i OMe H H H H H H 77 553
c j H H H H Br H H 48[b] 429
b k Me H H H Br H H 71 434
h l Me H H H CO2Me H H 38 ±


[a] Yield of isolated product. [b] A second product (8) was also isolated in 49%
yield. [c] Fluorescence [nm] (CH3CN).
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Scheme 7. Thermolysis of amide 10.


of �-carbolines 13a and 13b (the latter formed by extrusion of
the sulfone group of 13a), and of 2-alkylidene-3-oxindole 13c
were detected (Scheme 8). This result shows that the product
distribution is influenced by the substitution pattern and
electronic situation of the substrate.


Scheme 8. Thermolysis of 2-alkylidene-3-oxindole 12.


DNA intercalation experiments : Several polycyclic com-
pounds have been shown in the past to selectively bind to
triplex or duplex DNA resulting in significant stabilization of
such structures. Thus, favored by its large aromatic ring
system, benzo[e]pyridoindole significantly stabilizes triplex
DNA by intercalation.[21] Likewise, based on their crescent-
shaped geometry, indolo[1,2-b]isoquinolin-5-ones 6 and �-
carbolines 7 should experience extensive overlap with adja-
cent base triplets upon intercalation within DNA. Herein, we
report first results related to these experiments: Using a
35mer oligonucleotide of the sequence GAAA-
GAAGCGTTTTCGCTTCTTTCTTTTCTTTCTT, which is
capable of forming both triple and double-helical structures
by folding back on itself under suitable conditions (Figure 1),
potential interactions with �-carbolines 7a ± l were studied by
UV melting experiments.[22]


The best results so far were obtained by using the ester-
substituted �-carboline 7 l (Figure 2). Other derivatives
proved less successful, due to their low water solubility. As
seen in Figure 2, two thermal transitions are generally
observed in the UV melting curves at pH 7. The low-temper-
ature transition corresponds to the melting of the triplex with


Figure 1. Folding of a 35-base oligodeoxynucleotide into an intramolecular
triplex structure with ten Watson ± Crick base pairs (¥) and seven
Hoogsteen bound third strand bases (*)


Figure 2. Plot of first derivative dA/dT versus temperature of the UV
melting curves for the foldback triplex without (�) and with (�) �-carboline
7 l.


dissociation of the ™third∫ strand, whereas the high-temper-
ature transition is associated with melting of the duplex stem.
Upon adding a small amount of �-carboline 7 l to the
oligonucleotide, the triplex transition broadens but at the
same time the melting temperature determined from the
maximum of the first derivative plot dA/dT is shifted by about
4 �C to higher temperatures (Tm � 29 �C). It should be noted,
that the low solubility of 7 l in aqueous solution prohibits
larger effects on melting. A corresponding, yet smaller shift of
about 2.6 �C is also observed for the duplex melting temper-
ature in the presence of the heterocyclic compound. This
indicates a stabilization of both the triplex and, albeit to a
minor extent, of the duplex structure by the polycyclic ligand
7 l. Based on our encouraging initial results, future work is
directed to the preparation of �-carbolines that exhibit a
better solubility in water (e.g. carboxylic acid derivatives) and
to the synthesis of oligonucleotides containing a �-carboline
side chain for NMR experiments.


Synthesis of indirubine analogues by sequential ™cyclization ±
lactonization∫ reactions


Our first attempts to prepare indirubine analogues by our
methodology failed. The direct cyclization of 2-cumaranone
with oxalic acid bis(phenylimidoyl)dichloride (2b) afforded
the open-chain 2:1 condensation product 14 rather than
indirubine derivative 15a (Scheme 9). Therefore, we envis-
aged a sequential synthesis with employment of our method-
ology in the first step.


Methoxy-substituted 2-alkylidene-3-iminoindoles 3k,l were
prepared in good yields by cyclization of (2-methoxyphen-
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Scheme 9. Reaction of 2-cumaranone with 2b.


yl)acetonitrile (1 f) with bis(imidoyl)dichlorides 2c,e (Ta-
ble 2). Treatment of indoles 3k,l with BBr3/MeOH resulted in
deprotection and subsequent lactonization to give the desired
products 15b,c (Scheme 10).


Scheme 10. Synthesis of indirubine analogues: 15b : R1�Me, R2�H:
53%, 15c : R1 �H, R2 �Me: 33%.


Conclusions


The NaH-mediated cyclization of arylacetonitriles with oxalic
acid bis(imidoyl) dichlorides allowed the synthesis of a great
variety of functionalized 2-alkylidene-3-iminoindoles. The
reactions are easy to carry out and the starting materials are
readily available. The cyclizations proceeded with excellent
chemo-, regio- and E/Z selectivity. Based on these results a
new domino process was developed: The domino ™cycliza-
tion ± lactamization∫ reaction of methyl 2-(cyanomethyl)ben-
zoate with bis(imidoyl) dichlorides allowed a convenient one-
pot synthesis of indolo[1,2-b]isoquinolin-5-ones related to
tryptanthrin. The hydrolytic cleavage of the arylimino group
provided an efficient synthesis of the parent heterocycles.
Thermolysis of 2-alkylidene-3-iminoindoles resulted in a
novel electrocyclization ± elimination reaction which provid-
ed a new and convenient approach to �-carbolines. These
compounds intercalate within DNA. Indirubine analogues
were prepared by deprotection and lactonization of function-
alized 2-alkylidene-3-iminoindoles. Indolo[1,2-b]isoquinolin-
5-ones, �-carbolines, and indirubine analogues are of great
pharmacological relevance, due to their antibiotic and cyto-
toxic activity, and occur in a variety of natural products.


Experimental Section


General comments : All solvents were dried by standard methods and all
reactions were carried out under an inert atmosphere. The oxalic acid


bis(imidoyl) dichlorides 2 were prepared according to reference [9]. For the
1H and 13C NMR spectra (1H NMR: 200, 300 and 500 MHz, 13C NMR: 50,
75 and 125 MHz) the deuterated solvents indicated were used. Mass
spectral data (MS) were obtained by using the electron ionization (70 eV),
the chemical ionization (CI, H2O), or the electrospray ionization technique
(ESI). For preparative scale chromatography silica gel (60 ± 200 mesh) was
used. Melting points are uncorrected. Elemental analyses were performed
at the microanalytical laboratory of the University of Gˆttingen.


Procedures for the synthesis of (E)-2-(1-cyano-1-phenylmethylidene)-7-
methyl-3-(2-tolyl)imino-2,3-dihydro-1H-indole (3a)


Procedure 1 (use of LDA): n-Butyllithium (6.5 mL, 1.54� solution in n-
hexane, 10 mmol) was added to a solution of diisopropylamine (1.012 g,
10 mmol) in THF (30 mL) at 0 �C and the solution was stirred for 20 min.
Phenylacetonitrile 1a (0.469 g, 4.00 mmol) was added at 0 �C and the
solution was stirred for 60 min. The solution was slowly transferred by
cannula to a solution of oxalic acid bis(2-tolylimidoyl) dichloride (2a ;
1.220 g, 4.00 mmol) in THF (50 mL) at �78 �C. The solution was warmed to
20 �C, stirred for 3 h, and poured into an aqueous solution of NH4Cl
(250 mL, 1�). The organic and the aqueous layer were separated and the
latter was extracted with diethyl ether (3� 100 mL). The combined organic
layers were dried (MgSO4), filtered, and the filtrate was concentrated in
vacuo. Chromatographic purification of the residue (silica gel; diethyl
ether/petroleum ether� 1:3� 1:1� 3:1) afforded 3a as a red solid
(742 mg, 53 %, E/Z �98:2); 1H NMR (250 MHz, CDCl3): �� 2.18 (s, 3H;
ArCH3), 2.25 (s, 3 H; ArCH3), 6.50 ± 6.63 (m, 2 H; Ar), 6.88 (dd, J� 7.7 Hz,
J� 1.1 Hz, 1 H; Ar), 7.07 ± 7.14 (m, 3 H; Ar, NH), 7.20 (dd, J� 7.6 Hz, J�
1.4 Hz, 1 H; Ar), 7.24 ± 7.27 (m, 1 H; Ar), 7.30 ± 7.44 (m, 1H; Ar), 7.54 (ddd,
J� 7.9 Hz, J� 7.8 Hz, J� 1.5 Hz, 2 H; Ar), 7.70 ppm (dd, J� 7.8 Hz, J�
1.4 Hz, 2H; Ar); 13C NMR (50.3 MHz, CDCl3): �� 15.71 (ArCH3), 17.97
(ArCH3), 86.43 (C-CN), 116.97 (CH), 118.18, 119.05, 119.53 (C), 121.42,
123.96, 124.52, 126.53 (CH), 126.92 (C), 128.41, 128.59, 129.66, 130.75 (CH),
133.93 (C), 134.22 (CH), 146.02, 147.00, 149.18, 156.31 ppm (C); IR (KBr):
�� � 3058 (w, Ar-H), 2924 (m, C-H), 2851 (w), 2200 (m, C�N), 1652 (s), 1617
(s), 1596 (s), 1583 (s), 1491 (m), 1457 (m), 1337 (m), 1223 (s), 1183 (m), 1111
(w), 1037 (w), 749 cm�1 (s); UV/Vis (CHCl3): �max (lg �)� 460.0 nm (3.95),
283.2 (4.24), 260.5 (4.19); MS (EI, 70 eV):m/z (%): 348 ([M]� , 100), 322 (4),
256 (4); elemental analysis calcd (%) for C24H19N3 (349.4): C 82.49, H 5.48,
N 12.03; found: C 82.22, H 5.61, N 12.13.


Procedure 2 (use of potassium carbonate): A solution of phenylacetonitrile
(1a ; 0.359 g, 3.06 mmol), oxalic acid bis(2-tolylimidoyl) dichloride (2a ;
0.934 g, 3.06 mmol), and potassium carbonate (1.269 g, 9.18 mmol) in THF
(100 mL) was refluxed for five days under nitrogen. Chromatographic
purification (silica gel; diethyl ether/petroleum ether� 1:3� 1:1� 3:1)
afforded 3a as a red solid (582 mg, 54 %, E/Z �98:2); elemental analysis
calcd (%) for C24H19N3 (349.4): C 82.49, H 5.48, N 12.03; found: C 82.24, H
5.68, N 12.07.


Procedure 3 (use of sodium hydride): A solution of phenylacetonitrile (1a ;
0.117 g, 1.00 mmol), oxalic acid bis(2-tolylimidoyl) dichloride (2a ; 0.305 g,
1.00 mmol), and sodium hydride (0.072 g, 3.00 mmol) in THF (50 mL) was
refluxed for 3 d under nitrogen. Chromatographic purification (silica gel;
diethyl ether/petroleum ether� 1:3� 1:1� 3:1) afforded 3a as a red solid
(291 mg, 83%, E/Z �98:2); elemental analysis calcd (%) for C24H19N3


(349.4): C 82.49, H 5.48, N 12.03; found: C 82.37, H 5.51, N 12.14.


(E)-2-[1-Cyano-1-(4-bromophenyl)methylidene]-7-methyl-3-(2-tolyl)imi-
no-2,3-dihydro-1H-indole (3b): The reaction (procedure 3) of 4-bromo-
phenylacetonitrile (1b ; 0.196 g, 1.00 mmol) and oxalic acid bis(2-tolylimi-
doyl) dichloride (2a ; 0.305 g, 1.00 mmol) afforded 3b as an orange solid
(390 mg, 91%, E/Z � 98:2); 1H NMR (250 MHz, CDCl3): �� 2.19 (s, 3H;
ArCH3), 2.23 (s, 3 H; ArCH3), 6.50 ± 6.64 (m, 2H; Ar), 6.86 (d, J� 7.6 Hz,
1H; Ar), 7.07 ± 7.30 (m, 5 H; Ar, NH), 7.61 ppm (2� d, AA�XX�, 4H; Ar);
13C NMR (50.3 MHz, [D6]acetone): �� 16.28 (ArCH3), 17.96 (ArCH3),
85.87 (C-CN), 117.62 (CH), 118.78, 119.50 (C), 121.99 (CH), 122.15, 122.42
(C), 124.04, 125.22 (CH), 127.10 (C), 127.58, 131.55, 131.85, 133.18 (CH),
134.53 (C), 135.65 (CH), 148.26, 148.60, 150.41, 157.60 ppm (C); IR (KBr):
�� � 3061 (w, Ar-H), 3011 (w), 2968 (w), 2922 (w, C�H), 2860 (s), 2198 (m,
C�N), 1644 (m), 1618 (m), 1588 (s), 1485 (s), 1458 (m), 1339 (s), 1221 (s),
1184 (m), 1110 (w), 1077 (m), 1009 (m), 792 (w), 747 (s), 721 cm�1 (m); UV/
Vis (CHCl3): �max (lg �)� 461.5 nm (4.06), 287.5 (4.25), 260.9 (4.32); MS (EI,
70 eV):m/z (%): 428 ([M]� , 100), 348 (40), 256 (4); elemental analysis calcd
(%) for C24H18N3Br (428.3): C 67.30, H 4.24, N 9.81; found: C 67.10, H 4.47,
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N 9.73. The reaction (procedure 1) of 1b (0.196 g, 1.00 mmol) and 2a
(0.305 g, 1.00 mmol) afforded 3b as an orange solid (80 mg, 19 %, E/Z �


98:2); elemental analysis calcd (%) for C24H18N3Br (428.3): C 67.30, H 4.24,
N 9.81; found: C 67.17, H 4.29, N 9.67.


(E)-2-[1-Cyano-1-(4-bromophenyl)methylidene]-3-phenylimino-2,3-dihy-
dro-1H-indole (3c): The reaction (procedure 3) of 4-bromophenylacetoni-
trile (1b ; 0.196 g, 1.00 mmol) and oxalic acid bis(phenylimidoyl) dichloride
(2b ; 0.277 g, 1.00 mmol) afforded 3c as a red solid (380 mg, 95%, E/Z
�98:2); 1H NMR (300 MHz, [D6]DMSO): �� 6.42 (d, 1H; Ar), 6.63 (t,
1H; Ar), 6.95 ± 7.07 (m, 2H; Ar), 7.20 ± 7.35 (m, 2H; Ar), 7.44 ± 7.76 ppm (m,
8H; Ar, NH); 13C NMR (75.5 MHz, [D6]DMSO): �� 82.85 (C-CN), 111.96
(CH), 119.87 (C), 117.59 (CH), 119.08 (C), 120.44 (CH), 121.21 (C), 124.39,
125.50, 129.52, 130.89, 132.07 (CH), 132.82 (C), 133.84 (CH), 147.01, 148.98,
150.41, 157.41 ppm (C); IR (KBr): �� � 3047 (m, Ar-H), 2807 (m), 2192 (m,
C�N), 1638 (m), 1618 (m), 1579 (s), 1482 (m), 1464 (s),1403 (s), 1346 (s),
1219 (m), 1147 (w), 1094 (w), 828 (w), 750 (w), 693 cm�1 (m); UV/Vis
(DMF): �max (lg �)� 481.6 nm (3.89), 320.7 (3.73); UV/Vis (CHCl3): �max �
461.1 nm; MS (EI, 70 eV): m/z (%): 400 ([M]� , 100), 320 (55), 243 (10);
elemental analysis calcd (%) for C22H14N3Br (400.3): C 66.01, H 3.53;
found: C 66.24, H 4.28.


(E)-2-[1-Cyano-1-(4-bromophenyl)methylidene]-6-methyl-3-(3-tolyl)imi-
no-2,3-dihydro-1H-indole (3d): The reaction (procedure 3) of 4-bromo-
phenylacetonitrile (1b ; 0.196 g, 1.00 mmol) and oxalic acid bis(3-tolylimi-
doyl) dichloride (2c ; 0.305 g, 1.00 mmol) afforded 3d as an orange solid
(259 mg, 61 %, E/Z �98:2). Only one regioisomer was selectively formed.
1H NMR (300 MHz, [D6]DMSO): �� 2.26 (s, 3 H; ArCH3), 2.38 (s, 3H;
ArCH3), 6.32 ± 6.60 (m, 2 H; Ar), 6.80 (s, d, 3H; Ar), 7.04 (d, 1H; Ar), 7.34
(t, 1 H; Ar), 7.56 (d, AA�XX�, 2 H; Ar), 7.76 (d, AA�XX�, 2H; Ar),
10.25 ppm (br, 1 H; NH); 13C NMR (62.9 MHz, [D6]DMSO): �� 21.07
(ArCH3), 21.72 (ArCH3) 82.54 (C-CN), 112.11, 114.73, 118.27 (CH), 119.28,
121.29 (C), 121.65, 125.03, 125.50, 129.42, 131.00, 132.18 (CH), 133.02,
139.07, 144.72, 147.64, 149.35, 150.61, 157.14 ppm (C); IR (KBr): �� � 3057
(w, Ar-H), 3032 (w), 2950 (w), 2919 (w, C-H), 2192 (m, C�N), 1650 (m),
1626 (m), 1589 (s), 1486 (m), 1449 (m), 1346 (m), 1225 (m), 1153 (m), 1115
(m), 1010 (m), 811 (w), 763 (m), 709 cm�1 (w); UV/Vis (CHCl3): �max (lg
�)� 458.9 nm (3.98), 281.0 (4.30), 266.6 (4.29); MS (EI, 70 eV): m/z (%):
428 ([M]� , 16), 348 (24), 284 (64).


(E)-2-[1-Cyano-1-(3-bromophenyl)methylidene]-7-methyl-3-(2-tolyl)imi-
no-2,3-dihydro-1H-indole (3e): The reaction (procedure 2) of 3-bromo-
phenylacetonitrile (1c ; 0.196 g, 1.00 mmol) and oxalic acid bis(2-tolylimi-
doyl) dichloride (2a ; 0.305 g, 1.00 mmol) afforded 3e as a red solid (209 mg,
49%, E/Z �98:2); 1H NMR (250 MHz, CDCl3): �� 2.21 (s, 3H; ArCH3),
2.24 (s, 3H; ArCH3), 6.52 ± 6.65 (m, 2 H; Ar), 6.87 (d, J� 7.6 Hz, 1H; Ar),
7.06 ± 7.22 (m, 4 H; Ar, NH), 7.27 ± 7.44 (m, 2 H; Ar), 7.52 ± 7.64 (m, 2H; Ar),
7.86 ppm (s, 1H; Ar); 13C NMR (125.7 MHz, [D4]MeOH): �� 16.28
(ArCH3), 17.97 (ArCH3), 84.68 (C-CN), 117.98 (CH), 119.21, 120.72 (C),
122.44 (CH), 122.85, 124.08 (C), 124.47, 125.65 (CH), 127.53 (C), 127.87,
128.88, 131.86, 132.01, 132.29, 132.86, 136.10 (CH), 137.74, 148.82, 150.42,
150.73, 159.11 ppm (C); IR (KBr): �� � 3061 (w, Ar-H), 3015 (w), 2970 (w),
2922 (w, C�H), 2855 (w), 2197 (m, C�N), 1645 (m), 1619 (m), 1590 (s), 1492
(m), 1458 (m), 1335 (s), 1219 (s), 1184 (w), 1110 (w), 1077 (w), 1028 (w), 752
(m), 724 cm�1 (w); UV/Vis (CHCl3): �max (lg �)� 461.0 nm (4.01), 286.3
(4.24), 265.4 (4.25); MS (EI, 70 eV):m/z (%): 428 ([M]� , 100), 348 (44), 256
(8); the exact molecular mass for C24H18N3Br m/z : 427.0684� 2 mD ([M]�)
was confirmed by HRMS (EI, 70 eV). The reaction (procedure 3) of 1c
(0.196 g, 1.00 mmol) and 2a (0.305 g, 1.00 mmol) afforded 3e as a red solid
(360 mg, 84%, E/Z �98:2).


(E)-2-[1-Cyano-1-(2-cyanophenyl)methylidene]-3-phenylimino-2,3-dihy-
dro-1H-indole (3 f): The reaction (procedure 3) of 2-cyanophenylacetoni-
trile (1d ; 0.142 g, 1.00 mmol) and oxalic acid bis(phenylimidoyl) dichloride
(2b ; 0.277 g, 1.00 mmol) afforded 3 f as an orange solid (212 mg, 61%, E/Z
�98:2); 1H NMR (250 MHz, CDCl3): �� 6.90 ± 7.00 (m, 2H; Ar), 7.05 (d,
J� 7.3 Hz, 2 H; Ar), 7.22 ± 7.29 (m, 1 H; Ar), 7.43 ± 7.54 (m, 4H; Ar, NH),
7.61 ± 7.77 (m, 2 H; Ar), 8.06 (dd, J� 7.9 Hz, J� 1.8 Hz, 2H; Ar), 9.08 ppm
(d, J� 8.7 Hz, 1 H; Ar); 13C NMR (75.5 MHz, CDCl3/[D4]methanol� 1:1):
�� 85.17 (C�CCN), 114.31 (C), 117.66, 118.63 (CH), 119.63 (C), 124.82,
124.94, 124.96 (CH), 125.26 (C), 125.71, 126.14, 129.33 (CH), 129.50 (C),
129.53, 132.38, 133.45 (CH), 145.36, 149.81, 153.88, 155.19 ppm (C); IR
(KBr): �� � 3046 (s, Ar-H), 2808 (m), 2212 (m, C�N), 1656 (m), 1623 (s),
1596 (m), 1485 (m), 1456 (s), 1403 (s), 1349 (s), 1217 (m), 1165 (m), 1114
(w), 1041 (w), 1028 (w), 797 (m), 756 (m), 717 cm�1 (w); UV/Vis (DMF):


�max (lg �)� 480.1 nm (3.98), 466.3 (3.98), 350.6 (3.63); UV/Vis (CHCl3):
�max � 474.4 nm; MS (EI, 70 eV): m/z (%): 346 ([M]� , 100), 320 (16), 256
(4).


(E)-2-[1-Cyano-1-(2-cyanophenyl)methylidene]-7-methyl-3-(2-tolyl)imi-
no-2,3-dihydro-1H-indole (3g): The reaction (procedure 2) of 2-cyanophen-
ylacetonitrile (1d ; 0.142 g, 1.00 mmol) and oxalic acid bis(2-tolylimidoyl)
dichloride (2a ; 0.305 g, 1.00 mmol) afforded 3g as a red solid (150 mg,
40%, E/Z �98:2); 1H NMR (250 MHz, CDCl3): �� 2.23 (s, 3H; ArCH3),
2.41 (s, 3H; ArCH3), 6.80 (d, J� 7.6 Hz, 1 H; Ar), 6.89 ± 6.96 (m, 2H; Ar),
7.14 ± 7.33 (m, 5 H; Ar, NH), 7.59 ± 7.63 (m, 1H; Ar), 7.68 (t, J� 7.7 Hz, 1H;
Ar), 7.96 (dd, J� 7.9 Hz, J� 1.0 Hz, 1 H; Ar), 8.04 ppm (d, J� 7.7 Hz, 1H;
Ar); 13C NMR (75.5 MHz, [D6]DMSO, T� 100 �C): �� 16.60 (ArCH3),
21.28 (ArCH3), 86.95 (C-CN), 113.75 (C), 116.17 (CH), 121.45 (C), 121.94,
124.01, 124.47, 124.76 (CH), 125.71 (C), 126.04, 126.21 (CH), 127.03, 127.75
(C), 129.02 (CH), 129.25 (C), 130.29, 131.55, 136.51 (CH), 143.70, 144.60,
148.07, 152.24, 153.43 ppm (C); IR (KBr): �� � 3060 (w, Ar-H), 2975 (w),
2925 (w, C�H), 2853 (w), 2217 (m, C�N), 1648 (m), 1630 (s), 1611 (m), 1594
(m), 1578 (m), 1477 (s), 1455 (s), 1343 (s), 1280 (m), 1219 (m), 1166 (m),
1157 (m), 1112 (w), 1094 (m), 1017 (w), 794 (w), 767 (m), 749 (s), 736 cm�1


(w); UV/Vis (DMF): �max (lg �)� 461.4 nm (3.72), 334.8 (3.74); UV/Vis
(CHCl3): �max � 450.1 nm; MS (EI, 70 eV): m/z (%): 374 ([M]� , 100), 348
(8); elemental analysis calcd (%) for C25H18N4 (374.4): C 80.19, H 4.85;
found: C 80.21, H 4.61.


(E)-2-[1-Cyano-1-(4-methyloxycarbonylphenyl)methylidene]-7-methyl-3-
(2-tolyl)imino-2,3-dihydro-1H-indole (3h): The reaction (procedure 3) of
(4-methoxycarbonylphenyl)acetonitrile (1e ; 0.175 g, 1.00 mmol) and oxalic
acid bis(2-tolylimidoyl) dichloride (2a ; 0.305 g, 1.00 mmol) afforded 3h as a
yellow solid (195 mg, 48%, E/Z �98:2); 1H NMR (250 MHz, CDCl3): ��
2.20 (s, 3H; ArCH3), 2.24 (s, 3H; ArCH3), 3.97 (s, 3H; CO2CH3), 6.53 ± 6.66
(m, 2 H; Ar), 6.88 (d, J� 7.7 Hz, 1 H; Ar), 7.09 ± 7.31 (m, 5 H; Ar, NH), 7.79
(d, J� 8.1 Hz, AA�XX�, 2 H; Ar), 8.20 ppm (d, J� 8.1 Hz, AA�XX�, 2H;
Ar); 13C NMR (75.5 MHz, CDCl3): �� 15.76 (ArCH3), 18.04 (ArCH3),
52.45 (CO2CH3), 85.42 (C-CN), 116.93, 118.11 118.65, 119.77, 121.92, 124.07,
124.82, 126.63, 127.01, 128.37, 129.94, 130.06, 130.89, 134.40, 134.47, 145.85,
147.78, 149.05, 156.34, 166.34 ppm; IR (KBr): �� � 3060 (w, Ar-H), 3014 (w),
2950 (w), 2924 (w, C�H), 2196 (m, C�N), 1710 (s), 1645 (s), 1587 (s), 1493
(m), 1482 (m), 1456 (m), 1342 (s), 1223 (s), 1184 (s), 1112 (s), 770 (m), 748
(s), 721 cm�1 (m); UV/Vis (CHCl3): �max (lg �)� 466.9 nm (3.67), 311.8
(3.79), 261.0 (3.97); MS (EI, 70 eV):m/z (%): 406 ([M]� , 100), 392 (84), 348
(66); the exact molecular mass for C26H21N3O2 m/z : 407.1633� 2 mD
([M]�) was confirmed by HRMS (EI, 70 eV).


(E)-2-[1-Cyano-1-phenyl-methylidene]-6-bromo-3-(3-bromophenyl)imi-
no-2,3-dihydro-1H-indole (3 i): The reaction (procedure 3) of phenyl-
acetonitrile (1a ; 0.117 g, 1.00 mmol) and oxalic acid bis(3-bromophenyl-
imidoyl) dichloride (2d ; 0.435 g, 1.00 mmol) afforded 3 i as an orange solid
(213 mg, 44 %, E/Z �98:2). Only the 6-bromo-substituted regioisomer was
selectively formed. 1H NMR (250 MHz, [D6]DMSO): �� 6.37 (d, J�
8.3 Hz, 1H; Ar), 6.86 (d, J� 8.0 Hz, 1H; Ar), 7.01 (s, 1H; Ar), 7.19 (d,
J� 9.0 Hz, 2 H; Ar), 7.40 ± 7.46 (m, 3H; Ar), 7.51 ± 7.61 ppm (m, 4 H; Ar);
13C NMR (50.3 MHz, CDCl3): �� 86.08 (C-CN), 114.73 (CH), 115.91 (C),
116.75 (CH), 118.66 (C), 120.27 (CH), 122.29 (C), 123.14, 126.68, 126.95
(CH), 127.30 (C), 128.31, 128.56, 129.11, 131.37 (CH), 133.06, 146.04, 150.19,
151.50, 156.76 ppm (C); IR (KBr): �� � 2921 (w), 2192 (w, C�N), 1645 (s),
1607 (s), 1581 (s), 1465 (m), 1449 (s), 1439 (s), 1337 (s), 1299 (m), 1227 (s),
1214 (m), 1016 (m), 902 (m), 878 (w), 759 (w), 743 (w), 704 cm�1 (w); UV/
Vis (CHCl3): �max (lg �)� 461.5 nm (4.01), 289.5 (4.37); MS (EI, 70 eV):m/z
(%): 478 ([M]� , 100), 398 (8), 318 (5); elemental analysis calcd (%) for
C22H13N3Br2 (479.2): C 55.15, H 4.21; found: C 55.12, H 2.99. The reaction
(procedure 1) of 1a (0.196 g, 1.00 mmol) and 2d (0.478 g, 1.10 mmol)
afforded 3 i as an orange solid (40 mg, 8 %, E/Z �98:2).


(E)-2-[1-Cyano-1-(2-methoxyphenyl)methylidene]-3-phenylimino-2,3-di-
hydro-1H-indole (3 j): The reaction (procedure 1) of 2-methoxyphenyl-
acetonitrile (1 f ; 0.147 g, 1.00 mmol) and oxalic acid bis(phenylimidoyl)
dichloride (2b ; 0.277 g, 1.00 mmol) afforded 3 j as a yellow solid (0.192 g,
0.546 mmol, 55%, E/Z �98:2); 1H NMR (250 MHz, CDCl3): �� 3.86 (s,
3H; OCH3), 6.61 (d, J� 7.4 Hz, 2H; Ar), 6.77 (d, J� 8.0 Hz, 1H; Ar), 7.02 ±
7.13 (m, 5H; Ar, NH), 7.16 ± 7.25 (m, 2 H; Ar), 7.41 (ddd, J� 8.2 Hz, J�
7.5 Hz, J� 1.6 Hz, 3H; Ar), 7.54 ppm (dd, J� 7.7 Hz, J� 1.6 Hz, 1 H; Ar);
13C NMR (50.3 MHz, CDCl3): �� 56.25 (OCH3), 83.20 (C�CN), 110.53,
112.47 (CH), 114.00 (CN), 118.16 (CH), 118.39, 118.59 (C), 120.85, 121.70
(CH), 121.97 (C), 124.35, 126.81, 129.31, 130.60, 131.27, 133.27 (CH), 147.46,


¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3951 ± 39643958







Functionalized 2-Alkylidene-3-iminoindoles 3951 ± 3964


147.55, 150.67, 156.65 ppm (C); IR (KBr): �� � 3061 (w), 3014 (w), 2963 (w),
2934 (w), 2192 (m, C�N), 1646 (s), 1620 (s), 1596 (s), 1485 (s), 1465 (s), 1434
(m), 1345 (s), 1276 (m), 1254 (s), 1217 (s), 1148 (m), 1024 (m), 766 (m), 749
(s), 695 cm�1 (m); UV/Vis (CH3CN): �max (lg �)� 464.8 nm (3.93), 275.5
(4.31), 220.9 (4.35); MS (EI, 70 eV): m/z (%): 353 ([M]� , 12), 320 ([M�
OMe]� , 100), 245 (4).


(E)-2-[1-Cyano-1-(2-methoxyphenyl)methylidene]-7-methyl-3-(2-tolyl)-
imino-2,3-dihydro-1H-indole (3k): The reaction (procedure 1) of 2-meth-
oxyphenylacetonitrile (1 f ; 0.147 g, 1.00 mmol) and oxalic acid bis(2-
tolylimidoyl) dichloride (2a ; 0.305 g, 1.00 mmol) afforded 3k as an orange
solid (0.193 g, 0.509 mmol, 51%, E/Z�98:2); 1H NMR (250 MHz, CDCl3):
2.15 (s, 3H; ArCH3), 2.25 (s, 3 H; ArCH3), 3.98 (s, 3 H; OCH3), 6.48 (d, J�
7.2 Hz, 1H; Ar), 6.56 (dd, J� 7.7 Hz, J� 7.3 Hz, 1 H; Ar), 6.90 (d, J� 7.7 Hz,
1H; Ar), 7.01 (br, 1 H; Ar), 7.05 ± 7.13 (m, 4 H; Ar), 7.15- 7.29 (m, 3H; Ar),
7.43 (ddd, J� 8.4 Hz, J� 7.3 Hz, J� 1.7 Hz, 1H; Ar), 7.64 ppm (dd, J�
7.7 Hz, J� 1.7 Hz, 1H; Ar); 13C NMR (50.3 MHz, CDCl3): �� 15.70
(ArCH3), 18.03 (ArCH3), 56.17 (OCH3), 83.22 (C�CN), 112.53, 117.06
(CH), 118.29, 119.29, 119.40 (C), 121.06, 121.92 (CH), 122.30 (C), 123.94,
124.36, 126.47 (CH), 126.96 (C), 130.47, 130.68, 131.43, 134.02 (CH), 146.26,
147.44, 149.30, 156.21, 156.46 ppm (C); IR (KBr): �� � 3063 (w), 3014 (w),
2962 (w), 2936 (w), 2195 (m, C�N), 1646 (m), 1619 (m), 1595 (s), 1492 (s),
1460 (s), 1434 (m), 1338 (s), 1268 (m), 1249 (m), 1223 (s), 1182 (m), 1112
(m), 1072 (m), 1023 (m), 851 (w), 795 (w), 750 cm�1 (s); UV/Vis (CH3CN):
�max (lg �)� 462.2 nm (3.85), 275.9 (4.30); MS (ESI): m/z (%): 781
([2M�Na]� , 50), 402 ([M�Na]� , 100), 348 (40).


(E)-2-[1-Cyano-1-(2-methoxyphenyl)methylidene]-6-methyl-3-(3-tolyl)-
imino-2,3-dihydro-1H-indole (3 l): The reaction (procedure 1) of 2-meth-
oxyphenylacetonitrile (1 f ; 0.147 g, 1.00 mmol) and oxalic acid bis(3-
tolylimidoyl) dichloride (2c ; 0.305 g, 1.00 mmol) afforded 3 l as an orange
solid (0.268 g, 0.707 mmol, 71%, E/Z�98:2); 1H NMR (250 MHz, CDCl3):
�� 2.25 (s, 3H; ArCH3), 2.36 (s, 3 H; ArCH3), 3.93 (s, 3 H; OCH3), 6.43 (d,
J� 8.2 Hz, 1H; Ar), 6.56 (d, J� 7.8 Hz, 1 H; Ar), 6.57 (s, 1H; Ar), 6.83 (d,
J� 7.5 Hz, 1H; Ar), 6.87 (s, 1H; Ar), 6.94 ± 7.12 (m, 4H; Ar, NH), 7.27 (t,
J� 7.7 Hz, 1H; Ar), 7.41 (td, J� 7.5 Hz, J� 1.7 Hz, 1 H; Ar), 7.53 ppm (dd,
J� 7.5 Hz, J� 1.7 Hz, 1H; Ar); 13C NMR (50.3 MHz, CDCl3): �� 22.11
(ArCH3), 25.20 (ArCH3), 56.26 (OCH3), 82.64 (C�CN), 110.95, 112.48,
115.16 (CH), 116.14 (C), 118.98, 121.70, 121.94 (CH), 122.14, 123.80 (C),
124.92, 126.59, 129.04, 130.49, 131.30 (CH), 139.13, 144.43, 144.47, 147.88,
148.01, 150.79, 156.64 ppm (C); IR (KBr): �� � 3059 (w), 3017 (w), 2992 (w),
2921 (w), 2191 (m, C�N), 1646 (m), 1627 (s), 1594 (s), 1583 (s), 1490 (s),
1456 (s), 1436 (m), 1345 (s), 1273 (m), 1250 (s), 1220 (m), 1154 (m), 1116
(m), 1026 (m), 809 (w), 756 (m), 749 cm�1 (m); UV/Vis (CH3CN): �max (lg
�)� 461.7 nm (3.87), 280.7 (4.38); MS (EI, 70 eV): m/z (%): 379 ([M]� , 8),
348 ([M�OMe]� , 100), 332 (4).


(E)-2-[1-Cyano-1-(2-methoxyphenyl)methylidene]-5,7-dimethyl-3-(2,4-di-
methylphenyl)imino-2,3-dihydro-1H-indole (3m): The reaction (procedure
1) of 2-methoxyphenylacetonitrile (1 f ; 0.441 g, 3.00 mmol) and oxalic acid
bis(2,4-dimethylphenylimidoyl) dichloride (2e ; 1.005 g, 3.00 mmol) afford-
ed 3m as an orange solid (0.758 g, 1.860 mmol, 62%, E/Z �98:2). 1H NMR
(250 MHz, CDCl3): �� 2.04, 2.11, 2.25, 2.37 (4 s, 4� 3H; ArCH3), 3.94 (s,
3H; OCH3), 6.44 (s, 1H; Ar), 6.80 (d, J� 7.9 Hz, 1H; Ar), 6.89 (s, 1H; Ar),
6.98 (s, 1H; Ar), 7.02 ± 7.13 (m, 4H; Ar, NH), 7.39 (t, J� 7.4 Hz, 1 H; Ar),
7.61 ppm (dd, J� 7.7 Hz, J� 1.5 Hz, 1 H; Ar); 13C NMR (50.3 MHz,
CDCl3): �� 15.55 (ArCH3), 17.94 (ArCH3), 20.72 (ArCH3), 20.87 (ArCH3),
55.94 (OCH3), 82.18 (C-CN), 109.99 (C), 112.36, 116.89 (CH), 118.27,
119.06, 119.50 (C), 121.67 (CH), 122.31 (C), 123.83, 126.69 (CH), 127.15,
130.17 (C), 130.21, 131.22, 131.26 (CH), 133.75 (C), 134.81 (CH), 144.26,
146.53, 148.01, 156.12 ppm (C); IR (KBr): �� � 3064 (w), 3001 (w), 2967 (w),
2943 (m), 2918 (m), 2196 (m, C�N), 1644 (m), 1618 (s), 1594 (s), 1481 (s),
1435 (m), 1383 (m), 1332 (s), 1282 (m), 1249 (m), 1234 (m), 1204 (s), 1179
(m), 1119 (m), 1022 (m), 827 (w), 770 (m), 753 cm�1 (m); UV/Vis (CH3CN):
�max (lg �)� 474.5 nm (3.97), 280.3 (4.39); MS (EI, 70 eV): m/z (%): 407
([M]� , 3), 406 ([M�H]� , 6), 392 (8), 376 (100), 360 (2).


(E)-2-[1-Cyano-1-(3-methoxyphenyl)-methylidene]-5-methyl-3-(4-tolyl)-
imino-2,3-dihydro-1H-indole (3n): The reaction (procedure 3) of 3-meth-
oxyphenylacetonitrile (1g ; 0.147 g, 1.00 mmol) and oxalic acid bis(4-
tolylimidoyl) dichloride (2 f ; 0.336 g, 1.10 mmol) afforded 3n as a red solid
(0.226 g, 0.596 mmol, 60 %, E/Z �98:2); 1H NMR (250 MHz, CDCl3): ��
2.06 (s, 3H; ArCH3), 2.40 (s, 3H; ArCH3), 3.85 (s, 3H; OCH3), 6.61 (s, 1H;
Ar), 6.70 (d, J� 8.1 Hz, 1 H; Ar), 6.93 (d, J� 8.2 Hz, 1H; Ar), 7.03 (d, J�
8.1 Hz, 1H; Ar), 7.15 ± 7.26 (m, 5H; Ar, NH), 7.33(s, 1H; Ar), 7.39 ppm (t,


1H; Ar); 13C NMR (50.3 MHz, CDCl3): �� 20.89 (ArCH3), 21.05 (ArCH3),
55.43 (OCH3), 85.14 (C�CN), 110.38, 114.02, 114.07, 118.32 (CH), 119.19
(C), 120.75, 126.82, 129.76 (CH), 130.47, 130.49 (C), 130.52, 134.03 (CH),
134.15, 135.25, 145.38, 147.65, 147.72, 156.28, 160.31 ppm (C); IR (KBr): �� �
3024 (w), 2996 (w), 2920 (m), 2860 (w), 2193 (m, C�N), 1643 (s), 1620 (s),
1586 (s), 1502 (s), 1488 (s), 1434 (m), 1333 (s), 1290 (m), 1262 (m), 1225 (s),
1201 (s), 1170 (m), 1120 (m), 1048 (m), 830 (m), 817 (m), 784 (w), 767 (w),
697 cm�1 (w); UV/Vis (CH3CN): �max (lg �)� 480.6 nm (4.00), 282.8 (4.29),
222.6 (4.44); MS (EI, 70 eV): m/z (%): 379 ([M]� , 60), 378 ([M� 1]� , 100),
352 (44), 335 (10).


(E)-2-[1-Cyano-1-(4-methoxyphenyl)methylidene]-7-methyl-3-(2-tolyl)-
imino-2,3-dihydro-1H-indole (3o): The reaction (procedure 1) of 4-meth-
oxyphenylacetonitrile (1h ; 0.147 g, 1.00 mmol) and oxalic acid bis(2-
tolylimidoyl) dichloride (2a ; 0.305 g, 1.00 mmol) afforded 3o as a red solid
(0.115 g, 0.303 mmol, 30 %, E/Z �98:2); 1H NMR (250 MHz, CDCl3): ��
2.19 (s, 3H; ArCH3), 2.24 (s, 3H; ArCH3), 3.86 (s, 3H; OCH3), 6.48 ± 6.61 (2
t, J� 7.5 Hz, 2 H; Ar), 6.87 (d, J� 7.6 Hz, 1 H; Ar), 7.02 ± 7.13 (m, 5H; Ar,
NH), 7.19 (d, J� 7.5 Hz, 1H; Ar), 7.27 (d, J� 7.6 Hz, 1 H; Ar), 7.61 ppm (d,
J� 8.8 Hz, 2 H; Ar); 13C NMR (50.3 MHz, CDCl3): �� 15.71 (ArCH3),
17.93 (ArCH3), 55.37 (OCH3), 86.40 (C-CN), 114.99, 116.98 (CH), 118.21,
119.21, 119.59 (C), 121.20, 123.83, 124.33 (CH), 125.81 (C), 126.47 (CH),
126.81 (C), 129.72, 130.66, 134.09 (CH), 146.11, 146.38, 149.26, 156.31,
159.57 ppm (C); IR (KBr): �� � 3063 (w), 3010 (w), 2956 (w), 2930 (w), 2198
(m, C�N), 1644 (m), 1599 (s), 1510 (s), 1489 (m), 1459 (m), 1430 (m), 1381
(w), 1336 (s), 1301 (m), 1253 (s), 1219 (s), 1181 (s), 1111 (w), 1034 (m), 835
(m), 797 (w), 776 (w), 746 cm�1 (m); UV/Vis (CH3CN): �max (lg �)�
470.2 nm (4.02), 275.6 (4.32), 229.3 (4.29); MS (EI, 70 eV): m/z (%): 379
([M]� , 50), 378 ([M� 1]� , 100), 364 (24), 348 (12), 335 (4); the exact
molecular mass for C25H21N3Om/z : 379.1685� 2 mD ([M]�) was confirmed
by HRMS (EI, 70 eV).


(E)-2-[1-Cyano-1-(2-tolyl)-methylidene]-3-phenylimino-2,3-dihydro-1H-
indole (3p): The reaction (procedure 1) of 2-tolylacetonitrile (1 i ; 0.131 g,
1.00 mmol) and oxalic acid bis(phenylimidoyl) dichloride (2b ; 0.277 g,
1.00 mmol) afforded 3p as a yellow solid (0.249 g, 0.744 mmol, 74%, E/Z
�98:2); 1H NMR (250 MHz, CDCl3): �� 2.45 (s, 3 H; ArCH3), 6.58 ± 6.74
(m, 4 H; Ar, NH), 7.05 (dd, J� 8.3 Hz, J� 1.1 Hz, 2H; Ar), 7.16 ± 7.46 ppm
(m, 8H; Ar); 13C NMR (75.5 MHz, CDCl3): �� 19.82 (ArCH3), 85.07 (C-
CN), 110.49, 118.17 (CH), 118.34 (C), 120.97, 124.50, 126.85, 126.90, 129.35,
129.36, 130.05, 131.36 (CH), 131.77 (C), 133.42 (CH), 137.94, 137.95, 147.32,
147.85, 150.85, 156.02 ppm (C); IR (KBr): �� � 3059 (w, Ar-H), 3025 (w),
2953 (w), 2922 (w, C�H), 2187 (m, C�N), 1647 (m), 1620 (m), 1588 (s), 1483
(m), 1465 (s), 1344 (s), 1220 (s), 1149 (m), 1101 (w), 1024 (w), 767 (w), 747
(m), 716 cm�1 (w); UV/Vis (CH3CN): �max (lg �)� 458.7 nm (3.95), 274.6
(4.36), 226.0 (4.31); MS (EI, 70 eV):m/z (%): 334 ([M]� , 16), 320 (100), 243
(4); elemental analysis calcd (%) for C23H17N3 (335.4): C 82.36, H 5.11, N
12.53; found: C 82.21, H 5.41, N 12.41.


(E)-2-[1-Cyano-1-(3-tolyl)methylidene]-5-methyl-3-(4-tolyl)imino-2,3-di-
hydro-1H-indole (3q): The reaction (procedure 1) of 3-tolylacetonitrile
(1j ; 0.131 g, 1.00 mmol) and oxalic acid bis(4-tolylimidoyl)chloride (2 f ;
0.305 g, 1.00 mmol) afforded 3q as a red solid (0.225 g, 0.618 mmol, 62%,
E/Z �98:2); 1H NMR (250 MHz, CDCl3): �� 2.04 (s, 3 H; ArCH3), 2.40 (s,
6H; 2 ArCH3), 6.60 (s, 1 H; Ar), 6.72 (d, J� 8.0 Hz, 1H; Ar), 6.92 (d, J�
8.1 Hz, 2H; Ar), 7.01 (d, J� 8.2 Hz, 1H; Ar), 7.15 ± 7.26 (m, 3H; Ar), 7.32 ±
7.43 ppm (m, 4 H; Ar, NH); 13C NMR (50.3 MHz, CDCl3): �� 20.86
(ArCH3), 21.03 (ArCH3), 21.47 (ArCH3), 85.36 (C-CN), 110.44 (CH),
118.27 (C), 118.32 (CH), 119.42 (C), 125.47, 126.75, 129.14, 129.17, 129.25,
129.73 (CH), 130.29, 133.80 (C), 133.99 (CH), 134.05, 139.35, 145.52, 147.50,
147.78, 156.37 ppm (C); IR (KBr): �� � 3023 (w), 2946 (w), 2946 (w), 2919
(m), 2195 (m, C�N), 1662 (m), 1642 (s), 1621 (s), 1586 (s), 1502 (s), 1487 (s),
1438 (m), 1382 (m), 1330 (s), 1289 (m), 1250 (m), 1223 (s), 1205 (m), 1119
(m), 1036 (w), 830 (w), 790 (w), 701 cm�1 (w); UV/Vis (CH3CN): �max (lg
�)� 480.7 nm (4.00), 308.1 (4.14), 284.0 (4.28); MS (EI, 70 eV): m/z (%):
363 ([M]� , 56), 362 ([M�H]� , 100), 348 (52); the exact molecular mass for
C25H21N3 m/z : 363.1735 �2 mD ([M]�) (363.1691 for the M�H isotope
fragment 12C24


13C1H20N3) was confirmed by HRMS (EI, 70 eV).


(E)-2-[1-Cyano-1-(4-tolyl)methylidene]-4,6-dimethyl-3-(3,5-dimethylphe-
nyl)imino-2,3-dihydro-1H-indole (3r): The reaction (procedure 3) of
4-tolylacetonitrile (1k ; 0.131 g, 1.00 mmol) and oxalic acid bis(3,5-dime-
thylphenylimidoyl) dichloride (2g ; 0.367 g 1.10 mmol) afforded 3r as a red
solid (0.378 g, 0.964 mmol, 96%, E/Z�98:2); 1H NMR (250 MHz, CDCl3):
�� 2.04, 2.14, 2.24, 2.37, 2.41 (5s, 5� 3H; ArCH3), 6.46 (s, 1H; Ar), 6.77 (d,
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J� 7.9 Hz, 1 H; Ar), 6.90 (s, 1 H; Ar), 6.99 ± 7.10 (m, 3H; Ar, NH), 7.31 (d,
J� 8.1 Hz, AA�, 2 H; Ar), 7.57 ppm (d, J� 8.2 Hz, XX�, 2H; Ar); 13C NMR
(50.3 MHz, CDCl3): �� 15.65, 18.00, 20.82, 20.96, 21.29 (ArCH3), 85.73 (C-
CN), 116.93 (CH), 118.35, 119.10, 119.39 (C), 123.99, 126.81 (CH), 127.28
(C), 128.22, 130.23 (CH), 130.55, 131.11 (C), 131.36 (CH), 133.99 (C),
134.96 (CH), 138.45, 144.11, 146.52, 147.36, 156.15 ppm (C); IR (KBr): �� �
3024 (w), 3010 (w), 2971 (w), 2944 (m), 2919 (m), 2861 (w), 2195 (m, C�N),
1675 (m), 1646 (s), 1615 (s), 1583 (s), 1521 (m), 1510 (s), 1481 (s), 1448 (m),
1376 (m), 1329 (s), 1312 (m), 1225 (m), 1203 (s), 1120 (w), 1019 (w), 818 (m),
795 (w), 771 cm�1 (w); UV/Vis (CH3CN): �max (lg �)� 481.3 nm (3.92), 284.5
(4.28), 235.1 (4.24); MS (EI, 70 eV): m/z (%): 391 ([M]� , 56), 390 ([M�
H]� , 100), 376 (58).


(E)-2-{1-Cyano-1-[2-(N-methyl)pyrrolyl]methylidene}-7-methyl-3-(2-tolyl)-
imino-2,3-dihydro-1H-indole (3w): The reaction (procedure 2) of 2-(N-
methyl)pyrrolylacetonitrile (1m ; 0.121 g, 1.00 mmol) and oxalic acid bis(2-
tolylimidoyl) dichloride (2a ; 0.305 g, 1.00 mmol) afforded 3w as an orange
solid (0.042 g, 0.119 mmol, 12%, E/Z�98:2); 1H NMR (250 MHz, CDCl3):
�� 2.19 (s, 3H; ArCH3), 2.25 (s, 3H; ArCH3), 3.83 (s, 3H; NCH3), 6.27 ±
6.30 (m, 1H; Ar), 6.40 ± 6.42 (m, 1 H; Ar), 6.50 ± 6.61 (m, 2 H; Ar), 6.89 (d,
J� 7.8 Hz, 1H; Ar), 7.06 ± 7.36 ppm (m, 6 H; Ar, NH); 13C NMR (50.3 MHz,
CDCl3): �� 15.71 (ArCH3), 17.86 (ArCH3), 35.19 (NCH3), 77.34 (C-CN),
108.76, 110.44, 117.02 (CH), 117.68, 118.30, 119.43 (C), 121.19, 123.94 (CH),
124.07 (C), 124.49, 124.90, 126.47 (CH), 127.02 (C), 130.71, 134.15 (CH),
145.73, 148.06, 149.19, 156.02 ppm (C); IR (KBr): �� � 3061 (w, Ar-H), 3012
(w), 2952(s), 2923 (s, C�H), 2853 (s), 2195 (m, C�N), 1644 (m), 1618 (m),
1587 (s), 1492 (m), 1458 (m), 1339 (s), 1218 (s), 1181 (m), 1109 (w), 1040
(w), 794 (w), 746 cm�1 (m); UV/Vis (CHCl3): �max (lg �)� 483.4 nm (3.78),
276.4 (4.13), 254.4 (4.00); MS (EI, 70 eV): m/z (%): 352 ([M]� , 100), 296
(4); the exact molecular mass for C23H20N4 m/z : 352.1688� 2 mD ([M]�)
was confirmed by HRMS (EI, 70 eV).


12-Cyano-11-phenylimino-5,11-dihydroindolo[1,2-b]isoquinolin-5-one
(5a): The reaction (procedure 3) of methyl 2-(cyanomethyl)benzoate (4 ;
0.088 g, 0.50 mmol) and oxalic acid bis(phenylimidoyl) dichloride (2b ;
0.153 g, 0.55 mmol) afforded 5a as a yellow solid (144 mg, 83 %). 1H NMR
(250 MHz, CDCl3): �� 6.94 (d, J� 7.8 Hz, 1H; Ar), 7.06 (m, 3H; Ar), 7.28
(m, 1 H; Ar), 7.47 (dd, J� 8.0 Hz, J� 7.3 Hz, 2 H; Ar), 7.56 (dd, J� 7.1 Hz,
J� 1.4 Hz, 1 H; Ar), 7.72 (td, J� 8.0 Hz, J� 1.1 Hz, 1H; Ar), 7.88 (td, J�
8.2 Hz, J� 1.4 Hz, 1H; Ar), 8.16 (d, J� 8.7 Hz, 1 H; Ar), 8.56 (dd, J�
8.0 Hz, J� 0.9 Hz, 1 H; Ar), 8.79 ppm (d, J� 8.2 Hz, 1 H; Ar); 13C NMR
(75.5 MHz, CDCl3, T� 50 �C): �� 84.80 (C-CN), 118.10, 118.31 (CH),
120.28 (C), 125.39, 126.17, 126.20, 126.24 (CH), 127.30 (C), 128.73, 129.59
(CH), 129.68 (C), 129.83 (CH), 133.18 (C), 133.95, 134.14 (CH), 140.85,
144.69, 150.01, 153.75 (C), 158.86 ppm (C�O); IR (KBr): �� � 3071 (m, Ar-
H), 2219 (m, C�N), 1669 (s), 1659 (s), 1603 (m), 1596 (s), 1487 (m), 1457 (s),
1401 (m), 1366 (s), 1336 (m), 1233 (m), 1127 (m), 779 (s), 757 (s), 719 (m),
704 cm�1 (s); UV/Vis (CHCl3): �max (lg �)� 422.6 nm (4.04), 403.2 (4.00),
322.8 (3.93); MS (EI, 70 eV): m/z (%): 347 ([M]� , 100), 318 (4).


12-Cyano-7-methyl-11-(2-tolylimino)-5,11-dihydroindolo[1,2-b]isoquino-
lin-5-one (5b): The reaction (procedure 3) of methyl 2-(cyanomethyl)ben-
zoate (4 ; 0.088 g, 0.50 mmol) and oxalic acid bis(2-tolylimidoyl) dichloride
(2a ; 0.168 g, 0.55 mmol) afforded 5b as an orange solid (93 mg, 50%).
1H NMR (500 MHz, CDCl3): �� 2.21 (s, 3H; CH3, C-2�), 2.60 (s, 3 H; CH3,
C-7), 6.81 (d, J� 7.8 Hz, 1 H; Ar, C-10), 6.88 (dd, J� 7.8 Hz, J� 1.1 Hz, 1H;
Ar, C-6�), 6.96 (dd, J� 7.8 Hz, J� 7.6 Hz, 1 H; Ar, C-9), 7.15 (td, J� 7.5 Hz,
J� 1.3 Hz, 1H; Ar, C-4�), 7.23 (td, J� 7.7 Hz, J� 0.8 Hz, 1H; Ar, C-5�), 7.31
(d, J� 7.5 Hz, 1 H; Ar, C-3�), 7.34 (d, J� 7.5 Hz, 1 H; Ar, C-8), 7.67 (td, J�
7.9 Hz, J� 1.1 Hz, 1 H; Ar, C-3), 7.85 (td, J� 8.0 Hz, J� 1.4 Hz, 1H; Ar,
C-2), 8.10 (dd, J� 8.0 Hz, J� 1.1 Hz, 1H; Ar, C-1), 8.46 ppm (dd, J�
8.0 Hz, J� 1.4 Hz, 1H; Ar, C-4); 13C NMR (50.3 MHz, CDCl3): �� 17.96
(C2�-CH3), 23.34 (C7-CH3), 89.80 (C-12-CN), 114.10 (C�N), 116.67 (C-
10), 122.45 (C-10a), 123.25 (C-10), 125.27 (C-4�), 125.61 (C-1), 126.69 (C-
9&C-5�), 126.98 (C-2�), 127.87 (C-4a), 128.68 (C-4), 129.00 (C-7), 129.59 (C-
3), 131.02 (C-3�), 133.06 (C-12a), 133.88 (C-2), 137.78 (C-8), 143.28 (C-6a),
143.49 (C-11), 148.49 (C-1�), 153.36 (C-11a), 158.40 ppm (C�O); IR (KBr):
�� � 3062 (w), 2959 (w), 2921 (m), 2850 (w), 2217 (m, C�N), 1684 (s), 1653
(s), 1635 (s), 1616 (s), 1602 (m), 1576 (m), 1559 (m), 1539 (m), 1481 (s), 1457
(m), 1436 (m), 1354 (m), 1310 (s), 1275 (m), 1241 (m), 1107 (m), 798 (m),
764 (m), 748 cm�1 (s); UV/Vis (CHCl3): �max (lg �)� 426.0 nm (4.02), 408.5
(4.05), 326.6 (3.99); MS (ESI): m/z (%): 1147 ([3M�Na]� , 70), 773
([2M�Na]� , 100), 398 ([M�Na]� , 50), 376 ([M�H]� , 6); elemental


analysis calcd (%) for C25H17N3O (375.4): C 79.98, H 4.56; found: C
79.78, H 4.79.


12-Cyano-8-methyl-11-(3-tolylimino)-5,11-dihydroindolo[1,2-b]isoquino-
lin-5-one (5c) and 12-cyano-10-methyl-11-(3-tolylimino)-5,11-dihydroin-
dolo[1,2-b]isoquinolin-5-one (5d): The reaction (procedure 3) of methyl
2-(cyanomethyl)benzoate (4 ; 0.088 g, 0.50 mmol) and oxalic acid bis(3-
tolylimidoyl)chloride (2c ; 0.168 g, 0.55 mmol) afforded the regioisomers
5c/5d as a yellow solid (104 mg, 55 %). The product was obtained as an
inseparable 2.4:1 mixture of 5c (73 mg, 39 %) and 5d (31 mg, 16%). The
regioisomeric ratio was determined by integration of the 1H NMR
spectrum (characteristic singlet of the proton at C-7). Spectroscopic data:
5c : 1H NMR (250 MHz, CDCl3): �� 2.40 (s, 6H; Me), 6.83 (s, 1 H; Ar,
C-2�), 6.87 (d, J� 7.9 Hz, 2 H; Ar), 6.98 (d, J� 7.5 Hz, 1H; Ar), 7.06 (d, J�
7.5 Hz, 1 H; Ar), 7.33 (t, J� 7.7 Hz, 1H; Ar), 7.67 (t, J� 7.3 Hz, 1H; Ar), 7.84
(t, J� 7.2 Hz, 1 H; Ar), 8.09 (d, J� 8.0 Hz, 1H; Ar), 8.48 (d, J� 7.9 Hz, 1H;
Ar), 8.56 ppm (s, 1H; Ar, C7); 13C NMR (50.3 MHz, CDCl3): �� 21.47
(CH3), 22.36 (CH3), 89.55 (C-CN), 113.75 (CN), 114.93 (CH), 117.77 (C),
118.57, 118.79, 125.87, 125.89, 125.90 (CH), 126.93 (C), 127.05, 128.52,
129.27, 129.65 (CH), 132.93 (C), 134.03 (CH), 137.74, 139.46, 144.65, 145.38,
149.96, 153.29 (C), 158.74 ppm (C�O). 5d : 1H NMR (250 MHz, CDCl3):
�� 2.37 (s, 6 H; Me), 6.73 (d, 1H; Ar), 6.78 (d, 1 H; Ar), 6.82 (s, 1H; Ar,
C-2�), 6.87 (d, J� 7.9 Hz, 2 H; Ar), 7.43 (t, J� 7.9 Hz, 1H; Ar), 7.67 (t, J�
7.3 Hz, 1H; Ar), 7.84 (t, J� 7.2 Hz, 1H; Ar), 8.07 (t, J� 8.0 Hz, 1H; Ar),
8.48 (d, J� 7.9 Hz, 1H; Ar), 8.68 ppm (d, J� 8.2 Hz, 1H; Ar); 13C NMR
(50.3 MHz, CDCl3): �� 21.41 (CH3), 22.36 (CH3), 89.55 (C-CN), 113.75
(CN), 115.35, 116.30 (CH), 117.77 (C), 120.23, 125.76, 125.81 (CH), 126.71
(C), 128.49, 128.77, 129.39, 129.98 (CH), 133.02 (C), 133.50, 133.95 (CH),
137.74, 138.90, 142.51, 144.65, 150.26, 152.10 (C), 158.74 ppm (C�O). 5c/5d :
IR (KBr): �� � 3062 (m, Ar-H), 2922 (w), 2221 (m, C�N), 1682 (s), 1654 (s),
1598 (s), 1479 (m), 1450 (m), 1367 (s), 1308 (s), 1254 (m), 1141 (m), 788 (m),
772 (m), 760 (m), 705 (m), 690 cm�1 (m); UV/Vis (CHCl3): �max (lg �)�
419.9 nm (4.02), 403.4 (3.99), 323.9 (4.03); MS (ESI): m/z (%): 1523
([4M�Na]� , 5), 1148 ([3M�Na]� , 55), 773 ([2M�Na]� , 98), 398
([M�Na]� , 100).


12-Cyano-9-methyl-11-(4-tolylimino)-5,11-dihydroindolo-[1,2-b]isoquino-
lin-5-one (5e): The reaction (procedure 3) of methyl 2-(cyanomethyl)ben-
zoate (4 ; 0.104 g, 0.59 mmol) and oxalic acid bis(4-tolylimidoyl) dichloride
(2 f ; 0.217 g, 0.71 mmol) afforded 5e as a red solid (190 mg, 85%). 1H NMR
(300 MHz, CDCl3): �� 2.17 (s, 3 H; Me), 2.44 (s, 3H; Me), 6.90 (dd, 4J�
1.5 Hz, 5J� 0.6 Hz, 1H; Ar, C-10), 6.98 (d, 3J� 8.2 Hz, AA�XX�, 2 H; Ar,
C-3�, C-5�), 7.25 (d, 3J� 8.0 Hz, AA�XX�, 2H; Ar, C-2�, C-6�), 7.30 (dd, 3J�
8.0 Hz, 4J� 1.3 Hz, 1 H; Ar, C-8), 7.65 (ddd, 3J� 8.2 Hz, 3J� 7.2 Hz, 4J�
1.1 Hz, 1H; Ar, C-3), 7.83 (ddd, 3J� 7.3 Hz, 3J� 7.2 Hz, 4J� 1.5 Hz, 1H; Ar,
C-2), 8.12 (ddd, 3J� 7.6 Hz, 4J� 1.0 Hz, 5J� 0.6 Hz, 1 H; Ar, C-1), 8.51
(ddd, 3J� 7.9 Hz, 4J� 1.4 Hz, 5J� 0.6 Hz, 1H; Ar, C-4), 8.63 ppm (d, 3J�
8.4 Hz, 1 H; Ar, C-7); 13C NMR (50.3 MHz, CDCl3): �� 21.08 (C9-CH3),
21.22 (C4�-CH3), 89.10 (C12-CN), 113.86 (CN), 117.86 (C-7), 118.44 (C-2�
and C-6�), 120.40 (C-10a), 126.02 (C-1), 126.27 (C-10), 127.13 (C-4a), 128.57
(C-4), 129.60 (C-3), 129.97 (C-3� and C-5�), 133.20 (C-12a), 133.96 (C-2),
134.47 (C-8), 134.50 (C-11), 135.30 (C-4�), 136.18 (C-9), 142.53 (C-6a),
147.24 (C-1�), 153.10 (C-11a), 158.68 ppm (C�O); IR (KBr): �� � 3065 (w,
Ar-H), 3029 (w), 2977 (w), 2923 (m), 2225 (m, C�N), 1677 (s), 1650 (s), 1618
(m), 1600 (m), 1502 (m), 1478 (s), 1458 (m), 1356 (m), 1334 (s), 1301 (m),
1236 (m), 1213 (m), 1171 (m), 842 (m), 822 (m), 773 (m), 763 (m), 689 cm�1


(m); UV/Vis (CHCl3): �max (lg �)� 430.5 nm (4.01), 336.9 (4.02), 324.8
(4.02); MS (EI, 70 eV): m/z (%): 375 ([M]� , 100), 362 (15), 268 (60).


12-Cyano-8,10-dimethyl-11-(3,5-dimethylphenylimino)-5,11-dihydroindo-
lo-[1,2-b]isoquinolin-5-one (5 f): The reaction (procedure 3) of methyl
2-(cyanomethyl)benzoate (4 ; 0.189 g, 1.08 mmol) and oxalic acid bis(3,5-
dimethylphenylimidoyl)chloride (2g ; 0.431 g, 1.29 mmol) afforded 5 f as a
red solid (418 mg, 96 %). 1H NMR (250 MHz, CDCl3): �� 2.14 (s, 3H; Me),
2.23 (s, 3H; Me), 2.39 (s, 3 H; Me), 2.59 (s, 3 H; Me), 6.79, 6.83 (2s, 2� 1H;
Ar, C-2�� C-6�), 7.03 (s, 1H; Ar, C-7), 7.15 (s, 1H; Ar, C-9), 7.17 (s, 1H; Ar,
C-4�), 7.66 (t, 3J� 7.9 Hz, 1 H; Ar, C-3), 7.84 (td, 3J� 8.1 Hz, 4J� 1.1 Hz, 1H;
Ar, C-2), 8.10 (d, 3J� 8.1 Hz, 1 H; Ar, C-1), 8.46 ppm (d, 3J� 8.4 Hz, 1H;
Ar, C-4); 13C NMR (75.5 MHz, CDCl3): �� 18.02 (CH3), 20.89 (CH3), 21.04
(CH3), 23.28 (CH3), 89.37 (C12-CN), 114.34 (CN), 116.75 (C-2�), 122.73 (C),
123.50 (C-6�), 125.58 (C-1), 126.98 (C-7), 127.70 (C), 127.87 (C-4a), 128.55
(C),128.65 (C-4), 129.40 (C-3), 131.69 (C-9), 133.24 (C-12a), 133.76 (C-2),
135.16, 136.53 (C), 138.40 (C-4�), 141.44 (C), 144.05 (C-10a), 145.80, 153.03
(C), 158.42 ppm (C�O); IR (KBr): �� � 3065 (m, Ar-H), 3013 (w), 2971 (w),
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2922 (m), 2218 (m, C�N), 1688 (s), 1651 (s), 1606 (s), 1490 (s), 1477 (s), 1457
(m), 1378 (m), 1353 (m), 1330 (s), 1310 (s), 1279 (s), 1177 (s), 772 (m), 762
(m), 687 cm�1 (m); UV/Vis (CHCl3): �max (lg �)� 418.0 nm (3.80), 325.6
(3.98); MS (EI, 70 eV): m/z (%): 403 ([M]� , 100), 388 (40), 376 (4); the
exact molecular mass for C27H21N3O m/z : 403.1685� 2 mD ([M]�) was
confirmed by HRMS (EI, 70 eV).


12-Cyano-9-methoxy-11-(4-methoxyphenylimino)-5,11-dihydroindolo-
[1,2-b]isoquinolin-5-one (5g): The reaction (procedure 3) of methyl
2-(cyanomethyl)benzoate (4 ; 0.088 g, 0.50 mmol) and oxalic acid bis(4-
methoyxphenylimidoyl) dichloride (2h ; 0.202 g, 0.60 mmol) afforded 5g as
a red solid (178 mg, 87 %). 1H NMR (250 MHz, CDCl3): �� 3.60 (s, 3H;
OCH3), 3.87 (s, 3H; OCH3), 6.76 (d, J� 2.7 Hz, 1H; Ar), 7.00 ± 7.08 (m, 3H;
Ar), 7.10 ± 7.15 (m, 2 H; Ar), 7.68 (td, J� 8.2 Hz, J� 1.1 Hz, 1H; Ar), 7.85
(td, J� 7.9 Hz, J� 1.4 Hz, 1H; Ar), 8.11 (d, J� 7.9 Hz, 1 H; Ar), 8.52 (dd,
J� 8.0 Hz, J� 1.2 Hz, 1H; Ar), 8.67 ppm (d, J� 8.9 Hz, 1 H; Ar); 13C NMR
(75.5 MHz, CDCl3, T� 50 �C): �� 55.57 (OCH3), 55.71 (OCH3), 89.45 (C-
CN), 110.48 (CH), 113.93 (C), 114.84, 119.09, 119.55, 120.58 (CH), 121.39
(C), 126.04 (CH), 127.20 (C), 128.54, 129.56 (CH), 133.27 (C), 133.86 (CH),
138.50, 142.75, 142.78, 153.09, 157.68, 158.28, 158.50 ppm (C); IR (KBr):
�� � 2960 (w), 2220 (m, C�N), 1674 (s), 1649 (s), 1604 (s), 1586 (s), 1502 (s),
1477 (s), 1433 (s), 1302 (s), 1260 (m), 1247 (s), 1210 (m), 1168 (m), 1026 (m),
848 (m), 770 (m), 759 (w), 734 (w), 688 cm�1 (m); UV/Vis (CHCl3): �max (lg
�)� 456.8 nm (3.89), 341.5 (4.03), 267.1 (4.56); MS (ESI) m/z (%): 1244
([3M�Na]� , 30), 837 ([2M�Na]� , 100), 430 ([M�Na]� , 30), 408 ([M�H]� ,
16).


Procedure 4 (synthesis of heterocycles 6 by reflux): A solution of
indolo[1,2-b]isoquinolin-5-one (5b ; 129 mg, 0.34 mmol) in DMSO
(20 mL) was stirred at 180 �C and the reaction was monitored by TLC.
The color of the reaction mixture turned from red to black. After
disappearance of the starting material (ca. 16 h) the solvent was removed in
vacuo by bulb-to-bulb-distillation. Chromatographic purification (silica
gel, CH2Cl2) afforded 6b as a yellow solid (48 mg, 0.17 mmol, 48%).
Spectroscopic data: see below.


Procedure 5 (synthesis of heterocycles 6 by treatment of 5 with HCl : A
solution of 5e (109 mg, 0.29 mmol) in THF (20 mL) was treated with an
aqueous solution of HCl (10 %, 20 mL) and the solution was stirred at 20 �C
for 3 ± 5 days (TLC monitoring). After disappearance of the starting
material, an aqueous solution of NaHCO3 was added to the solution. The
aqueous layer was extracted with diethyl ether and CH2Cl2. The combined
organic layers were dried (MgSO4), filtered, and concentrated to give 6e as
a yellow solid (83 mg, 0.29 mmol, 100 %). Spectroscopic data: see below.


12-Cyano-5,11-dihydroindolo[1,2-b]isoquinolin-5,11-dione (6a): Starting
with 5a (38 mg, 0.11 mmol) (procedure 4), 6a was obtained as a yellow
solid (25 mg, 0.092 mmol, 84%). Procedure 5: 95% yield. 1H NMR
(300 MHz, [D6]DMSO): �� 7.48 (t, 3J� 7.0 Hz, 1H; Ar), 7.84 ± 7.93 (3� t,
3J� 7.6 Hz, 3J� 8.6 Hz, 3J� 7.4 Hz, 3H; Ar), 8.00 (d, 3J� 7.4 Hz, 2 H; Ar),
8.41 (d, 3J� 7.7 Hz, 1 H; Ar), 8.55 ppm (d, 3J� 8.7 Hz, 1H; Ar); 13C NMR
(50.3 MHz, [D6]DMSO): �� 91.11 (C12-CN), 112.84 (CN), 117.51 (CH),
123.17 (C), 125.12, 126.50, 127.11 (CH), 128.15 (C), 128.48, 131.45 (CH),
131.64 (C), 134.85, 137.69 (CH), 138.70, 146.78 (C), 157.68 (C5�O),
180.92 ppm (C11�O); IR (KBr): �� � 3073 (w), 3035 (w), 2960 (w), 2925
(m), 2228 (m, C�N), 1713 (s), 1687 (s), 1629 (m), 1599 (s), 1559 (m), 1472
(s), 1460 (s), 1359 (s), 1337 (s), 1327 (s), 1309 (s), 1291 (m), 1196 (m), 1112
(s), 1075 (m), 977 (m), 768 (m), 755 (s), 699 cm�1 (m); fluorescence
(CH3CN) Ex (F�max): 350 (510.52), 400 (507.14) nm; UV/Vis (CH3CN): �max


(lg �)� 419.4 nm (3.87), 354.3 (3.78), 328.0 (3.82); MS (EI, 70 eV):m/z (%):
272 ([M]� , 100), 244 (8), 215 (10), 189 (4); the exact molecular mass for
C17H8N2O2 m/z : 272.0586� 2 mD ([M]�) was confirmed by HRMS (EI,
70 eV); elemental analysis calcd (%) for C17H8N2O2 (272.3): C 75.00, H
2.96; found: C 75.30, H 3.24.


Synthesis of 6a from 3 f : Starting with 3 f (54 mg, 0.15 mmol) (procedure 4),
6a was obtained as a yellow solid (40 mg, 0.15 mmol, 94 %). Spectroscopic
data: see above.


7-Methyl-12-cyano-5,11-dihydroindolo[1,2-b]isoquinolin-5,11-dione (6b):
Starting with 3g (93 mg, 0.25 mmol) (procedure 4), 6b was obtained as a
yellow solid (40 mg, 0.14 mmol, 56 %). Procedure 5: 82 % yield. 1H NMR
(300 MHz, [D6]DMSO, T� 100 �C): �� 2.64 (s, 3H; Ar, C7-CH3), 7.40 (t,
3J� 7.5 Hz, 1H; Ar, C-9), 7.67 (dd, 3J� 7.5 Hz, 4J� 0.8 Hz, 1H; Ar, C-8),
7.73 (dd, 3J� 7.5 Hz, 4J� 0.8 Hz, 1 H; Ar, C-10), 7.82 (m, 1 H; Ar, C-3), 7.97
(td, 3J� 7.9 Hz, 4J� 1.1 Hz, 1 H; Ar, C-2), 8.36 ppm (dd, 3J� 7.9 Hz, 4J�


1.1 Hz, 1H; Ar, C-4); 13C NMR (50.3 MHz, CDCl3): �� 22.04 (ArCH3),
91.74 (C-CN), 112.29 (C), 122.26 (CH), 124.95 (C), 125.64, 127.04, 128.29
(CH), 128.40, 128.80 (C), 130.87 (CH), 131.19 (C), 134.03 (CH), 139.14 (C),
140.94 (CH), 145.69 (C), 156.89 (C5�O), 180.60 ppm (C11�O); IR (KBr):
�� � 3068 (w), 3035 (w), 2963 (w), 2936 (w), 2228 (w, C�N), 1716 (s), 1690 (s),
1631 (m), 1598 (m), 1588 (m), 1482 (m), 1455 (m), 1351 (m), 1323 (m), 1305
(s), 1280 (m), 1252 (m), 1246 (m), 1148 (m), 1097 (m), 1065 (m), 1036 (m),
1021 (m), 802 (m), 757 cm�1 (m); Fluorescence (CH3CN) Ex (F�max): 335
(539.04) nm; UV/Vis (CH3CN): �max (lg �)� 422.5 nm (3.80), 332.1 (3.86),
293.2 (3.66); MS (EI, 70 eV): m/z (%): 286 ([M]� , 100), 257 (8), 229 (11),
203 (4); the exact molecular mass for C18H10N2O2 m/z : 286.0742� 2 mD
([M]�) was confirmed by HRMS (EI, 70 eV).


12-Cyano-9-methyl-5,11-dihydroindolo[1,2-b]isoquinolin-5,11-dione (6e):
Starting with 5e (30.0 mg, 80.0 �mol) (procedure 4), 6e was obtained as a
yellow solid (22 mg, 0.075 mmol, 94%). Procedure 5: 100 % yield. 1H NMR
(250 MHz, CDCl3): �� 7.57 (d, 3J� 8.3 Hz, 1H; Ar, C-8), 7.72 (s, 1H; Ar,
C-10), 7.77 (t, 3J� 7.4 Hz, 1 H; Ar, C-3), 7.89 (t, 3J� 7.5 Hz, 1 H; Ar, C-2),
8.12 (d, 3J� 7.7 Hz, 1H; Ar, C-1), 8.53 (d, 3J� 7.7 Hz, 1 H; Ar, C-4),
8.55 ppm (d, 3J� 8.3 Hz, 1 H; Ar, C-7); 13C NMR (50.3 MHz, CDCl3): ��
21.03 (C9-CH3), 93.12 (C12-CN), 112.32 (CN), 117.98 (C-7), 123.27 (C-10a),
125.60 (C-10), 127.26 (C-1), 128.81 (C-4a), 129.00 (C-4), 131.44 (C-3), 131.88
(C-12a), 134.35 (C-2), 137.58 (C-9), 138.49 (C-8), 145.09 (C-6a), 157.87
(C5�O), 180.64 ppm (C11�O); IR (KBr): �� � 3069 (w), 3037 (w), 2957 (w),
2923 (m), 2225 (m, C�N), 1719 (s), 1670 (s), 1634 (m), 1614 (m), 1600 (s),
1484 (s), 1457 (m), 1352 (s), 1335 (s), 1299 (s), 1230 (m), 1168 (m), 1111 (m),
1127 (m), 1081 (m), 838 (m), 766 (s), 688 cm�1 (m); fluorescence (CH3CN)
Ex (F�max): 285 (467.62), 395 (546.53) nm; UV/Vis (CH3CN): �max (lg �)�
425.9 nm (3.57), 360.3 (3.62), 344.0 (3.65); MS (EI, 70 eV): m/z (%): 286
([M]� , 100), 257 (8), 229 (4).


8,10-Dimethyl-12-cyano-5,11-dihydroindolo[1,2-b]isoquinolin-5,11-dione
(6 f): Starting with 5 f (397 mg, 0.98 mmol) (procedure 4), 6 f was obtained
as a yellow solid (142 mg, 0.47 mmol, 48%). Procedure 5: 84% yield.
1H NMR (300 MHz, [D6]DMSO, T� 100 �C): �� 2.38 (s, 3H; ArCH3), 2.62
(s, 3H; ArCH3), 7.50 (d, 4J� 0.8 Hz, 1 H; Ar, C-7), 7.54 (d, 4J� 0.8 Hz, 1H;
Ar, C-9), 7.82 (m, 1H; Ar, C-3), 7.97 (t, d, 3J� 7.9 Hz, 2H; Ar, C-3, C-1),
8.38 ppm (ddd, 3J� 7.9 Hz, 4J� 1.2 Hz, 5J� 0.7 Hz, 1H; Ar, C-4); 13C NMR
(75.5 MHz, [D6]DMSO, T� 100 �C): �� 81.20 (C-CN), 108.15 (C), 112.38
(CN), 122.32 (CH), 125.14 (C), 125.63 (CH), 128.04 (C), 128.29 (CH),
128.86 (C), 130.83, 133.98 (CH), 137.02, 139.39 (C), 141.57 (CH), 143.94 (C),
156.79 (C5�O), 168.80 ppm (C11�O); IR (KBr): �� � 3074 (w), 3046 (w),
3017 (w), 2962 (w), 2923 (w), 2222 (w, C�N), 1716 (s), 1692 (s), 1681 (s),
1597 (s), 1481 (s), 1348 (s), 1324 (s), 1303 (s), 1297 (s), 1169 (s), 1099 (m),
1041 (m), 1029 (m), 988 (m), 967 (m), 803 (m), 794 (m), 765 cm�1 (s); MS
(EI, 70 eV):m/z (%): 300 ([M]� , 100), 285 (8), 243 (4); the exact molecular
mass for C19H12N2O2 m/z : 300.0899� 2 mD ([M]�) was confirmed by
HRMS (EI, 70 eV).


9-Methoxy-12-cyano-5,11-dihydroindolo[1,2-b]isoquinolin-5,11-dione (6g):
Starting with 5g (26 mg, 0.064 mmol) (procedure 4), 6g was obtained as
an orange solid (13 mg, 0.043 mmol, 67%). Procedure 5: 90% yield.
1H NMR (250 MHz, CDCl3): �� 3.89 (s, 3H; OCH3), 7.27 (dd, 3J� 8.9 Hz,
4J� 2.7 Hz, 1 H; Ar, C-8), 7.27 (d, 4J� 2.6 Hz, 1 H; Ar, C-10), 7.76 (ddd,
3J� 7.9 Hz, 3J� 7.4 Hz, 4J� 1.2 Hz, 1 H; Ar, C-2), 7.88 (ddd, 3J� 7.8 Hz,
3J� 7.4 Hz, 4J� 1.5 Hz, 1H; Ar, C-3), 8.10 (dd, 3J� 7.5 Hz, 5J� 0.7 Hz, 1H;
Ar, C-7), 8.51 (dd, 3J� 8.0 Hz, 4J� 1.5 Hz, 1 H; Ar, C-1), 8.55 ppm (d, 3J�
7.9 Hz, 5J� 1.0 Hz, 1 H; Ar, C-4); 13C NMR (75.5 MHz, CDCl3): �� 56.08
(C9-OCH3), 93.43 (C12-CN), 108.39 (CH), 112.21 (CN), 117.80 (C), 119.42
(CH), 124.47 (C), 124.69, 127.36, 129.01 (CH), 129.09 (C), 131.45 (CH),
132.02 (C), 134.24 (CH), 141.32, 157.55 (C), 159.01 (C5�O), 180.45 ppm
(C11�O); IR (KBr): �� � 3073 (w), 3040 (w), 3002 (w), 2939 (w), 2228 (w,
C�N), 1718 (s), 1671 (s), 1630 (m), 1604 (m), 1486 (s), 1439 (m), 1344 (s),
1290 (m), 1262 (m), 1238 (m), 1199 (m), 1127 (m), 1083 (m), 1028 (m), 835
(w), 802 (w), 769 cm�1 (m); fluorescence (CH3CN) Ex (F�max): 285
(454.96) nm; UV/Vis (CH3CN): �max (lg �)� 449.0 nm (3.57), 372.9 (3.92),
356.0 (3.94); MS (EI, 70 eV): m/z (%): 302 ([M]� , 100), 287 (52), 259 (12),
231 (10), 203 (6); the exact molecular mass for C18H10N2O3m/z : 302.0691�
2 mD ([M]�) was confirmed by HRMS (EI, 70 eV).


Procedure 6 (synthesis of carbolines 7): A solution of 3s[4a] (321 mg,
1.00 mmol) in DMSO (20 mL) was stirred at 180 �C and the reaction was
monitored by TLC. After disappearance of the starting material (ca. 48 h)
the solvent was removed in vacuo by bulb-to-bulb-distillation. Chromato-
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graphic purification (silica gel, CH2Cl2) afforded 7a as a yellow solid
(181 mg, 0.61 mmol, 61%). Spectroscopic data: see below.


5-Phenyl-6H-indolino[3,2-b]quinoline (7a): Starting with 3s (321 mg,
1.00 mmol) (procedure 6), 7a was obtained as a yellow solid (181 mg,
0.61 mmol, 61%). 1H NMR (500 MHz, [D6]DMSO): �� 7.28 (td, 3J�
8.0 Hz, 4J� 1.1 Hz, 1 H; Ar, C-9), 7.50 (tdd, 3J� 8.0 Hz, 4J� 1.3 Hz, 5J�
0.6 Hz, 1 H; Ar, C-3), 7.54 (dd, 3J� 8.0 Hz, 4J� 0.9 Hz, 1 H; Ar, C-7), 7.59
(tdd, 3J� 8.1 Hz, 4J� 1.2 Hz, 5J� 0.7 Hz, 1 H; Ar, C-8), 7.61 ± 7.71 (m, 6H;
Ar, Ph, C-2), 7.78 (ddd, 3J� 8.0 Hz, 4J� 1.4 Hz, 5J� 0.8 Hz, 1 H; Ar, C-4),
8.26 (ddd, 3J� 7.8 Hz, 4J� 1.2 Hz, 5J� 0.6 Hz, 1 H; Ar, C-1), 8.37 (dd, 3J�
7.4 Hz, 5J� 0.7 Hz, 1 H; Ar, C-10), 10.94 ppm (s, 1 H; NH); 13C NMR
(50.3 MHz, [D6]DMSO): �� 111.83, 119.40 (CH), 121.09 (C), 121.22, 124.22
(CH), 124.73 (C), 125.05 (CH), 125.24 (C), 125.81, 128.38, 129.04, 129.14,
129.55, 130.16 (CH), 130.32, 134.00, 143.69, 144.40, 145.45 ppm (C); IR
(KBr): �� � 3053 (m), 3021 (w), 2961 (w), 2926 (w), 1632 (m), 1614 (m), 1566
(w), 1489 (s), 1472 (m), 1399 (m), 1382 (m), 1338 (m), 1221 (m), 1052 (s),
1027 (s), 1006 (s), 826 (m), 766 (s), 756 (s), 748 (m), 736 (m), 697 cm�1 (m);
fluorescence (CH3CN) Ex (F�max): 345 (426.20) nm; UV/Vis (CH3CN): �max


(lg �)� 397.9 nm (3.74), 381.3 (3.69), 340.8 (4.15); UV/Vis (CHCl3): �max (lg
�)� 396.9 nm (3.54), 380.5 (3.48), 342.7 (3.88); MS (EI, 70 eV): m/z (%):
294 ([M]� , 100), 293 ([M� 1]� , 100), 190 (4), 147 (3); the exact molecular
mass for C21H14N2 m/z : 294.1152� 2 mD ([M]�) was confirmed by HRMS
(EI, 70 eV).


Procedure 7 (synthesis of 7a by FVP): Product 7a was prepared from 3s[4a]


by flash-vacuum pyrolysis (FVP). Oven temperature: 550 �C. Vacuum
without N2 flow: 10�4 mbar, vacuum with N2 flow: 10�2 ± 10�3 mbar.
Sublimation temperature: 100 ± 150 �C. Sublimation time: 1.5 h. Educt
input: 430 mg (1.338 mmol). Starting material residue in the sublimation
chamber: 353 mg (1.098 mmol). Starting material quantity in reaction:
77.0 mg (0.240 mmol). Chromatographic purification (silica gel, CH2Cl2)
afforded 7a as a yellow solid (45 mg, 0.15 mmol, 12 % yield; 64% yield
related to sublimed starting material, 18 % conversion). Spectroscopic
data: see above.


1,7-Dimethyl-5-phenyl-6H-indolino[3,2-b]quinoline (7b): Starting with 3a
(92 mg, 0.26 mmol) (procedure 6), 7b was obtained as a yellow solid
(47 mg, 0.15 mmol, 55%). 1H NMR (300 MHz, [D6]DMSO, T� 60 �C): ��
2.53 (ArCH3), 2.97 (ArCH3), 7.28 (t, 3J� 7.9 Hz, 1H; Ar), 7.48 (d, 3J�
7.1 Hz, 2H; Ar), 7.57 (d, 3J� 7.9 Hz, 3H; Ar), 7.63 ± 7.72 (m, 4 H; Ar), 8.55
(d, 3J� 7.9 Hz, 1 H; Ar), 10.93 ppm (s, 1 H; Ar); 13C NMR (75.5 MHz,
[D6]DMSO, T� 60 �C): 17.03 (ArCH3), 18.32 (ArCH3), 117.76 (C), 120.42,
120.49 (CH), 122.04 (C), 123.37 (CH), 125.03 (C), 125.63, 128.94, 129.04,
129.21, 130.05 (CH), 131.34 (C), 132.26 (CH), 132.44, 132.48, 133.15, 138.11,
141.01, 144.40 ppm (C); IR (KBr): �� � 3059 (w), 3028 (w), 2971 (w), 2921
(w), 1666 (s), 1644 (m), 1611 (m), 1586 (m), 1524 (s), 1502 (m), 1474 (m),
1457 (s), 1395 (m), 1290 (m), 1252 (m), 1218 (m), 1189 (m), 1159 (m), 1040
(m), 824 (w), 754 (s), 728 (m), 709 cm�1 (s); fluorescence (CH3CN) Ex
(F�max): 340 (428.90) nm; UV/Vis (CH3CN): �max (lg �)� 398.3 nm (3.38),
381.3 (3.33), 343.1 (3.75); MS (ESI):m/z (%): 324 (20), 323 ([M�H]� , 100),
322 ([M]� , 10), 321 ([M�H]� , 100).


3,9-Dimethyl-5-phenyl-6H-indolino[3,2-b]quinoline (7c): Starting with
3t[4a] (45 mg, 0.13 mmol) (procedure 6), 7c was obtained as a yellow solid
(23 mg, 0.07 mmol, 55%). 1H NMR (250 MHz, [D6]DMSO): �� 2.41 (s,
3H; C3-CH3), 2.49 (s, 3 H; C9-CH3), 7.40 (2 d, 2H; Ar, C-1, C-7), 7.49 (d,
3J� 8.6 Hz, 1 H; Ar, C-2), 7.51 (s, 1 H; Ar, C-10), 7.59 ± 7.63 (m, 3H; Ar, Ph),
7.66 ± 7.72 (m, 2 H; Ar, Ph), 8.12 (d, 3J� 8.7 Hz, 1 H; Ar, C-8), 8.14 (s, 1H;
Ar, C-4), 10.71 ppm (s, 1 H; NH); 13C NMR (75.5 MHz, [D6]DMSO): ��
20.85 (ArCH3), 21.47 (ArCH3), 111.48 (C-7), 120.76 (C-4), 121.26 (C-10a),
122.69 (C-10), 124.41 (C), 124.67 (C), 128.00 (C-2), 128.11 (C), 128.24 (C-
4�), 128.88 (C-8), 129.00 (C-3�, C-5�), 130.09 (C-2�, C-6�), 130.54 (C-1), 130.76
(C-6a), 134.16 (C-5), 142.22 (C), 142.45 (C), 144.58 ppm (C-10b); IR (KBr):
�� � 3053 (m), 3021 (w), 2950 (w), 2919 (m), 2857 (w), 1634 (w), 1611 (w),
1565 (w), 1494 (s), 1442 (m), 1415 (m), 1393 (w), 1329 (m), 1307 (m), 1295
(s), 1254 (m), 1217 (s), 1211 (s), 1133 (w), 1015 (w), 837 (w), 819 (m), 813
(m), 697 cm�1 (m); fluorescence (CH3CN) Ex (F�max): 345 (438.68) nm;
UV/Vis (CH3CN): �max (lg �)� 384.3 nm (3.59), 347.9 (4.09), 280.9 (4.54);
MS (EI, 70 eV): m/z (%): 322 ([M]� , 100), 305 (8), 277 (2).


3,9-Dimethyl-5-(3-tolyl)-6H-indolino[3,2-b]quinoline (7d): Starting with
3q (131 mg, 0.36 mmol) (procedure 6), 7d was obtained as a yellow solid
(76 mg, 0.23 mmol, 63 %). 1H NMR (300 MHz, [D6]DMSO, T� 100 �C):
�� 2.41 (s, 3 H; ArCH3), 2.45 (s, 3 H; ArCH3), 2.49 (s, 3 H; ArCH3), 7.34 ±


7.52 (m, 6H; Ar), 7.55 (s, t, 2H; Ar), 8.12 (s, d, 2 H; Ar), 10.35 ppm (br s,
1H; NH); 13C NMR (75.5 MHz, [D6]DMSO): �� 20.29 (ArCH3), 20.55
(ArCH3), 20.90 (ArCH3), 111.05, 120.28 (CH), 121.23 (C), 122.41 (CH),
124.25, 124.48 (C), 126.70, 127.40 (CH), 127.72 (C), 128.32, 128.37, 128.48,
129.94, 130.10 (CH), 130.53, 133.54, 133.89, 137.80, 142.08, 142.18,
144.37 ppm (C); IR (KBr): �� � 3049 (m), 3023 (m), 2965 (m), 2917 (m),
2859 (w), 1636 (m), 1612 (w), 1604 (w), 1562 (w), 1492 (s), 1443 (m), 1414
(m), 1329 (m), 1306 (m), 1295 (s), 1255 (m), 1211 (s), 1211 (s), 1136 (w),
1129 (w), 815 (m), 809 (m), 794 (w), 783 cm�1 (w); UV/Vis (CH3CN): �max


(lg �)� 400.7 nm (3.78), 386.4 (3.77), 347.8 (4.27); MS (EI, 70 eV):m/z (%):
336 ([M]� , 100), 320 (8), 305 (4); the exact molecular mass for C24H20N2


m/z : 336.1626� 2 mD ([M]�) was confirmed by HRMS (EI, 70 eV).


1,3,7,9-Tetramethyl-5-phenyl-6H-indolino[3,2-b]quinoline (7e): Starting
with 3u[4b] (66 mg, 0.18 mmol) (procedure 6), 7e was obtained as a yellow
solid (47 mg, 0.13 mmol, 76%). 1H NMR (250 MHz, CDCl3): �� 2.44 (s,
6H; C3-CH3 , C7-CH3), 2.54 (s, 3H; C9-CH3), 3.03 (s, 3 H; C1-CH3), 7.18 (s,
1H; Ar, C-8), 7.38 (s, 1H; Ar, C-2), 7.44 (s, 1H; Ar, C-4), 7.46 (br s, 1H;
NH), 7.58 ± 7.70 (m, 5H; Ar, Ph), 8.23 ppm (s, 1 H; Ar, C-10); 13C NMR
(50.3 MHz, CDCl3): �� 16.51 (C7-CH3), 18.78 (C1-CH3), 21.19 (C9-CH3),
21.88 (C3-CH3), 119.42 (C-7), 119.47 (C-10), 121.29 (C-4), 122.60 (C-4a),
125.11 (C-5), 128.35 (C-4�), 128.93 (C-2), 129.23 (C-2�, C-6�), 129.60 (C-5a),
130.11 (C-3�, C-5�), 130.71 (C-9), 131.31 (C-8), 134.42 (C-3), 135.07 (C-1�),
136.75 (C-1), 140.63 (C-6a), 142.25 (C-11a), 144.09 (C-10b), 145.15 ppm (C-
10a); IR (KBr): �� � 3055 (w), 3021 (w), 2992 (w), 2964 (m), 2946 (m), 2920
(s), 1734 (w), 1631 (m), 1616 (m), 1600 (m), 1491 (s), 1453 (m), 1399 (m),
1386 (m), 1375 (m), 1362 (m), 1324 (m), 1297 (s), 1199 (s), 1031 (m), 856 (s),
803 (m), 772 (m), 703 cm�1 (m); fluorescence (CH3CN) Ex (F�max): 350
(447.97) nm; UV/Vis (CH3CN): �max (lg �)� 401.1 nm (3.67), 385.3 (3.69),
350.2 (4.17); MS (EI, 70 eV): m/z (%): 350 ([M]� , 100), 335 (4), 296 (8).


2,4,8,10-Tetramethyl-5-(4-tolyl)-6H-indolino[3,2-b]quinoline (7 f): Starting
with 3r (128 mg, 0.33 mmol) (procedure 6), 7 f was obtained as a yellow
solid (96 mg, 0.26 mmol, 80%). 1H NMR (250 MHz, CDCl3): �� 2.45 (s,
6H; ArCH3), 2.55 (s, 6 H; ArCH3), 3.03 (s, 3 H; ArCH3), 7.19 (s, 1 H; Ar),
7.38 (s, 1H; Ar), 7.44 ± 7.54 (m, 6H; Ar�NH), 8.21 ppm (s, 1H; Ar);
13C NMR (50.3 MHz, CDCl3): �� 16.79 (ArCH3), 19.04 (ArCH3), 21.49
(ArCH3), 21.70 (ArCH3), 22.17 (ArCH3), 119.57 (CH), 119.68 (C), 121.65
(CH), 123.12, 125.54 (C), 129.00 (CH), 129.73 (C), 130.20, 130.26 (CH),
131.09 (C), 131.41 (CH), 132.35, 134.49, 135.79, 137.17, 138.38, 140.86,
142.94, 144.73 ppm (C); IR (KBr): �� � 3052 (w), 3014 (w), 2963 (m), 2943
(m), 2917 (s), 2859 (w), 1686 (m), 1517 (s), 1499 (s), 1491 (s), 1468 (m), 1448
(m), 1385 (m), 1374 (m), 1296 (s), 1199 (s), 1035 (w), 856 (m), 827 (m),
801 cm�1 (m); fluorescence (CH3CN) Ex (F�max): 395 (444.19) nm; UV/Vis
(CH3CN): �max (lg �)� 401.1 nm (3.67), 386.1 (3.67), 350.0 (4.22); MS (EI,
70 eV): m/z (%): 364 ([M]� , 16), 296 (44), 148 (16), 121 (100); the exact
molecular mass for C24H20N2 m/z : 364.1939� 2 mD ([M]�) was confirmed
by HRMS (EI, 70 eV).


1,7-Dimethyl-5-(4-methoxyphenyl)-6H-indolino[3,2-b]quinoline (7g):
Starting with 3o (55 mg, 0.14 mmol) (procedure 6), 7g was obtained as a
yellow solid (37 mg, 0.10 mmol, 71 %). 1H NMR (250 MHz, CDCl3): ��
2.49 (s, 3H; ArCH3), 3.05 (s, 3 H; ArCH3), 3.94 (s, 3 H; OCH3), 7.16 (d, J�
8.7 Hz, 2H; C-3�, C-5�, AA� Ar), 7.26 (t, 3J� 7.5 Hz, 1 H; Ar), 7.37 (d, J�
6.7 Hz, 2H; Ar), 7.54 (t, d (XX�), J� 8.6 Hz, 3H; Ar), 7.65 (br, 1H; NH),
7.74 (d, 3J� 8.1 Hz, 1H; Ar), 8.42 ppm (d, 3J� 7.6 Hz, 1 H; Ar); 13C NMR
(50.3 MHz, CDCl3): �� 16.56 (ArCH3), 18.84 (ArCH3), 55.40 (OCH3),
114.68, 119.70 (CH), 119.81 (C), 120.15 (CH), 122.63 (C), 122.74, 124.67
(CH), 125.40, 125.89 (C), 126.34 (CH), 126.84 (C), 129.94 (CH), 130.43 (C),
131.26 (CH), 137.32, 142.50, 144.08, 145.17, 159.66 ppm (C); IR (KBr): �� �
3065 (w), 3020 (w), 2964 (w), 2941 (w), 2918 (m), 1628 (m), 1606 (m), 1517
(m), 1501 (s), 1474 (m), 1444 (m), 1391 (s), 1366 (m), 1315 (m), 1286 (m),
1242 (s), 1214 (m), 1185 (s), 1067 (m), 1023 (s), 833 (m), 824 (m), 765 (s),
747 cm�1 (s); fluorescence (CH3CN) Ex (F�max): 340 (427.33) nm; UV/Vis
(CH3CN): �max (lg �)� 399.4 nm (3.77), 382.4 (3.73), 343.4 (4.15); MS (EI,
70 eV):m/z (%): 352 ([M]� , 100), 307 (6), 176 (4); the exact molecular mass
for C24H20N2Om/z : 352.1576� 2 mD ([M]�) was confirmed by HRMS (EI,
70 eV).


Synthesis of 7g from 10 : Starting with 10[4b] (73 mg, 0.16 mmol) (procedure
6), 7g was obtained as a yellow solid (30 mg, 0.085 mmol, 53%);
Spectroscopic data: see above.


3,9-Dimethyl-5-(3-methoxyphenyl)-6H-indolino[3,2-b]quinoline (7 h):
Starting with 3n (113 mg, 0.30 mmol) (procedure 6), 7 h was obtained as
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a yellow solid (34 mg, 0.10 mmol, 32%). 1H NMR (250 MHz, CDCl3): ��
2.49 (s, 3 H; ArCH3), 2.54 (s, 3 H; ArCH3), 3.86 (s, 3H; OCH3), 7.08 (t, 3J�
8.2 Hz, 1H; Ar), 7.10 (t, 3J� 8.1 Hz, 1 H; Ar), 7.16 (d, 3J� 7.6 Hz, 1 H; Ar),
7.27 (d, 3J� 6.8 Hz, 1H; Ar), 7.36 (dd, 3J� 8.1 Hz, 4J� 1.5 Hz, 1H; Ar), 7.48
(dd, 3J� 6.8 Hz, 4J� 1.9 Hz, 1H; Ar), 7.52 (t, 3J� 8.0 Hz, 1H; Ar), 7.63 (s,
1H; Ar), 7.95 (br s, 1H; NH), 8.25 (d, 3J� 8.7 Hz, 1H; Ar), 8.33 ppm (d,
1H; Ar); 13C NMR (50.3 MHz, CDCl3): �� 21.26 (ArCH3), 21.92 (ArCH3),
55.39 (OCH3), 21.70 (ArCH3), 22.17 (ArCH3), 110.50, 114.02, 115.45,
121.93, 122.32 (CH), 122.55 (C), 123.26 (CH), 124.96, 125.13 (C), 128.69,
129.17 (CH), 129.67 (C), 130.34, 130.76 (CH), 131.04, 135.03, 135.97, 141.48,
143.28, 145.09, 160.16 ppm (C); IR (KBr): �� � 3051 (w), 3024 (w), 2963 (m),
2918 (m), 2856 (m), 1652 (m), 1614 (m), 1597 (s), 1588 (s), 1492 (s), 1460 (s),
1427 (m), 1391 (m), 1330 (m), 1293 (s), 1255 (s), 1246 (s), 1209 (s), 1133 (m),
1034 (m), 816 (m), 800 (m), 762 (w), 701 cm�1 (w); UV/Vis (CH3CN): �max


(lg �)� 400.6 nm (3.72), 386.9 (3.72), 347.9 (4.20); MS (EI, 70 eV):m/z (%):
352 ([M]� , 100), 337 (6), 293 (4); the exact molecular mass for C24H20N2O
m/z : 352.1576� 2 mD ([M]�) was confirmed by HRMS (EI, 70 eV).


1,7-Dimethoxy-5-phenyl-6H-indolino[3,2-b]quinoline (7 i): Starting with
3v[4b] (83 mg, 0.22 mmol) (procedure 6), 7 i was obtained as a yellow solid
(59 mg, 0.17 mmol, 77%). 1H NMR (300 MHz, [D6]DMSO): �� 3.93 (s,
3H; OCH3), 4.04 (s, 3 H; OCH3), 7.07 (d, 3J� 7.3 Hz, 1H; Ar), 7.17 (d, 3J�
8.0 Hz, 2H; Ar), 7.23 (t, 3J� 7.7 Hz, 1 H; Ar), 7.35 (t, 3J� 7.7 Hz, 1 H; Ar),
7.50 ± 7.63 (m, 5H; Ph), 7.95 (d, 3J� 7.0 Hz, 1H; Ar), 10.75 ppm (s, 1H;
NH); 13C NMR (75.5 MHz, [D6]DMSO): �� 55.47 (OCH3), 55.59 (OCH3),
104.72, 110.13, 113.32, 116.26, 120.21 (CH), 122.93 (C), 124.88 (CH), 126.07,
126.48 (C), 128.06, 128.67, 130.19 (CH), 130.67, 134.23, 134.30, 135.96,
144.18, 145.97, 155.47 ppm (C); IR (KBr): �� � 3064 (w), 3030 (w), 2932 (w),
2831 (w), 1633 (m), 1609 (m), 1588 (m), 1508 (s), 1491 (s), 1478 (s), 1443
(m), 1391 (s), 1350 (m), 1319 (m), 1257 (s), 1216 (m), 1174 (m), 1109 (s),
1079 (m), 1023 (m), 816 (w), 758 (s), 728 (m), 714 cm�1 (m); fluorescence
(CH3CN) Ex (F�max): 400 (553.52) nm; UV/Vis (DMF): �max (lg �)�
403.4 nm (3.81), 387.1 (3.78), 346.5 (4.05); MS (EI, 70 eV): m/z (%): 354
([M]� , 100), 337 (12), 325 (36), 309 (26), 279 (4).


5-(4-Bromophenyl)-6H-indolino[3,2-b]quinoline (7 j): Starting with 3c
(38 mg, 0.09 mmol) (procedure 6), 7 j was obtained as an orange solid
(17 mg, 0.05 mmol, 48 %). Product 8 (15 mg, 0.05 mmol, 49%) was isolated
as a second product. Spectroscopic data for 8 : see below. 1H NMR
(300 MHz, [D6]DMSO): �� 7.30 (t, 1 H; Ar), 7.48 (d, t, 2 H; Ar), 7.56 (d,
2H; AA�, Ar), 7.58 (t, 1 H; Ar), 7.63 (td, 1 H; Ar), 7.75 (d, 1H; Ar), 7.84 (d,
2H; XX�, Ar), 8.23 (d, 1 H; Ar), 8.37 (d, 1 H; Ar), 10.91 ppm (br, 1 H; NH);
13C NMR (75.5 MHz, [D6]DMSO): �� 111.70, 119.43 (CH), 121.02 (C),
121.23 (CH), 121.88, 123.87 (C), 123.93 (CH), 124.43 (C), 125.19, 125.84,
129.15, 129.61 (CH), 130.30 (C), 131.98, 132.34 (CH), 133.22, 143.57, 144.36,
145.47 ppm (C); IR (KBr): �� � 3062 (w), 3020 (w), 2955 (m), 2923 (s), 2853
(s), 1712 (m), 1627 (m), 1614 (s), 1606 (s), 1484 (s), 1470 (m), 1397 (m), 1383
(m), 1338 (m), 1219 (m), 1143 (m), 1072 (m), 1011 (s), 832 (m), 771 (w), 753
(s), 747 cm�1 (s); fluorescence (CH3CN) Ex (F�max): 340 (428.96) nm; UV/
Vis (DMF): �max (lg �)� 486.3 nm (3.09), 404.9 (3.39), 343.7 (3.82); MS (EI,
70 eV): m/z (%): 374 ([M]� , 81Br isotope, 43), 373 ([M]� , 79Br isotope, 43),
326 (64), 324 (62), 245 (100), 216 (8), 190 (16).


(E)-2-[1-Cyano-1-(4-bromophenyl)methylidene]-3-oxo-2,3-dihydro-1H-
indole (8): 1H NMR (300 MHz, [D6]DMSO, T� 50 �C): �� 6.97 (d, 3J�
7.4 Hz, 1 H; Ar, C-7), 7.09 (t, 3J� 7.1 Hz, 1 H; Ar, C-5), 7.58 (d, 3J� 8.7 Hz,
2H; AA�, Ar, C-2�, C-6�), 7.60 (t, 3J� 7.0 Hz, 1 H; Ar, C-6), 7.65 (d, 3J�
7.6 Hz, 1H; Ar, C-4), 7.77 (d, 3J� 8.7 Hz, 2 H; XX�, Ar, C-3�, C-5�),
10.41 ppm (br, 1 H; NH); 13C NMR (75.5 MHz, [D6]DMSO): �� 87.50 (C-
CN), 112.57 (C-5), 117.49 (CN), 119.38 (C-3a), 121.53 (C-7), 122.25 (C-7a),
124.84 (C-4), 130.81 (C-2�, C-6�), 131.30 (C-1�), 132.16 (C-3�, C-5�), 137.45 (C-
6), 142.78 (C-2), 152.29 (C-4�), 184.02 ppm (C�O); IR (KBr): �� � 3064 (w),
3057 (w), 2923 (w), 2211 (m, C�N), 1712 (s), 1624 (s), 1602 (s), 1483 (s),
1467 (s), 1407 (m), 1333 (s), 1311 (m), 1239 (m), 1215 (s), 1147 (m), 1085
(m), 1009 (s), 879 (w), 833 (w), 746 (s), 716 cm�1 (w); fluorescence
(CH3CN) Ex (F�max): 395 (422.58) nm; UV/Vis (CH3CN): �max (lg �)�
479.9 nm (3.74), 322.0 (3.96), 275.8 (4.33); MS (EI, 70 eV): m/z (%): 326
([M]� , 81Br isotope, 56), 324 ([M]� , 79Br isotope, 56), 245 (100), 216 (8), 190
(16); the exact molecular mass for C16H9N2O79Br m/z : 323.9898� 2 mD
([M]�) was confirmed by HRMS (EI, 70 eV).


5-(4-Bromophenyl)-1,7-dimethyl-6H-indolino[3,2-b]quinoline (7k): Start-
ing with 3b (88 mg, 0.20 mmol), 7k was isolated as a yellow solid (58 mg,
0.14 mmol, 71 %). 1H NMR (250 MHz, CDCl3): �� 2.49 (s, 3H; ArCH3),
3.04 (s, 3H; ArCH3), 7.26 (t, 3J� 7.7 Hz, 1 H; Ar), 7.38 (2� d, 3J� 7.1 Hz,


2H; Ar), 7.48 ± 7.56 (t, d (AA�) � s, 4 H; 3�Ar, NH), 7.63 (d, 3J� 8.4 Hz,
1H; Ar), 7.77 (d, 3J� 8.3 Hz, 2H; XX�, Ar), 8.41 ppm (d, 3J� 7.7 Hz, 1H;
Ar); 13C NMR (50.3 MHz, CDCl3): �� 16.57 (ArCH3), 18.81 (ArCH3),
119.72 (CH), 119.92 (C), 120.39, 122.27 (CH), 122.53, 122.75, 124.53, 124.79
(C), 125.05, 126.50 (CH), 129.99 (C), 130.15, 131.81, 132.52 (CH), 133.82,
137.50, 142.53, 143.94, 145.31 ppm (C); IR (KBr): �� � 3051 (w), 3021 (w),
2957 (w), 2917 (m), 1613 (m), 1592 (m), 1500 (s), 1487 (s), 1474 (s), 1390 (s),
1378 (s), 1314 (s), 1241 (m), 1213 (s), 1188 (m), 1165 (m), 1063 (w), 1014 (s),
836 (m), 819 (w), 755 (s), 747 cm�1 (m); fluorescence (CH3CN) Ex (F�max):
345 (434.47) nm; UV/Vis (CH3CN): �max (lg �)� 399.6 nm (3.86), 383.2
(3.82), 343.9 (4.24); MS (EI, 70 eV):m/z (%): 402 ([M]� , 81Br isotope, 100),
400 ([M]� , 79Br isotope, 98), 321 (10), 306 (8), 160 (10); the exact molecular
mass for C23H17N2


79Br m/z : 400.0575� 2 mD ([M]�) was confirmed by
HRMS (EI, 70 eV).


1,7-Dimethyl-5-(4-methyloxycarbonylphenyl)-6H-indolino[3,2-b]quino-
line (7 l): Starting with 3 h (106 mg, 0.26 mmol), 7 l was isolated as a yellow
solid (40 mg, 0.11 mmol, 40%). 1H NMR (250 MHz, CDCl3): �� 2.49 (s,
3H; ArCH3), 3.04 (s, 3 H; ArCH3), 4.00 (s, 3H; CO2CH3), 7.26 (t, 3J�
7.7 Hz, 1 H; Ar), 7.29 (t, 3J� 7.9 Hz, 1H; Ar), 7.38 (d, 3J� 7.1 Hz, 1 H; Ar),
7.53 (d, 3J� 6.8 Hz, 1H; Ar), 7.61 (d, 3J� 8.4 Hz, 1 H; Ar), 7.71 (d, 3J�
8.2 Hz, 2H; AA�, Ar), 7.75 (s, 1 H; NH), 8.29 (d, 3J� 8.2 Hz, 2H; XX�, Ar),
8.41 ppm (d, 3J� 7.8 Hz, 1 H; Ar); 13C NMR (50.3 MHz, CDCl3): �� 16.57
(ArCH3), 18.81 (ArCH3), 18.81 (CO2CH3), 119.75 (CH), 120.00 (C), 120.43,
122.25 (CH), 122.42, 124.61, 124.74 (C), 125.15, 126.57 (CH), 129.93, 130.19
(C), 130.24, 130.30, 130.47 (CH), 137.51, 139.89, 142.63, 143.83, 145.35 (C),
166.69 ppm (C�O); IR (KBr): �� � 3060 (w), 3041 (w), 2948 (w), 2920 (w),
1711 (s), 1612 (s), 1500 (m), 1474 (m), 1437 (m), 1395 (s), 1370 (m), 1316
(m), 1289 (s), 1279 (s), 1217 (m), 1190 (m), 1119 (m), 1021 (m), 776 (m), 763
(m), 750 (m), 724 cm�1 (m); UV/Vis (CH3CN): �max (lg �)� 399.9 nm (3.81),
344.1 (4.14), 276.3 (4.70); MS (EI, 70 eV): m/z (%): 380 ([M]� , 100), 321
([M�CO2Me]� , 12), 305 (6); the exact molecular mass for C25H20N2O2


m/z : 380.1525� 2 mD ([M]�) was confirmed by HRMS (EI, 70 eV).


(1Z,2Z)-1,2-Bis(2�-oxocumaran-3�-ylidene)-1,2-bis(phenylamino)ethane
(14): The reaction (procedure 3) of 2-cumaranone (148 mg, 1.10 mmol) and
oxalic acid bis(phenylimidoyl) dichloride (2b ; 277 mg, 1.00 mmol) afforded
14 as a yellow solid (55 mg, 12 %). 1H NMR (250 MHz, CDCl3): �� 6.85 ±
7.00 (m, 6H; Ar), 7.05 ± 7.21 (m, 12H; Ar), 10.83 ppm (s, 2H; NH);
13C NMR (50.3 MHz, CDCl3): �� 93.69 (C-CO), 110.46, 118.80 (CH),
122.22 (CH, Ph), 122.29 (C), 124.12, 126.09, 126.68 (CH), 129.42 (CH, Ph),
136.50, 146.26, 150.19 (C), 170.60 ppm (C�O); IR (KBr): �� � 3057 (w), 2925
(w), 1711 (s), 1614 (s), 1596 (s), 1575 (s), 1497 (m), 1455 (m), 1439 (m), 1329
(m), 1296 (m), 1246 (s), 1146 (s), 1128 (s), 1087 (s), 1022 (w), 985 (w), 973
(w), 861 (w), 784 (m), 751 (m), 692 cm�1 (m); UV/Vis (CH3CN): �max (lg
�)� 389.9 nm (4.37), 248.3 (4.30), 229.6 (4.30); MS (ESI): m/z (%): 966
([2M�Na]� , 80), 965 ([2M�H]� , 30), 910 (36), 854 (50), 829 (20), 729 (16),
495 ([M�Na]� , 20), 472 ([M]� , 30), 471 ([M]� , 100).


Procedure 8 (synthesis of indirubine derivatives 15): BBr3 (1� solution in
CH2Cl2, 2.04 mL, 2.04 mmol) was added to a solution of (E)-2-[1-cyano-1-
(2-methoxyphenyl)methylidene]-7-methyl-3-(2-tolyl)imino-2,3-dihydro-
1H-indole (3k ; 193 mg, 0.51 mmol) in CH2Cl2 (10 mL) at 0 �C. The color of
the reaction mixture changed from orange to deep violet. The mixture was
stirred and warmed to room temperature overnight. The solution was
poured into an aqueous solution of potassium tert-butanolate (10 mL, 1�).
After extraction of the aqueous layer (3�CH2Cl2) the combined organic
layers were dried (Na2SO4) and the solvent was removed in vacuo.
Chromatographic purification (silica gel; petroleum ether/diethyl ether�
30:1) afforded 15b as a violet solid (99 mg, 0.27 mmol, 53%).


Synthesis of (2E)-7-Methyl-2-(2�-oxocumaran-3�-ylidene)-3-(2-tolyl)imino-
2,3-dihydro-1H-indole (15b): 1H NMR (250 MHz, [D6]DMSO): �� 2.07 (s,
3H; ArCH3), 2.37 (s, 3 H; ArCH3), 6.07 (d, 3J� 7.4 Hz, 1H; Ar), 6.61 (t,
3J� 7.6 Hz, 1H; Ar), 6.94 (d, 3J� 7.4 Hz, 1 H; Ar), 7.10 ± 7.23 (m, 4H; Ar),
7.28 ± 7.40 (m, 3 H; Ar), 8.58 (d, 3J� 7.4 Hz, 1H; Ar), 9.70 ppm (s, 1H; NH);
13C NMR (50.3 MHz, CDCl3): �� 15.51 (ArCH3), 17.16 (ArCH3), 89.30 (C-
CO), 108.95, 117.38 (CH), 119.23 (C), 122.61, 122.77, 122.82, 123.20, 123.47,
125.21 (CH), 125.38, 126.47 (C), 127.03 (CH), 127.32 (C), 130.82, 135.12
(CH), 148.02, 150.70 (C), 164.68 ppm (C�O); IR (KBr): �� � 2924 (w), 1726
(w), 1690 (w), 1648 (m), 1626 (s), 1605 (s), 1595 (s), 1575 (s), 1524 (m), 1483
(m), 1457 (s), 1434 (m), 1302 (m), 1291 (m), 1230 (m), 1205 (m), 1184 (m),
1153 (m), 1095 (w), 1064 (w), 752 cm�1 (s); fluorescence (CH3CN) Ex
(F�max): 340 (418.46) nm; UV/Vis (CH3CN): �max (lg �)� 538.2 nm (3.75),
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291.0 (4.13), 271.4 (4.11); MS (EI, 70 eV):m/z (%): 365 ([M]� , 64), 348 (44),
259 (100), 182 (4).


(2E)-8-Methyl-2-(2�-oxocumaran-3�-ylidene)-3-(3-tolyl)imino-2,3-dihydro-
1H-indole (15c): Starting with 3 l (70 mg, 0.18 mmol) (procedure 8), 15c
was obtained as a violet solid (22 mg, 0.06 mmol, 33 %). 1H NMR
(250 MHz, [D6]DMSO): �� 2.31 (s, 3H; ArCH3), 2.41 (s, 3H; ArCH3),
6.47 (s, 1H; Ar), 6.48 (s, 1H; Ar), 6.85 (d, 3J� 8.4 Hz, 3H; Ar), 7.08 (t, d,
3J� 7.9 Hz, 3H; Ar), 7.20 (dd, 3J� 7.7 Hz, 4J� 1.2 Hz, 1H; Ar), 7.35 (t, 3J�
7.7 Hz, 1H; Ar), 8.90 ppm (d, 1 H; NH); 13C NMR (50.3 MHz, CDCl3): ��
20.67 (ArCH3), 21.31 (ArCH3), 81.50 (C-CO), 111.44, 114.57, 116.35, 118.09
(CH), 118.37 (C), 119.30 (CH), 119.74 (C), 120.63 (CH), 123.04 (C), 124.41,
125.14 (CH), 128.28 (C), 128.97, 129.59, 130.62 (CH), 138.64, 144.07, 149.14,
150.61, 154.93 (C), 165.78 ppm (C�O); IR (KBr): �� � 2954 (m), 2923 (s),
2853 (m), 1652 (m), 1629 (s), 1607 (s), 1598 (s), 1576 (s), 1523 (w), 1457 (s),
1330 (m), 1300 (m), 1229 (m), 1176 (m), 1146 (s), 1095 (m), 1061 (m), 794
(m), 755 (m), 749 cm�1 (m); fluorescence (CH3CN) Ex (F�max): 340
(426.02) nm; UV/Vis (CH3CN): �max (lg �)� 531.1 nm (3.76), 290.4 (4.20);
MS (ESI): m/z (%): 366 ([M�H]� , 100), 365 ([M]� , 54), 364 ([M�H]� ,
100).


Materials and methods for DNA intercalation experiments : A 35mer
oligonucleotide GAAAGAAGCGTTTTCGCTTCTTTCTTTTCTTTCTT,
capable of forming triple- and double-helical structures by folding back on
itself under suitable conditions, was used for the UV studies. UV thermal
melting profiles were obtained with a Kontron Uvikon 922 spectropho-
tometer equipped with a Peltier element. Readings of absorbance A at
260 nm versus temperature T were recorded with a heating rate of
0.5 �C min�1 controlled by home-written software. Measurements were
performed in 200 m� NaCl and 10 m� PIPES buffer, pH 7.0, on the
olignucleotide in the absence and presence of the polycyclic compound
using quartz cuvettes of 1 cm optical path length. Prior to each melting
experiment the samples were annealed by heating to 90 �C for 5 min
followed by slow cooling to room temperature. Because of hysteresis
effects on successive heating and cooling cycles, melting temperatures Tm


were taken as the temperature for half-dissociation of the DNA triplex or
duplex upon heating and were determined from the first derivative plot dA/
dT versus temperature.


[1] For reactions of 2- and 3-vinylindoles as 4�-components in Diels ±
Alder reactions, see: a) S. Blechert, R. Knier, H. Schroers, T. Wirth,
Synthesis 1995, 592; b) U. Pindur, M. Rogge, M. Rehn, W. Massa, B.
Peschel, J. Heterocycl. Chem. 1994, 31, 981, and references therein;
c) J. Le¬vy, J. Sapi, J.-Y. Laronze, D. Royer, L. Toupet, Synlett 1992, 601.


[2] For 2-alkylidene-3-oxindoles and their use in the synthesis of the
aristotelia and other alkaloid core structures: a) J.-Y. Me¬rour, L.
Chichereau, E. Desarbre, P. Gadonneix, Synthesis 1996, 519; b) E.
Wenkert, S. Liu, Synthesis 1992, 323; c) Y. Davion, B. Joseph, J.-Y.
Me¬rour, Synlett 1998, 1051; d) A. Buzas, J.-Y. Me¬rour, Synthesis 1989,
458; e) J.-Y. Me¬rour, A. Me¬rour, Synthesis 1994, 767; f) W. Shen, C. A.
Coburn, W. G. Bornmann, S. J. Danishefsky, J. Org. Chem. 1993, 58,
611; g) K. Paulvannan, J. R. Stille, J. Org. Chem. 1994, 59, 1613.


[3] For push ± pull heterocycles, see: a) R. Gompper, H.-U. Wagner,
Angew. Chem. 1988, 100, 1492; Angew. Chem. Int. Ed. Engl. 1988, 27,
1437; for NIR dyes, see: b) J. Fabian, H. Nakazumi, M. Matsuoka,
Chem. Rev. 1992, 92, 1197; for recent examples of indole-derived
photochromic spirooxazines: c) V. Malatesta, R. Millini, L. Monta-
nari, J. Am. Chem. Soc. 1995, 117, 6258; d) S. Delbaere, C. Bochu, N.
Azaroual, G. Buntinx, G. Vermeersch, J. Chem. Soc. Perkin Trans. 2
1997, 1499.


[4] a) P. Langer, J. Wuckelt, M. Dˆring, H. Gˆrls, J. Org. Chem. 2000, 65,
3603; b) P. Langer, J. T. Anders, Eur. J. Org. Chem. 2001, 3953.


[5] For reviews of work from our laboratory, see: a) P. Langer,Chem. Eur.
J. 2001, 7, 3858; b) P. Langer, M. Dˆring, Eur. J. Org. Chem. 2002, 221;
c) P. Langer, Synthesis 2002, 441.


[6] D. Lindauer, R. Beckert, M. Dˆring, P. Fehling, H. Gˆrls, J. Prakt.
Chem. 1995, 337, 143.


[7] We refer to the reactive species used as dianions although they may
represent base associated monolithiated reagents. Bislithiated nitriles:
a) E. M. Kaiser, L. E. Solter, R. A. Schwarz, R. D. Beard, C. R.
Hauser, J. Am. Chem. Soc. 1971, 93, 4237; b) bislithiated sulfones:
M. W. Thomson, B. M. Handwerker, S. A. Katz, R. B. Belser, J. Org.
Chem. 1988, 53, 906, and references therein; c) J. Vollhardt, H.-J. Gais,
K. L. Lukas, Angew. Chem. 1985, 97, 607; Angew. Chem. Int. Ed. Engl.
1985, 24, 608.


[8] For reviews of domino and sequential reactions, see: a) L. F. Tietze, U.
Beifuss, Angew. Chem. 1993, 105, 137; Angew. Chem. Int. Ed. Engl.
1993, 32, 131; b) L. F. Tietze, Chem. Rev. 1996, 96, 115.


[9] For indolo[1,2-b]isoquinolin-5-ones, see: a) H. de Diesbach, O. Jacobi,
C. Taddei, Helv. Chim. Acta 1940, 23, 469; b) J.-Y. Me¬rour, S. Piroelle,
F. Cossais, Heterocycles 1993, 36, 1287; c) R. F. C. Brown, N. Choi,
K. J. Coulston, F. W. Eastwood, F. Ercole, Liebigs Ann. 1997, 1931;
d) G. L. Humphrey, L. Dalton, J. A. Joule, D. I. C. Scopes, J. Chem.
Soc. Perkin Trans. 1 1983, 2413; e) R. Grigg, V. Sridharan, P.
Stevenson, S. Sukirthalingam, T. Worakun, Tetrahedron 1990, 46, 4003.


[10] J. Bergman, J.-O. Lindstrˆm, U. Tilstam, Tetrahedron 1985, 41, 2881,
and references therein.


[11] a) L. Randriambola, J.-C. Quirion, C. Kan-Fan, H.-P. Husson,
Tetrahedron Lett. 1987, 28, 2123; b) S. Takano, T. Sato, K. Inomata,
K. Ogasawara, J. Chem. Soc. Chem. Commun. 1991, 462.


[12] �-Carbolines: a) J.-Y. Me¬rour, A. Me¬rour, Synthesis 1994, 767, and
refereces therein; for �-carbolines, see: b) J. Kobayashi, J.-f. Cheng, T.
Ohta, S. Nozoe, Y. Ohizumi, T. Sasaki, J. Org. Chem. 1990, 55, 3666;
c) T. G. Hagen, K. F. Koehler, P. W. Codding, P. Skolnick, J. M. Cook,
J. Med. Chem. 1990, 33, 2343; d) P. Rocca, F. Marsais, A. Godard, G.
Queguiner, Tetrahedron 1993, 49, 3325.


[13] K. Cimanga, T. De Bruyne, L. Pieters, M. Claeys, A. Vlietinck,
Tetrahedron Lett. 1996, 37, 1703.


[14] S. C. Benson, J. E. Li, J. K. Snyder, J. Org. Chem. 1992, 57, 5285.
[15] a) K. N. Kilminster, M. Sainsbury, J. Chem. Soc. Perkin Trans. 1 1972,


2264; b) Y. Oikawa, O. Yonemitsu, J. Chem. Soc. Perkin Trans. 1 1976,
1479.


[16] a) A. N. Tackie, G. L. Boye, M. H. M. Sharaf, P. L. Schiff, Jr., R. C.
Crouch, T. D. Spitzer, R. L. Johnson, J. Dunn, D. Minick, J. Nat. Prod.
1993, 56, 653; b) J. L. Pousset, M.-T. Martin, A. Jossang, B. Bodo,
Phytochemistry 1995, 39, 735; c) S. Y. Ablordeppey, P. Fan, A. M.
Clark, A. Nimrod, Bioorg. Med. Chem. 1999, 7, 343; d) P. Fan, S. Y.
Ablordeppey, J. Heterocycl. Chem. 1997, 34, 1789; e) T.-L. Ho, D.-G.
Jou, Helv. Chim. Acta 2002, 85, 3823.


[17] a) R. Hoessel, S. Leclerc, J. A. Endicott, M. E. M. Nobel, A. Lawrie, P.
Tunnah, M. Leost, E. Damiens, D. Marie, D. Marko, E. Niederberger,
W. Tang, G. Eisenbrand, L. Meijer, Nat. Cell Biol. 1999, 1, 60; b) R. P.
Maskey, I. Gr¸n-Wollny, H. H. Fiebig, H. Laatsch, Angew. Chem.
2002, 114, 623; Angew. Chem. Int. Ed. 2002, 41, 597.


[18] a) F. Johnson, W. A. Nasutavicus, J. Org. Chem. 1962, 27, 3953; b) A.
Wang, H. Zhang, E. R. Biehl, Heterocycles 2000, 53, 291.


[19] For the oxidation of alkyl and benzyl halides and tosylates by DMSO,
see: a) N. Kornblum, J. W. Powers, G. J. Anderson, W. J. Jones, H. O.
Larson, O. Levand, W. M. Weaver, J. Am. Chem. Soc. 1957, 79, 6562;
b) N. Kornblum, W. J. Jones, G. J. Anderson, J. Am. Chem. Soc. 1959,
81, 4113; c) R. T. Major, H.-J. Hess, J. Org. Chem. 1958, 23, 1563; d) A.
Helms, D. Heiler, G. McLendon, J. Am. Chem. Soc. 1992, 114, 6227.


[20] For an intermolecular Diels ± Alder reaction of arylimines, see: G.
Babu, P. T. Perumal, Tetrahedron Lett. 1998, 39, 3225.


[21] J. L. Mergny, G. Duval-Valentin, C. H. Nguyen, L. Perrouault, B.
Faucon, M. Rouge¬e, T. Montenay-Garestier, E. Nisagni, C. He¬le¡ne,
Science 1992, 256, 1681.


[22] a) D. Leitner, K. Weisz, J. Biomol. Struct. Dyn. 2000, 17, 993; b) A.
Dunger, H.-H. Limbach, K. Weisz, J. Am. Chem. Soc. 2000, 122,
10109; c) D. Leitner, W. Schrˆder, K. Weisz, Biochemistry 2000, 39,
5886.


Received: November 8, 2002
Revised: March 3, 2003 [F4566]


¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3951 ± 39643964








Reversible Anion Exchanges between the Layered Organic ± Inorganic
Hybridized Architectures: Syntheses and Structures of Manganese(��) and
Copper(��) Complexes Containing Novel Tripodal Ligands


Jian Fan,[a] Lu Gan,[a] Hiroyuki Kawaguchi,[b] Wei-Yin Sun,*[a] Kai-Bei Yu,[c] and
Wen-Xia Tang[a]


Abstract: Six noninterpenetrating or-
ganic ± inorganic hybridized coordina-
tion complexes, [Mn(3)2(H2O)2]-
(ClO4)2 ¥ 2H2O (5), [Mn(3)2(H2O)2]-
(NO3)2 (6), [Mn(3)2(N3)2] ¥ 2H2O (7),
[Cu(3)2(H2O)2](ClO4)2 (8), [Mn(4)2-
(H2O)(SO4)] ¥ CH3OH ¥ 5H2O (9) and
[Mn(4)2](ClO4)2 (10) were obtained
through self-assembly of novel tripodal
ligands, 1,3,5-tris(1-imidazolyl)benzene
(3) and 1,3-bis(1-imidazolyl)-5-(imida-
zol-1-ylmethyl)benzene (4) with the cor-
responding metal salts, respectively.
Their structures were determined by
X-ray crystallography. The results of


structural analysis of complexes 5, 6, 7,
and 8 with rigid ligand 3 indicate that
their structures are mainly dependant on
the nature of the organic ligand and
geometric need of the metal ions, but
not influenced greatly by the anions and
metal ions. While in complexes 9 and 10,
which contain the flexible ligand 4, the
counteranion plays an important role in


the formation of the frameworks. En-
tirely different structures of complexes 5
and 10 indicate that the organic ligands
greatly affect the structures of assem-
blies. Furthermore, in complexes 5 and
6, the counteranions located between
the cationic layers can be exchanged by
other anions. Reversible anion exchang-
es between complexes 5 and 6 without
destruction of the frameworks demon-
strate that 5 and 6 can act as cationic
layered materials for anion exchange, as
determined by IR spectroscopy, elemen-
tal analyses, and X-ray powder diffrac-
tion.


Keywords: anion exchange ¥ organ-
ic ± inorganic hybrid composites ¥
self-assembly ¥ supramolecular
chemistry ¥ tripodal ligands


Introduction


In recent years, the most attractive areas of research in the
fields of crystal engineering and supramolecular chemistry
have been aimed at creating a wide range of purpose-built
materials with specific structures and useful properties, such
as electronic, magnetic, optical and catalytic properties.[1±5] A
great number of one-dimensional (1D), two-dimensional
(2D), and three-dimensional (3D) frameworks have been
obtained by assembly of metal salts with rationally designed


organic ligands. For example, a tripodal ligand with an arene
core, 1,3,5-tris(3,5-pyrimidyl)benzene, was treated with
[Pd(en)(NO3)2] (en� ethylenediamine) to give a nanometer-
sized hexahedral coordination capsule.[6] The key step for
design and synthesis of supramolecular transition-metal
complexes is to select suitable multidentate bridging ligands.[7]


Accordingly, tripodal ligands with N donors are a good choice
for the construction of such complexes, especially with arene
core-based tripodal ligands.[8]


In our previous studies, we reported two tripodal ligands,
1,3,5-tris(imidazol-1-ylmethyl)-2,4,6-trimethylbenzene (1)
and 1,3,5-tris(imidazol-1-ylmethyl)benzene (2, Scheme 1).
We demonstrated that they can form individual molecular
cages with selective encapsulation of organic compounds,
such as camphor, or with anion-exchange properties.[9] A
polymeric coordination complex with a 2D honeycomb
structure was obtained by assembly of 1 with copper(��)
acetate.[9d] The results demonstrate that such tripodal ligands
are versatile and can adopt different conformations when they
interact with metal salts as a consequence of their flexibility
since there is a methylene group between the central benzene
ring and terminal imidazole group. At the same time, the
results also show the complexity of the assembly process of
metal salts with such flexible ligands. At present, the self-
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Scheme 1. Tripodal ligands 1 ± 4.


assembly process depends on many and/or even subtle factors
and is often difficult to predict exactly.[10] This encouraged us
to undertake further studies on analogues/derivatives of 1 and
2 as organic ligands, which may lead to a great variety of
structures. Following this approach, we now expand this
system with another two novel tripodal ligands, 1,3,5-tris(1-
imidazolyl)benzene (3) and 1,3-bis(1-imidazolyl)-5-(imidazol-
1-ylmethyl)benzene (4, Scheme 1). Six noninterpenetrating
organic ± inorganic hybridized coordination complexes,
[Mn(3)2(H2O)2](ClO4)2 ¥ 2H2O (5), [Mn(3)2(H2O)2](NO3)2
(6), [Mn(3)2(N3)2] ¥ 2H2O (7), [Cu(3)2(H2O)2](ClO4)2 (8),
[Mn(4)2(H2O)(SO4)] ¥ CH3OH ¥ 5H2O (9), and [Mn(4)2]-
(ClO4)2 (10) were successfully isolated.
Supramolecular architectures have attracted much atten-


tion not only because of their fantastic structures, but also
because of their potential applications, such as ion and
molecular recognition, and ion-exchange.[9a, 11±12] Yaghi and
co-workers have reported a metal ± organic framework con-


taining large rectangular channels that was obtained by self-
assembly of Cu(NO3)2 ¥ 2.5H2O with 4,4�-bipyridine. In this
complex, most of the nitrate ions can be exchanged by SO4


2�


and BF4�.[12a] However, no reversible anion exchange of the
layered materials with an open framework was reported to
now, although a cationic layered material for anion-exchange
was reported by Oliver very recently.[11] Here, we present the
reversible anion-exchange behavior of complexes 5 and 6.


Results and Discussion


X-ray diffraction studies : To investigate the influence of the
counteranions on the formation of the frameworks, we carried
out reactions between the ligand 3 and manganese(��) salts
with various anions and succeeded in isolating three man-
ganese(��) complexes, [Mn(3)2(H2O)2](ClO4)2 ¥ 2H2O (5),
[Mn(3)2(H2O)2](NO3)2 (6) and [Mn(3)2(N3)2] ¥ 2H2O (7). The
complexes 5 ± 7 were synthesized by a layering method and
were found to be insoluble in water and common organic
solvents, such as methanol, acetonitrile, and acetone. Their
structures were determined by X-ray crystallography. Similar
cell parameters of complexes 5 ± 7 (Table 1) indicate that they
are isomorphous and isostructural. Thus, as a typical example,
the structure of complex 5 is described in detail.
The crystal structure of complex 5 (cationic part) is shown


in Figure 1a. Each manganese(��) atom has a slightly distorted
octahedral coordination environment with four imidazole N
atoms from four different 3 ligands and two O atoms from two
water molecules. The coordination angles vary between
87.11(10) and 180� and Mn�O1, Mn�N1, and Mn�N4D bond
lengths are 2.180(2), 2.249(3), and 2.253(2) ä, respectively
(Table 2). Two coordinated water molecules lie in the
opposite direction with respect to the manganese(��) atoms.
Note that in complex 7 the coordinated water molecules are
replaced by azide anions and the complex is neutral with one
manganese(��) atom and two azide anions. Interestingly, each
ligand 3 coordinates to two manganese(��) atoms as a


Table 1. Summary of crystal data and refinement results for complexes 5 ± 10.


Compound 5 6 7 8 9 10


formula C30H32Cl2MnN12O12 C30H28N14MnO8 C30H28MnN18O2 C30H28CuCl2N12O10 C33H44N12MnO11S C32H28Cl2N12MnO8


formula weight 878.49 767.58 727.64 823.11 859.77 834.49
crystal system monoclinic monoclinic monoclinic monoclinic triclinic monoclinic
space group P21/n P21/n P21/n P21/c P≈1 Cc
a [ä] 9.233(1) 10.626(5) 10.056(1) 9.826(9) 12.542(6) 12.116(6)
b [ä] 11.613(2) 11.599(5) 12.280(2) 10.891(9) 12.942(5) 17.728(8)
c [ä] 17.989(3) 13.583(6) 13.665(2) 17.11(1) 13.708(6) 17.415(8)
� [�] 65.00(2)
� [�] 90.63(1) 111.114(7) 108.56(1) 106.61(1) 80.33(3) 96.068(7)
� [�] 66.23(2)
V [ä3] 1928.7(5) 1561.7(11) 1599.7(4) 1754.7(23) 1845(1) 3719(3)
Z 2 2 2 2 2 4
� [mm�1] 0.552 0.501 0.475 0.843 0.488 0.564
reflections collected 3961 12383 3243 13714 14703 14575
observed reflections 2626 2734 2291 4033 4815 3649
R1 0.0370 0.0340 0.1030 0.0550
Rw 0.0850 0.0890 0.2850 0.1450
R1 [I� 2�(I)] 0.0543 0.0293
wR2 [I� 2�(I)] 0.1636 0.0710
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Figure 1. a) The 2D network structure of compound 5 viewed from above.
b) Crystal packing diagram of 5 on ac plane.


bidentate ligand rather than a tridentate ligand that connects
three metal atoms. Such a coordination mode means that
complex 5 forms an infinite 2D network structure. Four
manganese(��) atoms (i.e Mn, MnB, MnAC, and MnAB in
Figure 1a) and four molecules of 3 ligand form a 40-
membered ring. Thus the framework of complex 5 can be
regarded as a (4,4) network. All the manganese(��) atoms in
one layer of 5 are in the same plane, and the benzene ring
planes of 3 are greatly deflected from the manganese(��) plane
with a dihedral angle of 41.6�.
In complex 5, the uncoordinated N atom of the imidazole in


ligand 3 forms a O�H ¥¥¥ N hydrogen bond with coordinated
water molecule from the adjacent layer to link the 2D
networks to generate a 3D framework (Figure 1b). The
hydrogen bond lengths and angles are summarized in Table 3.
The perchlorate anions occupy the voids created between the
2D layers and are bound to the framework through (water)
O�H ¥¥¥O (perchlorate) and C-H-O (perchlorate) hydrogen
bonds (Table 3). Similar crystal packing was found in the
complex of 6 (Figure S1 in the Supporting Information), in
which the uncoordinated nitrate anions are also located in the
voids between two 2D layers, and complex 7 (Figure S2 in the
Supporting Information). A crystallographic study reveals
that the structures of complexes 5 ± 7 are very similar with
regard to the coordination mode, network structure, and
crystal packing. This fact indicates that the structures of the
assemblies mainly depend on the nature of the organic ligand


Table 2. Selected bond lengths [ä] and angles [�] for complexes 5 ± 10.


[Mn(3)2(H2O)2](ClO4)2 ¥ 2H2O (5)
Mn�O1 2.180(2) Mn�N1 2.249(3) Mn�N4A 2.253(2)
O1-Mn-N1B 92.89(10) O1-Mn-N1 87.11(10) O1-Mn-N4A 89.11(10)
O1b-Mn-N4A 90.89(10) N1-Mn-N4A 89.36(9) N1b-Mn-N4A 90.64(9)


[Mn(3)2(H2O)2](NO3)2 (6)
Mn1�O1 2.2192(17) Mn1�N1 2.2335(17) Mn�N5C 2.2446(16)
O1-Mn1-N1 91.84(6) O1-Mn1-N1D 88.16(6) O1-Mn-N5C 91.93(6)
O1d-Mn-N5C 88.07(6) N1-Mn-N5C 89.78(6) N1d-Mn-N5C 90.22(6)


[Mn(3)2(N3)2] ¥ 2H2O (7)
Mn�N1 2.2442(15) Mn�N4E 2.2571(14) Mn�N7 2.2639(17)
N1-Mn-N4F 89.91(5) N1-Mn-N4E 90.09(5) N1-Mn-N7G 88.59(6)
N1-Mn-N7 91.41(6) N4E-Mn-N7 92.10(6) N4F-Mn-N7 87.90(6)


[Cu(3)2(H2O)2](ClO4)2 (8)
Cu1�O1 2.430(2) Cu1�N1 2.021(2) Cu1�N3H 2.007(2)
O1-Cu1-N1 89.55(12) O1-Cu-N1I 90.45(12) O1-Cu-N3H 91.17(12)
O1I-Cu-N3H 88.83(12) N1-Cu-N3H 90.90(12) N1i-Cu-N3H 89.10(12)


[Mn(4)2(H2O)(SO4)] ¥ CH3OH ¥ 5H2O (9)
Mn1�O1 2.184(5) Mn1�N1 2.284(6) Mn1�N9 2.229(6)
Mn2�O5 2.215(4) Mn2�N3 2.250(6) Mn2�N7 2.255(6)
O1-Mn1-N9J 94.2(2) O1-Mn1-N1 90.5(2) O1-Mn1-N1J 89.5(2)
O1-Mn1-N9 85.8(2) N1-Mn1-N9 87.1(2) N1-Mn1-N9J 92.9(2)
O5-Mn2-N3 92.4(2) O5-Mn2-N3K 87.6(2) O5-Mn2-N7 90.0(2)
O5-Mn2-N7K 90.0(2) N3-Mn2-N7 93.8(2) N3-Mn2-N7K 86.2(2)


[Mn(4)2](ClO4)2 (10)
Mn1�N1 2.243(5) Mn1�N7 2.246(5) Mn1�N3L 2.285(5)
Mn1�N5M 2.260(5) Mn1 ±N9N 2.266(5) Mn1�N11O 2.314(5)
N1-Mn1-N3L 98.4(2) N1-Mn1-N5M 84.4(2) N1-Mn1-N7 178.7(2)
N1-Mn1-N9N 96.2(2) N3L-Mn1-N5M 84.0(2) N3L-Mn1-N7 82.5(2)
N3L-Mn1-N9N 93.3(2) N5M-Mn1-N7 94.4(2) N7-Mn1-N9N 85.1(2)
N5M-Mn1-N9N 177.3(2)


Symmetry transformations used to generate equivalent atoms: A) x� 1³2, 1³2�y, z� 1³2 ; B) �x, �y, 1�z ; C) 3/2, y� 1³2, �z� 1³2 ; D) 3/2�x, 5/2�x, 1³2�z ;
E) �x� 1³2, y� 1³2, 1³2�z ; F) x� 1³2, 1³2�y, 1³2�z ; G) �x, �y, 1�z ; H) x, �y�3/2, z� 1³2 ; I) 2�x, 1�y, z ; J) 1�x, 4�y, �1�z ; K) 2�x, 2�y, z ; L) �1�x,
� 1³2�y, z ; M) �1�x, y, 1³2�x ; N) x, �y, � 1³2�z ; O) x�1, y, z.
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and geometric requirements of the metal ions, but are not
greatly influenced by the anions in this system.
One of the unique features concerning the crystal engineer-


ing of organic ± inorganic hybridized compounds is that the
role of metal atoms can be evaluated.[13] Here, we have a good
opportunity to compare the role of the metal ions in the self-
assembly of complexes of 3 with different metal ions, namely
[Mn(3)2(H2O)2](ClO4)2 ¥ 2H2O (5) and [Cu(3)2(H2O)2](ClO4)2
(8). Compound 8 was synthesized by a hydrothermal method
by reaction of Cu(ClO4)2 ¥ 6H2O with ligand 3. The coordina-
tion environment around the copper(��) atom consists of four
short in-plane Cu�N (Cu1�N1�Cu1�N1C� 2.021(2),
Cu1�N3D�Cu1 ±N3E� 2.007(2) ä) bonds and the two long
axial Cu�O (Cu1�O1�Cu1�O1C� 2.430(2) ä) bonds as
shown in Figure 2a. The manganese(��) atom in 5 and the
copper(��) atom in 8 are both six-coordinate and each 3 acts as
a bidentate ligand in complexes 5 and 8 to connect two metal
atoms to give 2D networks. The rigidity of ligand 3 and the six-
coordinate metal ions may be responsible for the similarity of
the structures 5 ± 8. However, there is an apparent difference
between complexes 5 and 8. In complex 8, the plane formed
by four N atoms coordinated to one copper(��) atom are not in
the plane formed by the copper(��) atoms, for example, the
dihedral angle between the plane through N1, N3D, N1C,
N3E (Figure 2a) and that formed by copper(��) is 41.7�, while
in the case of 5, the corresponding dihedral angle of 8.2�
means that the plane of four N atoms (i.e. N1, N4D, N1C, and
N4E in Figure 1a) coordinated to one manganese(��) atom are
almost in the same plane as that formed by the manganese(��)
atoms. In addition, as illustrated in Figure 2b, 2D sheets of 8
are connected by O�H ¥¥¥N hydrogen bonds to give a 3D
framework which is same as 5. However, the perchlorate
anions in 8 occupy the vacancies in 2D network rather than
the voids formed between two 2D layers, as observed in 5
(Figure 1b).
In contrast to the rigid ligand 3, ligand 4 has a pendant arm


owing to a methylene group between the central benzene ring
and terminal imidazole group. The flexibility of 4 may lead to
a great variety of structures when it interacts with metal salts.
An unexpected coordination polymer 9 with a 1D hinged
chain structure was obtained by reaction of ligand 4 with
MnSO4 ¥H2O. As shown in Figure 3a, the Mn1 atom is
coordinated by two O atoms from two sulfate anions and
four N atoms of imidazole from four 4, while the Mn2 atom is
coordinated by two water molecules instead of sulfate anions
in addition to four N atoms of imidazole groups. Each ligand 4
links two metal atoms using two of three imidazole groups and
the third one (i.e. N5, N11 in Figure 3a) is again free of
coordination. Two 1D chains are further linked by hydrogen
bonds (Table 3) and � ±� interactions, as exhibited in Fig-
ure 3b. Interestingly, there are five-membered rings between
the two adjacent chains formed by five O atoms (i.e. O2A,
O5B, O7B, O8B and O11A in Figure 3b) from the coordi-
nated sulfate anion of one chain, the coordinated water
molecule of the adjacent chain, solvate water and methanol
molecules. The distances, which range from 2.68 to 2.78 ä
between each two adjacent O atoms within the five-mem-
bered ring, indicate the formation of O�H ¥¥¥O hydrogen
bonds (Table 3). A more exciting structural feature of 9 is the


Table 3. Distances [ä] and angles [�] of hydrogen bonding between donors
(D) and acceptors (A) for complexes 5 ± 10.[a]


D�H ¥¥¥A[b] Distance (D ¥¥¥A) D-H-A Angle
(D-H-A)


[Mn(3)2(H2O)2](ClO4)2 ¥ 2H2O (5)
C5�H5 ¥¥ ¥O2A 3.254(8) C5�H5 ¥¥¥O2A 149
C7�H7 ¥¥ ¥O2B 3.488(9) C7�H7 ¥¥¥O2B 173
C2�H2 ¥¥ ¥O3 3.405(9) C2�H2 ¥¥¥O3 163
C13�H13 ¥¥¥O3 3.490(10) C13�H13 ¥¥¥O3 172
O1�H1A ¥¥¥O5C 2.939(7) O1�H1A ¥¥¥O5C 162
O1�H1B ¥¥¥M6D 2.742(4) O1�H1B ¥¥¥M6D 171


[Mn(3)2(H2O)2](NO3)2 (6)
O1�H13 ¥¥¥O4E 2.784(3) O1�H13 ¥¥¥O4E 169
O1�H14 ¥¥¥O3F 2.924(3) O1�H14 ¥¥¥O3F 175
C6�H6 ¥¥ ¥O3G 3.180(4) C6�H6 ¥¥¥O3G 150
C4�H4 ¥¥ ¥O2 3.346(3) C4�H4 ¥¥¥O2 163
C13�H11 ¥¥¥O2 3.375(3) C13�H11 ¥¥¥O2 167
C15�H12 ¥¥¥O2H 3.501(3) C15�H12 ¥¥¥O2H 158
C1�H1 ¥¥ ¥M3E 3.450(4) C1-H1 ¥¥¥M3E 144


[Mn(3)2(N3)2] ¥ 2H2O (7)
O�H0A ¥¥¥M9I 2.898(3) O�H0A ¥¥¥M9I 172
O�H0B ¥¥¥M7 3.014(3) O�H0B ¥¥¥M7 168
C12�H12 ¥¥¥OJ 3.325(3) C12�H12 ¥¥¥OJ 143
C15�H15 ¥¥¥OJ 3.496(3) C15�H15 ¥¥¥OJ 164


[Cu(3)2(H2O)2](ClO4)2 (8)
O1�H14 ¥¥¥O5K 3.025(4) O1�H14 ¥¥¥O5K 158
C1�H1 ¥¥ ¥O4K 3.451(5) C1�H1 ¥¥¥O4K 162
C6�H6 ¥¥ ¥O2L 3.380(4) C6�H6 ¥¥¥O2L 164
C8�H8 ¥¥ ¥O4M 3.351(5) C8�H8 ¥¥¥O4M 141
C15�H12 ¥¥¥O3N 3.373(4) C15�H12 ¥¥¥O3N 142
O1�H13 ¥¥¥M5O 2.780(4) O1�H13 ¥¥¥M5O 170


[Mn(4)2(H2O)(SO4)] ¥ CH3OH ¥ 5H2O (9)
C1�H1 ¥¥ ¥O3P 3.209(10) C1�H1 ¥¥¥O3P 168
C5�H6 ¥¥ ¥O3Q 3.193(8) C5�H6 ¥¥¥O3Q 157
C10�H11 ¥¥¥O3Q 3.479(8) C10�H11 ¥¥¥O3Q 171
C14�H13 ¥¥¥O3Q 3.493(8) C14�H13 ¥¥¥O3Q 169
C20�H20 ¥¥¥O4P 3.223(10) C20�H20 ¥¥¥O4P 154
C25�H25 ¥¥¥O4P 3.408(10) C25�H25 ¥¥¥O4P 167
C30�H27 ¥¥¥O4P 3.404(9) C30�H27 ¥¥¥O4P 157
C2�H2 ¥¥ ¥O11 3.358(15) C2�H2 ¥¥¥O11 140
C18�H16 ¥¥¥O6R 3.461(10) C18�H16 ¥¥¥O6R 161
C26�H18 ¥¥¥O9 3.102(15) C26�H18 ¥¥¥O9 162
C22�H22 ¥¥¥O8 3.291(13) C22�H22 ¥¥¥O8 163
C23�H23 ¥¥¥O6S 3.453(11) C23�H23 ¥¥¥O6S 173
C32�H28 ¥¥¥O6S 3.461(12) C32�H28 ¥¥¥O6S 167
O2A ¥¥¥O11A[b] 2.78
O11A ¥¥¥O8B[b] 2.68
O8B ¥¥¥O7B[b] 2.72
O7B ¥¥¥O5B[b] 2.71
O5B ¥¥¥O2A[b] 2.68


[Mn(4)2](ClO4)2 (10)
C2�H2 ¥¥ ¥O5� 3.459(11) C2�H2 ¥¥¥O5� 178
C5�H6 ¥¥ ¥O5� 3.483(11) C5�H6 ¥¥¥O5� 169
C10�H11 ¥¥¥O3� 3.438(10) C10�H11 ¥¥¥O3� 153
C14�H13 ¥¥¥O4� 3.428(11) C14�H13 ¥¥¥O4� 151
C17�H15 ¥¥¥O1� 3.388(11) C17�H15 ¥¥¥O1� 158
C19�H17 ¥¥¥O10� 3.30(5) C19�H17 ¥¥¥O10� 168
C20�H19 ¥¥¥O5� 3.460(10) C20�H19 ¥¥¥O5� 154
C23�H22 ¥¥¥O6� 3.40(2) C23�H22 ¥¥¥O6� 165
C30�H27 ¥¥¥O4� 3.462(12) C30�H27 ¥¥¥O4� 154


[a] Symmetry transformation used to generate equivalent atoms: A) � x,
1� y, 1� z ; B) 1³2� x, 3/2� y,� 1³2� z ; C) x,�1� y, z ; D) 1� x, 1� y, 1� z ;
E) 2� x, 3� y, �z ; F) � 1³2� x, 5/2� y, 1³2� z ; G) � 1³2� x, 7/2� y, 1³2� z ;
H) 3/2� x, � 1³2� y, � 1³2� z ; I) 1³2� x, � 1³2� y, 3/2� z ; J) 1³2� x, 1³2� y,
� 1³2� z ; K) 1� x, 1³2� y, 1³2� z ; L) 1� x, 1³2� y, 1³2� z ; M) 2� x, �y, 1� z ;
N) 1� x, y, z ; O) � 1� x, 1³2� y,� 1³2� z ; P) 1� x, 4� y,�1� z ; Q) x,�1�
y, 1� z ; R) 2� x, 2� y, �z ; S) � 1� x, y, z ; �) � 1³2� x, � 1³2� y, z ;
�) 1³2� x, � 1³2� y, z ; �) x, � y, � 1³2� z ; �) � 1³2� x, 1³2� y, 1³2� z ; �) � 1�
x, y, z. [b] For atom numbering see Figure 3b.
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intercalation of the central benzene ring plane together with
the uncoordinated imidazole group of ligand 4 in one chain
into the adjacent hinged chain, which can be seen more clearly
from the space-filling diagram shown in Figure 3c, through
the � ±� interactions. The nearest centroid ± centroid distan-
ces between two benzene ring planes and between the
benzene ring and the uncoordinated imidazole ring planes
are 4.42 and 3.47 ä, respectively, which confirm the existence
of � ±� interactions.
When Mn(ClO4)2 ¥ 6H2O was used instead of MnSO4 ¥H2O


to react with ligand 4, a novel complex 10 with a 2D network
structure, rather than a 1D chain like 9, was obtained. In
complex 10, each manganese(��) atom is coordinated by six
imidazole N atoms from six different ligands of 4 (Figure 4a).
The local coordination environment around the manganese(��)
atom can be regarded as a slightly distorted octahedron with
Mn�N bond lengths ranging from 2.243(5) to 2.314(5) ä and
N-Mn-N bond angles varying from 84.0 (2) to 178.7(2)�
(Table 2), which are similar to those of other reported
manganese(��) complexes.[14] It is noteworthy that each ligand
4 connects three manganese(��) atoms to give an unprece-
dented 2D network structure (Figure 4a). Here, 4 acts as a
tridentate ligand in complex 10, although 4 in 9 and 3 in 5 ± 8
all act as bidentate ligands. In the reported 2D coordination
polymers with network structures, rigid tripodal ligands, for
example, 1,3,5-tricyanobenzene and benzene-1,3,5-tricarboxy-


late enclosing an angle of 120�,
were used to link the linear
metal centers.[15] In our case,
ligand 4, which has a flexible
arm, links three six-coordinate
metal centers and leads to the
formation of a 2D network with
double sheets (Figure 4b, c).
The perchlorate ions located in
the voids of the network (Fig-
ure S3 in the Supporting Infor-
mation) are held there by hy-
drogen bonds (Table 3).
Complexes 9 and 10, which


contain the same ligand and
metal atoms but have different
network structures, provide
nice examples of the significant
effect that the counterions have
on the construction of organic ±
inorganic hybridized architec-
tures in a system with a flexible
ligand. While in the system with
the rigid ligand 3, the anions did
not greatly affect the assembly
products (vide supra). In ligand
4, the flexible arm can coordi-
nate to the metal atom in a
position that is well away from
the central benzene ring plane.
In complexes 9 and 10, the
imidazolyl group attached to
the flexible arm is essentially


perpendicular to the benzene ring plane (dihedral angles of
72.4 and 79.1� in 9, and 77.3 and 79.0� in 10), which endows
ligand 4 with the capability of coordinating to metal centers to
result in a hinged 1D chain and a 2D network with double
sheets. In conclusion, the present study provides evidence that
flexible organic ligands may lead to the formation of a great
variety of supramolecular frameworks.


Anion-exchange properties of complexes 5 and 6 : As revealed
by the crystal structures of 5 and 6, the anions were located
within the open structures between the cationic layers through
hydrogen bonds (Figure 1b and Figure S1 in the Supporting
Information). Since both complexes 5 and 6 are not soluble in
common solvents, these cationic layered compounds are
expected to display anion-exchange properties. Excess Na-
ClO4 was added to a suspension of well-ground complex 6 in
water at room temperature. The mixture was stirred for 24 h
to allow anion exchange, then it was filtered, and washed with
water several times. The FT-IR spectra of the exchanged solid
and the original 6 are shown in Figure 5a and 5d, respectively.
Intense bands from �� 1112 to 1091 cm�1, which originate
from the ClO4


� ion, appeared, while the intense bands from
1384 to 1356 cm�1 of the NO3


� ion disappeared in the
spectrum of exchanged solid (Figure 5a). Furthermore, the
FT-IR spectrum of the exchanged solid is indistinguishable
from that of the as-synthesized complex with the ClO4


� ion,


Figure 2. a) 2D network structure of complex 8. b) Crystal packing of 8 on the ac plane.
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namely 5 (Figure 5b). To investigate the reversibility of such
anion exchange processes in more detail, the exchanged solid
was suspended in an aqueous solution of NaNO3 with stirring
to allow anion exchange again. The ClO4


� bands disappeared
and the NO3


� bands appeared in the FT-IR spectrum of the
obtained solid (Figure 5c), which is almost the same as the
spectrum of the original material 6 (Figure 5d). The anion-
exchange reactions were also monitored by X-ray powder
diffraction techniques. When complex 6 was exchanged with
NaClO4, the characteristic peaks were different from those of
original 6 (Figure 6a and 6d); however, it gives an X-ray
powder diffraction pattern similar to that of complex 5
(Figure 6b). The slight shift and broadening of some peaks
may be attributed to incomplete recovery of the symmetry of
the structure.[12b, 16] When NaNO3 was added to the suspension
of the exchanged solid in water, the characteristic peaks of


complex 6 reappeared (Figure 6c). The results confirm that
reversible anion exchange occurs between the complexes 5
and 6 without the destruction of the frameworks. The anion-
exchanged products are also evidenced by elemental analyses
(see the Experimental Section).
It is important to prove that such anion exchanges occur by


means of a solid-state or a solvent-mediated process.[17] First,
NMR experiments were carried out to check whether any of
the ligand is dissolved in the mother liquors after the
exchange. Excess Na2S or NaOH were added to the mother
liquor to precipitate any possible manganese(��) ions and to
exclude the paramagnetic influence of the manganese(��) ion
on the NMR spectrum. The mother liquor was then extracted
by CDCl3. No signals of the ligand were detected in the CDCl3
solution, which implies that the amount of dissolved ligand in
the mother liquor is too low to be detected by NMR


Figure 3. a) 1D chain structure of complex 9. b) Two 1D chains of 9 linked by hydrogen bonds and � ±� interactions. c) Space-filling diagram for two
interacting 1D chains of 9.
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spectroscopy. To determine the solubility of the complex in
aqueous solutions under exchange conditions, the concentra-
tion of manganese(��) ion in the mother liquors after the
exchange was measured by atomic absorption spectroscopy.
The results show that the concentration of the manganese(��)
ion is �0.01 mmolL�1. Most importantly, the solubility of
[Mn(3)2(H2O)2](ClO4)2 and [Mn(3)2(H2O)2](NO3)2 in
0.1 gmL�1 NaNO3 (concentration used in the anion exchange)
aqueous solution are 0.0045 and 0.0096 mmolL�1, respective-
ly. This means that the solubility of the exchanged product is
larger than that of the original complex. While the solvent-
mediated transformation always occurs from a more soluble
species to a less soluble species.[17] Therefore, the anion
exchanges reported here are considered to be a solid-state
phenomenon.


Experimental Section


Elemental analyses were recorded on a Perkin-Elmer240C elemental
analyzer at the Center of Materials Analysis, Nanjing University. 1H NMR
spectra were recorded a Bruker DRX500 NMR spectrometer. IR spectra


were recorded on a Bruker Vector22 FT-IR spectrophotometer in KBr
discs. Powder X-ray diffraction patterns were recorded on a Rigaku D/max-
RA rotating anode X-ray diffractometer with graphite-monochromated
CuK� radiation (� 1.542 ä) at room temperature. The concentration of
manganese(��) ion was measured by atomic absorption spectroscopy on a
Hitachi 180 ± 80.


Safety note : Perchlorate salts of metal complexes with organic ligands are
potentially explosive and should be handled with care.


Figure 4. a) Top view and b) side views of the 2D cationic network structure of complex 10. c) Schematic
drawing of 2D network in which ligand 4 is represented by three spokes radiating from the centroid of
benzene ring to the Mn centers directly or through the methylene carbon atom (e.g. C4, C20). The solid
lines represent the bonds up the plane formed by manganese atoms and open lines down the plane.


Figure 5. FT-IR spectra of a) complex 6
treated with aqueous solution of NaClO4,
b) complex 5, c) complex 6 treated with
an aqueous solution of NaClO4 and then
with NaNO3, d) complex 6.


Figure 6. X-ray powder diffraction patterns of a) complex 6 treated with
an aqueous solution of NaClO4; b) complex 5; c) complex 6 treated with an
aqueous solution of NaClO4 and then with NaNO3; d) complex 6.
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Synthesis of ligand 3 : 1,3,5-Tribromobenzene (2.52 g, 8.0 mmol), imidazole
(3.26 g, 48.0 mmol), K2CO3 (4.42 g, 32.0 mmol), and CuSO4 (0.05 g,
0.20 mmol) were mixed and heated at 180 �C for 12 h under a nitrogen
atmosphere. The mixture was cooled to the room temperature, and was
then washed with water. The residue was extracted with CH2Cl2 (5�
30 mL). The organic layer was separated, dried over sodium sulfate, and
evaporated to dryness to give the crude product 3, which was recrystallized
from water and ethanol. Yield: 67%; 1H NMR [(CD3)2SO]: �� 8.86 (s,
3H), 8.35 (s, 3H), 8.27 (s, 3H), 7.49 ppm (s, 3H); elemental analysis calcd
(%) for C15H12N6: C 65.21, H 4.38, N 30.42; found C 65.37, H 4.48, N 30.39.


Synthesis of ligand 4 : 3,5-Dibromotoluene was treated with N-bromosuc-
cinimide to give 3,5-dibromobenzyl bromide, which was then treated with
imidazole in DMSO to generate 1,3-dibromo-5-(imidazol-1-ylmethyl)ben-
zene. Ligand 4 was prepared similarly to ligand 3 by the reaction of the
imidazole with 1,3-dibromo-5-(imidazol-1-ylmethyl)benzene. Total yield:
29% (based on 3,5-dibromotoluene); 1H NMR [(CD3)2SO]: �� 8.68 (s,
2H), 8.24 (s, 1H), 8.21 (s, 1H), 8.15 (s, 2H), 7.94 (s, 2H), 7.66 (s, 1H), 7.45 (s,
2H), 7.26 (s, 1H), 5.58 ppm (s, 2H); anal. calcd (%) for C16H14N6: C 66.19,
H 4.86, N 28.95; found C 66.11, H 4.77, N 29.02.


Synthesis of [Mn(3)2(H2O)2](ClO4)2 ¥ 2H2O (5): This compound was
prepared by a layering method: a buffer layer of methanol and water
(2:1, 10 mL) was carefully layered over a solution of Mn(ClO4)2 ¥ 6H2O
(36.2 mg, 0.1 mmol) in water (5 mL). Then a solution of 3 (27.6 mg,
0.1 mmol) in methanol was layered over the buffer layer. Single crystals
appeared after several weeks. Yield: 57% (based on the ligand); elemental
analysis calcd (%) for C30H32Cl2MnN12O12: C 41.02, H 3.67, N 19.13; found
C 41.20, H 3.55, N 19.14.


Synthesis of [Mn(3)2(H2O)2](NO3)2 (6): The title complex was obtained
similarly to compound 5 from Mn(NO3)2 ¥ 6H2O instead of Mn(ClO4)2 ¥
6H2O. Yield: 49%; elemental analysis calcd (%) for C30H28MnN14O8: C
46.94, H 3.68, N 25.55; found C 46.98, H 3.62, N 25.37.


Synthesis of [Mn(3)2(N3)2] ¥ 2H2O (7): A buffer layer of a solution of NaN3


(13.0 mg, 0.2 mmol) in methanol and water (2:1, 10 mL) was carefully
layered over a solution of Mn(CH3COO)2 ¥ 4H2O (24.5 mg, 0.1 mmol) in
water (5 mL). Then a solution of 3 (27.6 mg, 0.1 mmol) in methanol was
layered over the buffer layer. Single crystals appeared after several weeks.
Yield: 37% (based on the ligand); elemental analysis calcd (%) for
C30H28MnN18O2: C 49.52, H 3.88, N 34.65; found C 49.58, H 3.91, N 34.11.


Synthesis of [Cu(3)2(H2O)2](ClO4)2 (8): A mixture of Cu(ClO4)2 ¥ 6H2O
(37.0 mg, 0.1 mmol), 3 (55.2 mg, 0.2 mmol), and H2O (10 mL) was kept in a
Teflon liner autoclave at 140 �C for 24 h. After the mixture had been cooled
to room temperature, blue platelike crystals were collected. Yield: 42%;
elemental analysis calcd (%) for C30H28Cl2CuN12O10: C 42.34, H 3.32, N
19.75; found C 42.36, H 3.50, N 19.77.


Synthesis of [Mn(4)2(H2O)(SO4)] ¥ CH3OH ¥ 5H2O (9): MnSO4 ¥H2O
(15.9 mg, 0.1 mmol) in water (5 mL) was added slowly with constant
stirring to 4 (58 mg, 0.2 mmol) in methanol (20 mL) to give a clear solution.
The reaction mixture was left to stand at room temperature for several
days. Colorless crystals were obtained. Yield: 51%; elemental analysis
calcd (%) for C33H44MnN12O11S: C 45.47, H 5.09, N 19.28; found C 45.52, H
5.11, N 19.24.


Synthesis of [Mn(4)2](ClO4)2 (10): The compound was prepared similarly
to compound 5 from ligand 4 instead of ligand 3. Yield: 54%; elemental
analysis calcd (%) for C32H28Cl2MnN12O8: C 46.06, H 3.38, N 20.14; found C
46.19, H 3.58, N 20.11.


Reversible anion-exchange reactions : Well-ground powder of
[Mn(3)2(H2O)2](NO3)2 (6, 200.0 mg) was suspended in water (20 mL), then
NaClO4 (2.0 g) was added. The mixture was stirred for one day at room
temperature, then filtered, washed with water several times, and dried to
give a colourless powder. Elemental analysis calcd (%) for
[Mn(3)2(H2O)2](ClO4)2 ¥ 2H2O: C 41.02, H 3.67, N 19.13; found C 41.14,
H 3.56, N 19.04. The exchanged solid (200.0 mg) was suspended in water
(20 mL), and NaNO3 (2.0 g) was added. The mixture was stirred for one day
at room temperature, then filtered, washed with water several times, and
dried. Elemental analysis calcd (%) for [Mn(3)2(H2O)2](NO3)2: C 46.94, H
3.67, N 25.55; found C 46.95, H 3.76, N 25.54.


Crystallography : The X-ray diffraction measurements for complexes 5 and
7 were performed on a SiemensP4 automatic four-circle diffractometer
with graphite-monochromated MoK� radiation (�� 0.71073 ä) at room
temperature. Intensity data were collected in the variable	 scan mode. The


structures were solved by direct methods using SHELX-97.[18] Atoms Cl,
O2, O3, O4, and O5 in complex 5 disordered into two positions and each
position has site occupancy factors of 0.5. All non-hydrogen atoms were
refined anisotropically, and the hydrogen atoms were generated geometri-
cally. Calculations were performed on a PC-586 computer with the Siemens
SHELXTL program package.[19]


The intensity data for the complexes 6, 8, 9 and 10 were collected on a
Rigaku/MSC Mercury CCD diffractometer with graphite-monochromated
MoK� radiation (�� 0.7107 ä) at 173 K. The structures was solved by direct
methods with SHELX-97[18] and the non-hydrogen atoms were refined
anisotropically by means of the full-matrix least-square method. The
hydrogen atoms were generated geometrically. Atoms O6, O8, and O10 in
complex 10 have two positions, each with site occupancy factors of 0.5.
Details of the crystal parameters, data collection and refinements for
complexes 5 ± 10 are summarized in Table 1, and selected bond lengths and
angles are given in Table 2.


CCDC-189832 (5), CCDC-189833 (6), CCDC-189834 (7), CCDC-189835
(8), CCDC-189836 (9), and CCDC-189837 (10) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.uk).
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Abstract: The N ¥¥¥ Br halogen bonding
drives the self-assembly of 1,4-dibromo-
tetrafluorobenzene (1a) and its 1,3 or 1,2
analogues (1b,c, respectively) with di-
pyridyl derivatives 2a,b. The isomeric
supramolecular architectures 3a ± f are
obtained as cocrystals that are stable in
the air at room temperature. The solid-
state features of these 1D infinite chains
3 have been fully characterized by
single-crystal X-ray, Raman, and IR
analyses. The occurrence of N ¥¥¥ Br


halogen bonding in solution has been
detected with 19F NMR spectroscopy.
The N ¥¥¥ Br halogen bonding is highly
selective and directional and the geom-
etry of the single strands of noncovalent
copolymers 3 is programmed by the
geometry of halogen-bonding donor


and acceptor sites on the starting mod-
ules. The composition and topology of
the instructed networks can be predicted
with great accuracy. Experiments of
competitive cocrystal formation estab-
lished the strength of the N ¥¥¥ Br inter-
action relative to other halogen bond-
ings and the ability of different modules
1 to be involved in site-selective supra-
molecular syntheses.


Keywords: bromine ¥ fluorine ¥
halogen bonding ¥ self-assembly ¥
supramolecular chemistry


Introduction


Perfluorocarbon (PFC) derivatives have a unique set of
physical and chemical properties compared with those of their
hydrocarbon (HC) parents.[1] For instance, saturated PFCs are
dense, highly inert liquids, with greater compressibilities and
viscosities but lower internal pressures, refractive indexes, and
surface tensions than their HC analogues. Aromatic PFCs and
HCs have large quadrupolar moments that are similar in
magnitude, yet opposite in sign.[2] Specifically tailored inter-
molecular interactions therefore have to be exploited if the
PFC±HC recognition process is pursued to the point of


triggering the self-assembly of the two species into cocrystals.
Herein we describe how the N ¥¥¥ Br�Arf attractive interaction
(Arf� perfluoroaryl moiety) occurring between dibromo-
PFCs 1a ± c and dipyridyl derivatives 2a,b is specific, direc-
tional, and sufficiently strong to drive the self-assembly of
PFC and HC modules into cocrystals 3a ± f, which are stable
and solid at room temperature. Owing to the strength of the
interaction, the overall features of the self-assembly process
become largely independent from module structures.
A strong noncovalent interaction exists between heteroa-


toms possessing lone pairs, which work as electron-donor sites
(Lewis bases, halogen-bonding acceptors), and halogen
atoms, which work as electron acceptor sites (Lewis acids,
halogen-bonding donors). To emphasize the similarity with
the better known hydrogen bonding, the term ™halogen
bonding∫ has been suggested for such an interaction.[3]


Numerous analytical techniques consistently show how in
the solid, liquid, and gas phases the halogen bonds formed by
chlorine, bromine, and iodine atoms have different strengths.
The acidity scale I�Br�Cl is documented for halogens,
interhalogens, pseudohalogens, and halogens bound to HC
residues.[4] Here we show how this scale also holds when the
iodine and bromine atoms are bound to PFC residues. The
presence of the fluorine atoms dramatically increases the
electron-acceptor ability of iodine and bromine nuclei, the
N ¥¥¥ Br interaction becomes sufficiently strong to drive the
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self-assembly of bromoperfluoroarenes with pyridyl deriva-
tives, while parent bromoarenes do not undergo a similar self-
assembly process.


Results and Discussion


When equimolar amounts of 1,4-dibromotetrafluorobenzene
(1a) or its 1,3 or 1,2 analogues (1b and 1c, respectively), are


crystallized with 4,4�-dipyridyl (2a), the noncovalent copoly-
mers 3a, 3c, and 3e are obtained in which the PFC and HC
modules are present in a 1:1 ratio, and alternate in one-
dimensional (1D) chains (Scheme 1).


Scheme 1. Formation and composition of cocrystals 3a ± 3 f.


Both 1a ± c and 2a exhibit telechelic[5] behavior as the two
bromine atoms of 1 and the two nitrogen atoms of 2 are
involved in attractive N ¥¥¥ Br halogen bondings, which pin the
single modules in their positions in the formed 1D infinite
chains 3. Similarly, when 1,4- and 1,3-dibromotetrafluoroben-
zene (1a,b) are cocrystallized with (E)-1,2-bis(4-pyridyl)-
ethylene (2b) the noncovalent copolymers 3b,d are obtained


where the PFC and HC modules are present in a 1:1 ratio. In
these adducts, as in 3a,c,e, the N ¥¥¥ Br halogen bonding is
reiterated at both bromine atoms of the PFC modules and
both nitrogen atoms of the HC module. When 1,2-dibromo-
tetrafluorobenzene (1c) is cocrystallized with 2b, the 1D
infinite network 3 f is formed in which the PFC and HC
modules are held together by N ¥¥¥ Br halogen bonds and are
present in a 2:1 ratio. All adducts 3 are isolated as white solids,
which are stable at room temperature and slowly lose, in air,
the bromo-PFC module through sublimation. One-dimen-
sional infinite chains structurally similar to noncovalent
copolymers 3 are formed also when 2a,b or other dipiridyl
derivatives are cocrystallized with 1,4- and 1,2-diiodotetra-
fluorobenzene or with 1,4-diiodobenzene.[6] Also the iodo-
PFCs sublime from the corresponding cocrystals, but this loss
is much slower than that of bromo-PFCs from cocrystals 3.
This is consistent with the greater volatility of bromo-PFCs
compared to the iodo-PFC analogues, and with the N ¥¥¥ I
interaction being stronger than the N ¥¥¥ Br interaction (see
below).
1,4-Dibromobenzene and its 1,3 and 1,2 analogues do not


form cocrystals with 2a and 2b, the pyridyl modules
invariably crystallizing in pure form independently from the
employed solvent. The presence of electron-withdrawing
groups on halocarbon modules is known to promote the
acidity of the halogen atom, namely its tendency to be
involved in strong halogen bonding.[4, 7] The fluorine-for-
hydrogen substitution in dibromobenzenes boosts the ability
of the bromine atoms to work as halogen-bonding donors to
the point of making the supramolecular reactivity profile of
Br-PFCs similar to that of I-HCs.


Melting point analyses and selective supramolecular synthe-
ses : The melting points of all supramolecular architectures 3
are higher than those of pure PFC modules 1. For some of
these supramolecular architectures, they are also higher than
those of pure HC modules 2. The melting point of a substance
depends on the intermolecular interaction strength and this
dependence cannot be easily quantified due to the numerous
parameters affecting the crystal packing. Nevertheless, useful
qualitative information on the relative strength of the halogen
bonding arising from different haloaromatics can be obtained
by comparing the mean value of the melting points of the pure
starting modules with the melting point of the corresponding
cocrystals.
The melting point increase shown by iodo-PFCs containing


cocrystals (Table 1, runs 15 ± 17, 19) is invariably and dramat-
ically greater than that shown by iodo-HCs containing
cocrystals (runs 21 and 22) which, in turn, is slightly greater
than that of bromo-PFCs containing cocrystals (runs 6 ± 11,
13). The shortest contacts in all these cocrystals are those
involving the nitrogen and halogen atoms, proving that the
driving force of the self-assembly of the different modules is
the halogen bonding. Haloarenes affording cocrystals with a
greater melting point increase with respect to pure starting
modules, and can be expected to give stronger halogen
bondings. A scale of halogen-bonding donor ability can thus
be written as I-PFCs� I-HCs�Br-PFCs, and this scale is
consistent with experiments of competitive cocrystallization.
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When equimolar amounts of 2a, 1a, and 1,4-diiodotetra-
fluorobenzene are crystallized from chloroform, the cocrystal
formed from 2a and 1,4-diiodotetrafluorobenzene[6a] is iso-
lated in pure form with up to a 90% recovery of 2a, while 1a
remains in solution. Similarly, pure I-PFCs containing 1D
infinite chains are obtained when 2b competes with 1a and
1,4-diiodotetrafluorobenzene, and when 2a or 2b compete
with 1c and 1,2-diiodotetrafluorobenzene. Selective forma-
tion of I-HCs containing cocrystals from solutions also
containing Br-PFCs is also possible, but less easy. Crystal-
lization of equimolar amounts of 2b, 1a, and 1,4-diiodoben-
zene affords, at a recovery of 30% of 2b, a mixture of
cocrystals containing preferentially 1,4-diiodobenzene. Two
successive recrystallizations give the I-HC-containing infinite
chain[6a] in pure form in approximately 4% overall yield.
Selective cocrystallizations also occur starting from mix-


tures of Br-PFCs. For instance, 3b is obtained in pure form
after one crystallization of equimolar solutions of 2b, 1a, and
1b, or of 2b, 1a, and 1c ; 3e is obtained in pure form after two
consecutive crystallizations starting from an equimolar sol-
ution of 2a, 1b, and 1c.
The ability of I-PFCs to form stronger halogen bonds than


Br-PFCs has been also anticipated by quantum-mechanical
calculations. According to the DFT method,[6a] the interaction
dissociation energies of 2a and 2b with 1,4-diiodotetrafluor-
obenzene are 5.81 and 6.02 kcalmol�1, respectively, and the
interaction energy of 1,2-bis(4-pyridyl)ethane with 1a is
3.65 kcalmol�1. Similarly, the calculated interaction energy


of ammonia with iodotrifluoromethane and bromotrifluoro-
methane is 7.1 and 5.0 kcalmol�1, respectively.[8] These calcu-
lations correlate well with the experimental estimation of the
intermolecular interaction energy.[6d]


Vibrational spectra properties : IR and Raman spectra of the
infinite networks 3 are diagnostic of halogen-bonding for-
mation and strength. The N ¥¥¥ Br intermolecular interaction is
weaker than covalent or ionic bonds, and it is reasonable to
discuss vibrational spectra of adducts 3 in terms of modified
modes of starting dibromo and dinitrogen modules 1 and 2.
The approach is typical for the determination of noncovalent
adduct formation[9] and its validity is proven here by the
consistency of the changes shown by different halogen-
bonding donors when they interact with a variety of halo-
gen-bonding acceptors. The bands shown by pure 1 and 2 are
present in the spectra of the corresponding cocrystals 3 but the
halogen bonding shifts some bands and/or changes their
intensities.
In the IR spectra the �CH stretchings (3100 ± 3000 cm�1


region) of HC modules 2 systematically shift to higher
frequencies and decrease their intensities. These changes
may be correlated with a decrease of the electron density on
the pyridine ring. This is consistent with n��* electron
donation from the nitrogen to the bromine atoms.[10] Similar
shifts to higher energy have been observed in other complexes
in which single modules are held together by N ¥¥¥ Br
intermolecular interactions,[11] while similar but larger
changes are observed when 2a,b and other pyridyl derivatives
interact with I-PFCs.[12] This is consistent with a greater
electron donation from nitrogen to I-PFCs than to Br-PFCs
and confirms that the former compounds are stronger
halogen-bonding donors than the latter. When the Br-PFC
modules 1 form halogen bonds to give the supramolecular
architectures 3, changes occur also in the absorbtions of the
PFC module, for instance the stretchings of tetrafluoroben-
zene rings (1500 ± 1460 cm�1 region) undergo red shifts (���
14 cm�1).
Table 2 displays selected Raman absorptions. It can be seen


that the pyridine ring absorptions of HC modules 2 at
approximately 1000 cm�1 move to higher frequencies on the
formation of N ¥¥¥ Br interactions. Similar shifts have already
been observed in IR and Raman spectra of related pyridine
derivatives when the nitrogen atom was involved both in
halogen and hydrogen bond formation.[12, 13] Br-PFCs con-
taining cocrystals 3 give blue shifts similar to those given by
I-HCs containing cocrystals and both these shifts are smaller
than those given by I-PFCs containing cocrystals (Table 2),
once again consistent with the acidity scale I-PFCs� I-HCs�
Br-PFCs. Finally, some deformation bands of the PFC
modules 1 (for example, the absorbtion at 211 cm�1 of 1a
and that at 270 cm�1 of 1c) shift to lower frequencies on
halogen-bonding formation so that with this technique the
halogen-bonding formation can also be detected both on the
PFC and the HC module.


X-ray structural analyses : The structural details of all the
obtained halogen-bonded adducts 3 were established through
single-crystal X-ray analyses at 90 K. Some selected crystallo-


Table 1. Melting points of 1a ± c, 2a,b, 3a ± f, and related bromo and iodo
analogues.


Run Compound M. p. M.p. �M.p.
[�C][a] mean value [�C][b] [�C][c]


1 1a 78 ± 81 (A)
2 1b 5 ± 7 (B)
3 1c 14 ± 16 (B)
4 2a 70 ± 74 (C)
5 2b 150 ± 153 (C)
6 3a 110 ± 115 (C) 78 � 36
7 3b 130 ± 135 (C) 117 � 18
8 3c 65 ± 67 (C) 41 � 26
9 3d 70 ± 73 (C) 80 � 7
10 3e 62 ± 65 (C) 45 � 20
11 3 f 60 ± 64 (C) 85 � 19
12 1,2-BPE[d] 110 ± 112 (C)
13 1a ¥ 1,2-BPE[d,e] 109 ± 111 (D) 97 � 14
14 1,4-DITFB[d] 108 ± 110 (A)
15 1,4-DITFB ¥ 2a[d,f] 180 ± 182 (D) 92 � 90
16 1,4-DITFB ¥ 2b[d,e] 236 ± 240 (C) 132 � 108
17 1,4-DITFB ¥ 1,2-BPE[d,g] 204 ± 207 (E) 111 � 96
18 1,2-DITFB[d] 49 ± 50 (A)
19 1,2-DITFB ¥ 2a[d,h] 138 ± 140 (C) 62 � 78
20 1,4-DIB[d] 131 ± 133 (A)
21 1,4-DIB ¥ 2a[d,e] 147 ± 149 (E) 104 � 45
22 1,4-DIB ¥ 2b[d,e] 140 ± 142 (E) 143 � 1
23 1,4-DIB ¥ 1,2-BPE[d] 145 ± 147 (E) 123 � 24


[a] Crystallization solvents: A: tetrachloromethane; B: neat; C: chloroform; D:
acetone; E: dichloromethane. [b] Mean value of the starting modules melting
points. [c] Difference between the melting point of the cocrystal and the mean
value of the two starting modules melting points. [d] 1,2-BPE: 1,2-bis(4-
pyridyl)ethane; 1,4-DITFB: 1,4-diiodotetrafluorobenzene; 1,2-DITFB: 1,2-
diiodotetrafluorobenzene; 1,4-DIB: 1,4-diiodobenzene. [e] See ref. [6a]. [f] See
ref. [6b]. [g] See ref. [6d]. [h] See ref. [6c].
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graphic and data collection parameters are reported in Table 3
and some interesting structural parameters are listed in
Table 4.
The most important short contacts present in 3a ± f are


those involving nitrogen and bromine atoms. The N ¥¥¥ Br
distances range from 2.814(1) to 2.984(2) ä and are substan-
tially shorter than the sum of the van der Waals radii for
nitrogen (1.55) and bromine (1.85).[14] This proves the key
relevance of the N ¥¥¥ Br halogen bonding in driving the self-
assembly of 1a ± c with 2a,b to give the architectures 3a ± f.
The shortening of the van der Waals distances between the


halogen-bonded nuclei spans from 17 to 14%. The corre-
sponding shortenings observed in the 1D infinite chains made
up of 2a,b and 1,4- or 1,2-diiodotetrafluorobenzenes are also
reported in Table 4. Considering that the structures of the
I-PFCs containing cocrystals have been collected at 294 K
while the structures of Br-PFCs containing cocrystals have
been collected at 90 K, it appears that the van der Waals radii
shortenings of the former halogen-bonded systems are much
greater than those of the latter. This difference in van der
Waals radii shortenings is fully confirmed by the comparison
between the structures of the 1D infinite chains that 1,2-bis(4-
pyridyl)ethane gives with 1a[6a] and with 1,4-diiodotetrafluor-
obenzene.[6d] Both these structures have been collected at
294 K and the shortening of the distances between the
halogen-bonded nuclei are 11 and 21%, respectively. The
shortening of van der Waals radii observed in I-HCs contain-
ing cocrystals is similar to that of cocrystals 3 and this further
confirms that the halogen bonds associated with Br-PFCs are
definitively weaker than those associated with I-PFCs and
I-HCs, respectively.
Consistent with an n� �* electron donation from the


nitrogen to the bromine atoms,[10] in all 1D infinite chains 3a ±
f the halogen bonding develops on the extension of the C�Br
bond with the C�Br ¥¥ ¥ N angle varying between 162.52 and
179.12�. A similar directionality of the halogen bonding has
been observed in I-PFCs and I-HCs containing infinite chains
(Table 4). As a consequence, a lengthening of the C�Br and
C�I bonds has been observed.[6e]


Except in the case of 3e, some H ¥¥¥ F distances shorter than
the sum of proton and fluorine van der Waals radii are also
present, but theoretical calculations on related systems


Table 2. Selected Raman absorptions (neat, cm�1) of 1a,c, 2a,b, 3a,b,e,f,
and related iodo analogues.


Compound Absorptions[a]


1a 211
1c 270
2a 1299 1001
2b 996
3a 1288 1003 208
3b 998 208
3e 1289 1002 267
3 f 996 266
1,4-DITFB[b] 159
1,4-DITFB ¥ 2a[b] 1285 1008 152
1,4-DITFB ¥ 2b[b] 1001 149
1,2-DITFB[b] 235
1,2-DITFB ¥ 2a[b] 1291 1005 227
1,4-DIB[b] 159
1,4-DIB ¥ 2a[b] 1287 1004 155
1,4-DIB ¥ 2b[b] 997 155


[a] Neat, cm�1. [b] 1,4-DITFB: 1,4-diiodotetrafluorobenzene; 1,2-DITFB:
1,2-diiodotetrafluorobenzene; 1,4-DIB: 1,4-diiodobenzene.


Table 3. Selected crystallographic and data collection parameters for cocrystal 3a ± f.


3a 3b 3c 3d 3e 3 f


molecular formula (C10H8N2) ¥ (C6Br2F4) (C12H10N2) ¥ (C6Br2F4) (C10H8N2) ¥ (C6Br2F4) (C12H10N2) ¥ (C6Br2F4) (C10H8N2) ¥ (C6Br2F4) (C12H10N2) ¥ 2(C6Br2F4)
M 464.06 490.10 464.06 490.10 464.06 797.98
crystal color colorless colorless colorless colorless colorless colorless
dimension [mm] 0.33� 0.12� 0.09 0.21� 0.17� 0.14 0.20� 0.15� 0.12 0.39� 0.18� 0.14 0.20� 0.16� 0.10 0.38� 0.22� 0.16
crystal system triclinic triclinic monoclinic monoclinic monoclinic monoclinic
space group P1≈ P1≈ P21/c P21/c P21/n P21/c
a [ä] 5.7752(3) 6.028(3) 5.7682(3) 7.8555(11) 9.0918(10) 9.842(2)
b [ä] 10.8979(6) 6.795(3) 34.8845(19) 5.9676(8) 8.3875(10) 7.9474(16)
c [ä] 12.1377(7) 11.062(5) 15.0566(8) 35.940(4) 20.313(2) 16.053(3)
� [�] 82.717(2) 83.099(12)
� [�] 82.128(2) 86.459(12) 90.129(10) 94.927(4) 92.463(5) 98.43(3)
� [�] 82.381(2) 68.625(12)
V [ä3] 745.43(7) 418.8(3) 3029.7(3) 1678.6(4) 1547.6(3) 1242.0(4)
Z 2 1 8 4 4 2
T [K] 90(2) 90(2) 90(2) 90(2) 90(2) 90(2)
�calcd [gcm�1] 2.068 1.943 2.035 1.939 1.992 2.134
� (MoK�) [mm�1] 5.482 4.885 5.396 4.875 5.282 6.559
Tmin,Tmax 0.468, 0.607 0.435, 0.509 0.403, 0.523 0.395, 0.505 0.495,0.590 0.246, 0.350
2�max [�] 76.84 67.30 59.52 58.82 72.86 67.46
data collected 22153 5812 29890 13529 35982 17168
unique data, Rint 7964, 0.0271 3046, 0.0137 8019, 0.0320 4376, 0.0204 7288, 0.0422 4728, 0.0260
observed data [Io� 2�(Io)] 6595 2843 6038 3896 5522 3843
no. parameters, no. restraints 249, 0 138, 0 481, 0 261, 33 249, 34 192, 0
Rall , Robs 0.0339, 0.0261 0.0234, 0.0209 0.0511, 0.0333 0.0287, 0.0243 0.0547,0.0345 0.0360, 0.0239
wRall , wRobs 0.0647, 0.0628 0.0534, 0.0526 0.0796, 0.0753 0.0573, 0.0561 0.0751, 0.0694 0.0579, 0.0534
weighting [a], a,b 0.0367, 0.0000 0.0258, 0.1680 0.0348, 1.1762 0.0271, 0.2710 0.0352, 0.0000 0.0266, 0.3428
goodness-of-fit (restrained) 0.991 1.090 1.037 1.040 0.988 1.023
��min,max [eä�3] � 0.60, 1.17 � 0.73,0.61 � 0.63,0.74 � 0.38, 0.50 � 0.48,0.81 � 0.39,0.59


[a] w� 1/[�2(Fo)2� (aP)2� bP], where P� (F 2
o � 2F 2


c �/3.
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predict they correspond to quite weak interactions (approx-
imately 1 kcalmol�1).[15] If the halogen bonding plays the
fundamental role of driving the intermolecular recognition
and self-assembly of the PFC and HC modules, the weaker
interactions contribute to the structural cohesion of the crystal
matrix in 3a ± f.
The unit cell of 3a is formed by two half molecules of 1a


(molecules A and B) and two half molecules of 2a (molecules
C and D). The four molecules lie on four crystallographically
distinct centers of symmetry so that both dipyridyl rings are
planar. Due to the linear arrangement of the two bromine
atoms in 1a, of the two nitrogen atoms in 2a, and of the
halogen bonds, the 1D infinite chains 3a assume a quite linear
arrangement (Figure 1; in all figures, throughout the article


Figure 1. ORTEP view of a layer in the crystal structure 3a including only
chains formed by B and D modules.


and Supporting Information, atomic displacement parameters
(ADPs) are at 50% of probability level, H atoms are not to
scale, dashed lines represent the N ¥¥¥ Br halogen bonds,
dotted lines represent H ¥¥¥ F hydrogen bonds). Two inde-
pendent and parallel chains of alternating PFC and HC
modules ¥ ¥ ¥A ¥ ¥ ¥C ¥ ¥ ¥A ¥ ¥ ¥C ¥ ¥ ¥ and ¥ ¥ ¥B ¥ ¥ ¥D ¥ ¥ ¥B ¥ ¥ ¥D ¥ ¥ ¥ are
present in the cocrystal. These two distinct chains are very
similar to each other and differ by the orientation that
modules 1a assume with respect to the adjacent modules
1b ; the dihedral angle between the least-square planes
is 61.0� and 60.0� for the chains ¥ ¥ ¥A ¥ ¥ ¥C ¥ ¥ ¥A ¥ ¥ ¥C ¥ ¥ ¥ and
¥ ¥ ¥B ¥ ¥ ¥D ¥ ¥ ¥B ¥ ¥ ¥D ¥ ¥ ¥ , respectively.


The asymmetric unit of 3b consists of half a molecule of 1a
and half a molecule of 2b. As a result, all the atoms of 2b are
coplanar. In the halogen-bonded infinite chain, the alternat-
ing PFC and HC modules are nearly coplanar; the dihedral
angle between the least-square planes of the two modules is
4.2�. As in 3a, the chains assume a quite linear arrangement
(Figure 2) and weak H ¥¥¥ F contacts bridge adjacent chains


Figure 2. ORTEP view of a layer of the supramolecular architecture 3b.


and arrange them in flat and loosely connected layers. A
strictly similar packing of the modules has been observed in
the cocrystal made up of 2b and 1,4-diiodotetrafluorobenze-
ne.[6a] This similarity confirms the predictability of the
structure of halogen-bonding driven supramolecular architec-
tures and the reliability of this intermolecular interaction in
crystal engineering.
The cell of 3c is quite complex. It contains two independent


molecules of 1b, while one molecule of 2a occupies a general
position and two others lie on a center of symmetry. As a
result there are four distinct N ¥¥¥ Br distances. The two
pyridine rings in molecules 2a lying on a center of symmetry
are coplanar by symmetry, while in the other molecule the
pyridine rings form an angle of 5.0�. Due to the 1,3 arrange-
ment of the two bromine atoms in the module 1b, any 1D
infinite chain 3c assumes a wavelike structure in which 1b are
the crests and 2a are the walls (Figure 3). The dihedral angles
between the least-square planes through the PFC module and
the two adjacent pyridine rings are 54.8� and 60.0� (in the
chain involving the dipyridyl molecules lying on the centers of
symmetry), 57.7� and 55.6� (in the chain involving the other


Table 4. Selected structural data of cocrystals 3a ± f and related bromo and iodo analogues.


Compound N ¥¥¥ X van der Waals radii C�X ¥¥¥ N Temperature
distance [ä] shortening [%] angle [�] [K]


3a 2.878(1) 2.979(1) 14 177.71(4) 176.40(3) 90
3b 2.814(1) 17 179.11(4) 90
3c 2.987(2) 2.984(2) 2.868(2) 2.916(2) 14 179.12(9) 175.92(9) 163.90(9) 172.64(10) 90
3d 2.852(4) 2.913(5) 2.929(4) 2.989(4) 14 177.07(11) 177.36(11) 163.69(10) 169.22(9) 90
3e 2.880(2) 2.984(2) 14 170.89(5) 162.51(6) 90
3 f 2.841(2) 16 174.29(5) 90
1,4-DITFB ¥ 2a[a,b] 2.864(2) 19 177.3(3) 290
1,2-DITFB ¥ 2a[a,c] 2.928(4) 2.909(5) 2.958(4) 2.964(5) 17 172.1(2) 175.5(2) 175.4(2) 176.2(2) 290
1,4-DITFB ¥ 2b[a,d] 2.810(5) 20 179.3(5) 294
1,4-DITFB ¥ 1,2-BPE[a,e] 2.79(5) 21 175.9(1) 294
1,4-DIB ¥ 2a[a,d] 3.032(3) 14 176.0(4) 294
1,4-DIB ¥ 2b[a,d] 2.996(3) 15 176.9(6) 294
1a ¥ 1,2-BPE[a,d] 3.025(9) 11 172.2(9) 294


[a] 1,4-DITFB: 1,4-diiodotetrafluorobenzene; 1,2-DITFB: 1,2-diiodotetrafluorobenzene; 1,2-BPE: 1,2-bis(4-pyridyl)ethane; 1,4-DIB: 1,4-diiodobenzene.
[b] See ref. [6b]. [c] See ref. [6c]. [d] See ref. [6a]. [e] See ref. [6d].
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Figure 3. ORTEP view of crystal packing of 3c viewed down the a axis.


dipyridyl molecule). Similar to 3a, the infinite chains of 3c
form rippling surfaces.
The asymmetric unit of 3d consists of one molecule of 1b


and one of 2b. Module 2b is disordered over two equally
populated models related by a 180� symmetry about the
internitrogen molecular axis. The two different N ¥¥¥ Br
interactions alternating in the 1D infinite network thus result
in four values, two for each position assumed by the nitrogen
atoms. One PFC and one HC module form couples of nearly
coplanar modules (the dihedral angle between the least
square planes through the disordered dipyridylethylene
module and the dibromotetrafluorobenzene module is 3.8�).
In the 1D infinite chains 3d, two adjacent couples of coplanar
modules are rotated with respect to each other, the dihedral
angle being 54.0� (Figure 4). Moreover, in the crystal structure
of 3d, even if solved at 90 K, the dipyridile module is
disordered as commonly shown by similar derivatives.[16]


The asymmetric unit of 3e consists of two independent
molecules, one of 1c and one of 2a. The two halogen bonds
formed by any dibromobenzene modules 1c are quite differ-
ent (Table 4). The two pyridyl rings of 2a are not coplanar and
their least-square planes form an angle of 18.4�. The halogen-
bonded infinite chains screw along a twofold axis (Figure 5).
Any turn contains four modules, the dihedral angle between
any dibrominated module and the two bonded dipyridyl
moieties are 3.7 and 84.9�.
The asymmetric unit of 3 f contains a molecule of 1c and


half a molecule of 2b. The dipyridylethylene module is on a
center of symmetry and all its atoms are therefore coplanar.
The distance between dibromobenzene rings related by a
symmetry center is 3.447(4) ä, implying a � ±� attractive


Figure 5. ORTEP view of a screw-shaped chain of 3e.


interaction[2] that forms well-defined noncovalent dimers
(Figure 6A). In these dimers, only one bromine atom per
dibromobenzene module serves as a halogen-bonding donor
towards the nitrogen atoms of 2b, which behaves, like usual,
as a bidentate halogen-bonding acceptor. The 1D infinite
chain 3 f is thus formed (Figure 6B). In these chains the
dimers of 1c are bound to two dipyridylethylene modules
through quite short N ¥¥ ¥ Br distances, and the dihedral angle
between 1c and 2b modules is 77.8�.


19F NMR spectral changes : Br-PFCs also form halogen bonds
in solution. 19F NMR spectroscopy is a simple, powerful, and
versatile tool to detect formation of the interaction in the
liquid phase and to rank the electron donors and acceptors
according to the strength of the halogen bonds they are
involved in. Specifically, the signals of perfluoroalkyl and -aryl
derivatives are shifted upfield when an interaction occurs and
greater electron acceptor (or donor) abilities of the involved
modules result in larger shifts.[17] In Table 5 the upfield shifts
for 1a, 1c, and their diiodo analogues are reported. The
chemical shift changes induced on 1a,c by all the used
halogen-bonding acceptors are significantly smaller than
those induced on their diiodo analogues. Br-PFCs are weaker
halogen-bonding donors than I-PFCs also in solution.


Conclusions


Transition metals (for example,
palladium, platinum, zinc)[18]


and organic proton donors (for
example, phenols and carbox-
ylic acids)[6d, 19] are the tec-
tons[20] most frequently used to
drive the self-assembly of poly-
pyridyl derivatives into well-
defined supramolecular archi-
tectures. The intermolecular in-
teractions responsible for the


Figure 4. Partial view of 3d packing. The figure highlights the arrangement of the 1D wavelike chains where a
couple of coplanar 1b ¥ ¥ ¥ 2b molecules are followed by a second coplanar pair rotated about 60� with respect to
the first.
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Figure 6. ORTEP views of 3 f. A) The basic structural element of the
infinite chains is a unit formed by two dibromobenzene rings 1c paired
through the � ±� interaction and connected to adjacent modules 2b by two
N ¥¥¥ Br halogen bondings and two weak H ¥¥¥ F hydrogen bonds. B)
Arrangement of the basic structural units in A into the infinite chains.


recognition of single modules are metal coordination and
hydrogen bonding, respectively. Here we have reported how
N ¥¥¥ Br halogen bonding drives the self-assembly of dibro-
moperfluorobenzenes 1 with dipyridyl derivatives 2 resulting
in the formation of single-strand infinite chains 3, which are
isolated as solid cocrystals. Compounds 1 can thus be
considered as new, effective, and reliable tectons for the
formation of supramolecular architectures containing pyridyl
derivatives. Some similarities exist in the supramolecular
reactivity profiles of dibromotetrafluorobenzenes and of
diiodotetrafluorobenzenes,[6] so that in general haloperfluor-
oarenes can be envisaged as useful tools at the disposal of the
supramolecular chemist to drive the self-assembly of poly-
pyridyl derivatives. The potential of the halogen bonding in
crystal engineering is further extended.
The chain geometry in the noncovalent copolymers 3a ± f


varies from the nearly perfect alignment of 3a to the helical
arrangement of 3e. The self-assembly of the single strands of


copolymers 3 is determined by the N ¥¥¥ Br halogen bonding
and the geometry of the strand is determined by the geometry
of the halogen-bonding donor and acceptor sites on starting
modules. For instance, when the ™rod-type∫ module 2a is
paired with the ™rod-type∫module 1a, the linear infinite chain
3a is formed, and when 3a is paired with the ™angular-type∫
module 2b, the zigzag chain of 3c is generated. Similar chain
geometry control based on the geometry of the modules used
in the construction has been reported in metal coordination
driven self-assembly of pyridyl derivatives.[18c]


Despite the topological diversity in 3a ± f, the geometrical
parameters of the halogen bonding remain quite constant, the
N ¥¥¥ Br distances range from 2.814 to 2.984 ä and the N ¥¥¥
Br�C angle varies between 162.52 and 179.12�. The N ¥¥¥ Br
halogen bonding is highly selective and directional so that the
composition and topology of the instructed networks can be
predicted with an accuracy that is unusual for crystal
engineering. Several analytical techniques have been used to
compare the strength of the N ¥¥¥ Br�Arf interaction with the
strength of other halogen bonds. While weaker than the N ¥¥¥
I-Arf interaction, the N ¥¥¥ Br�Arf interaction is invariant and
sufficiently robust to drive effectively self-assembly processes,
which are largely independent of the structure of the involved
modules.
In solution the electron donation from amine and pyridine


derivatives to bromine atoms bound to hydrocarbon chains
has been studied with different analytical techniques.[3b, 21]


Under photochemical conditions, the donation can evolve
into an electron transfer process[22] confirming the ration-
alization of the halogen bonding as a pre-reactive state.[23]


The first example of N ¥¥¥ Br�C halogen-bonding driven
self-assembly involved tetrabromoethylene and pyrazine and
was reported by Hassel as early as the late 1960s,[24] but only in
a very few other cases was the recognition occurring in
solution strong enough to drive the formation of cocrystals.
Before our proposal of Br-PFCs as effective and reliable
modules for the synthesis of two-component heteromeric
architectures, only three other cocrystals had been described
in which short N ¥¥¥ Br�C interatomic distance are pres-
ent.[21, 25] A search of the Cambridge Structural Database
Database (CSD, version 5.23 April 2002, 257000 crystal
structures) for short N ¥¥¥ Br�C halogen bonds (	3.20 ä)


Table 5. 19F NMR chemical shift changes (���F)[a] given by 1a, 1c and their diiodo analogues moving from non basic (n-pentane) to basic solvents.[b]


Solvent ���F
[a]


1a 1,4-DITFB[c] 1c (ortho, meta) 1,2-DITFB[c] (ortho, meta)


N-methylpiperidine 1.48 9.36 2.56 (1.42, 1.14) 14.42 (8.84, 5.58)
piperidine 3.32 14.40 4.34 (2.40, 1.94) 19.54 (11.52, 8.02)
cyclohexylamine 1.48 11.96 1.86 (1.32, 0.54) 16.1 (9.18, 6.92)
pyridine 1.28 7.68 1.54 (1.48, 0.06) 9.70 (6.46, 3.24)
4-methylpyridine 2.60 8.72 2.14 (1.76, 0.38) 10.70 (6.88, 3.82)
4-ethoxycarbonylpyridine 2.52 7.40 1.78 (1.58, 0.14) 8.32 (5.48, 2.84)


[a] ���F��F (in n-pentane used as a solvent) ��F (in the halogen-bonding acceptor used as a solvent); �1a in n-pentane��132.89, �1,4-DITFB in n-pentane��119.44;
�1c in n-pentane��125.44 (ortho), �155.03 (meta); �1,2-DITFB in n-pentane��104.88 (ortho), �152.85 (meta). We report the overall chemical shift change for the
molecule, namely the sum of the shift changes of each fluorine atom of the molecule. For instance, values reported in the column of 1a are four times the
chemical shift changes observed for the signal of 1,4-dibromotetrafluorobenzene, the values reported in the column of 1c are two times the chemical shift
changes observed for the signal of the fluorine in position 3 (ortho fluorine) plus two times the chemical shift changes observed for the signal of the fluorine in
position 4 (meta fluorine). [b] Under the same experimental conditions hexafluorobenzene shows definitively smaller ���F values, confirming that the
reported chemical shift changes are due to specific solute ± solvent interactions rather than a non specific solvent effect. [c] 1,4-DITFB: 1,4-
diiodotetrafluorobenzene; 1,2-DITFB: 1,2-diiodotetrafluorobenzene.
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occurring in one-component crystals, shows that these bro-
mine atoms are typically bound to electron-poor carbon
moieties, for example cyanoalkynes and arenes.[26] These
results are consistent with the fact that common organic
bromides are poor halogen-bonding donors and only when
the bromine atom is bound to strongly electron-withdrawing
carbon moieties[4] is the Lewis acidity of the halogen boosted
to the point that the N ¥¥¥ Br�C interaction becomes strong
enough to effectively drive recognition processes. The high
electronegativity of fluorine thus accounts for the effective-
ness of dibromoperfluorobenzenes 1 as tectons.[27]


The implications of the results reported here are far
reaching and can be envisaged in all the fields in which
recognition and self-assembly play a key role, from material
science to biopharmacology. Br-PFCs being a class of com-
pounds of high technological relevance,[28] the adducts ob-
tained through their self-assembly with HC derivatives may
have useful properties. For instance, due to the high vapor
pressures of Br-PFCs, the modules 1 easily sublime off the
adducts 3. The removal of the Br-PFCmodule from the crystal
matrix of PFC-HC adducts may develop into a general
strategy to study polymorph interconversion or to obtain
porous materials. This strategy may be complementary to that
based on the removal of the halogen-bonding donor from
cocrystals self-assembled by N ¥¥¥ I interactions.[29] It may be
even more effective as the N ¥¥¥ Br interaction is weaker than
the N ¥¥¥ I interaction. Halotane (1-bromo-1-chloro-2,2,2-tri-
fluorothane) is a commonly employed volatile anaesthetic, its
two enantiomers have shown different pharmacological
activity,[30] and the eudismic ratio has been attributed to the
binding with a proteinaceous receptor site.[31] The enantiose-
lective recognition of the drug in vivo may be mediated by the
formation of a halogen-bonded complex between the bromine
atom of halotane and a nitrogen atom of the peptide receptor.
Similarly, the resolution of the racemic drug may be pursued
through the diastereoselective formation of halogen-bonded
adducts with enantiopure HC resolving agents.[32]


Experimental Section


General methods : All materials were obtained from commercial suppliers
(Apollo Scientific and Aldrich) and were used without further purification.
Redox S.n.c., Cologno Monzese, Milan, Italy performed elemental
analyses. 1H/19F NMR spectra were recorded on a Bruker AV500 or a
Bruker AC250 spectrometer at 25 �C. CDCl3 was used as solvent,
tetramethylsilane and CFCl3 were used as internal standards. The expected
signals of starting modules 1 and 2were always observed in the cocrystals 3,
minor chemical shift changes were attributed to the presence of the halogen
bonding. IR and Raman spectra were recorded with a Perkin-Elmer 2000
FT-IR and a Bruker FRA106 spectrophotometer, respectively. Selected
IR, Raman, and 19F NMR spectral data of starting modules are reported to
show the changes occurring on PFC-HC adduct formation. X-ray crystal
structures were determined by using a Bruker P4 diffractometer.


General procedure : formation of cocrystal 3a made up of 1,4-dibromote-
trafluorobenzene (1a) and 4,4�-dipyridyl (2a): Equimolar amounts of the
dibromoarene 1a and of the dipyridyl 2a were dissolved in a vial of clear
borosilicate glass at room temperature. Chloroform was used as solvent.
The open vial was placed in a closed cylindrical wide-mouth bottle
containing vaseline oil. CHCl3 was allowed to diffuse at room temperature
and after two days, cocrystal 3a was obtained as colorless elongated prisms.
M.p. (chloroform): 110 ± 115 �C; 19F NMR (CDCl3): pure 1a (0.80�): ��


�132.32 ppm; cocrystal 3a (0.80�): ��� �1a� �3a� 0.04 ppm; FT-IR (KBr
pellet, selected bands): pure 1a : �	 � 1487, 1450, 990, 957, 790 cm�1; pure 2a :
�	 � 3075, 3046, 3027, 1591, 1407, 989, 807, 608 cm�1; cocrystal 3a : �	 � 3085,
3050, 3036, 1485, 1480, 1447, 1405, 799, 785 cm�1; Raman (neat, selected
bands): pure 1a : �	 � 1618, 1406, 507, 443, 396, 211, 171 cm�1; pure 2a : �	 �
3054, 1619, 1607, 1299, 1001 cm�1; cocrystal 3a : �	 � 3075, 1603, 1288, 1003,
505, 208 cm�1; elemental analysis calcd (%) for C16H8Br2F4N2: C 41.41, H
1.74, Br 34.44, N 6.04; found C 41.17, H 2.01, Br 34.65, N 5.83.


Formation of the cocrystal 3b made up of 1,4-dibromotetrafluorobenzene
(1a) and (E)-1,2-bis(4-pyridyl)ethylene (2b): The procedure described
above was used. Analyzed cocrystal 3b was a colorless amygdule. M.p.
(chloroform): 130 ± 135 �C; 19F NMR (CDCl3): cocrystal 3b (0.44�): ���
�1a� �3b� 0.01 ppm; FT-IR (KBr pellet, selected bands): pure 2b : �	 � 3050,
3028, 1596, 1413, 982, 822, 552 cm�1; cocrystal 3b : �	 � 3058, 3031, 1597,
1478, 1412, 995, 953, 823, 784, 553 cm�1; Raman (neat, selected bands): pure
2b : �	 � 1641, 1597, 1237, 1198, 996, 123 cm�1; cocrystal 3b : �	 � 1642, 1597,
1338, 1240, 1200, 998, 208, 120 cm�1; elemental analysis calcd (%) for
C18H10Br2F4N2: C 44.11, H 2.06, Br 32.61, N 5.72; found C 43.89, H 2.23, Br
32.93, N 5.59.


Formation of the cocrystal 3c made up of 1,3-dibromotetrafluorobenzene
(1b) and 4,4�-dipyridyl (2a): The procedure described above was used.
Cocrystal 3c was isolated as colorless rhombic prisms. M.p. (chloroform):
65 ± 67 �C; 19F NMR (CDCl3): pure 1b (0.91�): ���103.31 (1F; F-2),
�125.94 (2F; F-3), �160.07 ppm (1F; F-4); cocrystal 3c (0.91�): ���
�1b��3c� 0.26 (F-2), 0.27 (F-3), 0.12 (F-4); FT-IR (KBr pellet, selected
bands): pure 1b : �	 � 1490, 1450, 1085, 897, 743, 701 cm�1; cocrystal 3c : �	 �
3083, 3050, 1589, 1481, 1450, 1068, 889, 800, 739, 732, 698 cm�1.


Formation of the cocrystal 3d made up of 1,3-dibromotetrafluorobenzene
(1b) and (E)-1,2-bis(4-pyridyl)ethylene (2b): The procedure described
above was used. Cocrystal 3d was isolated as colorless elongated prisms.
M.p. (chloroform): 70 ± 73 �C; 19F NMR (CDCl3): cocrystal 3d (0.91�):
����1b� �3d� 0.07 (F-2), 0.09 (F-3), 0.03 ppm (F-4); FT-IR (KBr pellet,
selected bands): cocrystal 3d : �	 � 3069, 3058, 3034, 1597, 1482, 1068, 993,
890, 740, 697 cm�1.


Formation of the cocrystal 3e made up of 1,2-dibromotetrafluorobenzene
(1c) and 4,4�-dipyridyl (2a): The procedure described above was used.
Cocrystal 3e was isolated as colorless pseudo-hexagonal prisms. M.p.
(chloroform): 62 ± 65 �C; 19F NMR (CDCl3): pure 1c (0.68�): ���125.44
(F-3), �154.25 ppm (F-4); cocrystal 3e (0.68�): ����1c��3e� 0.19 (F-3),
0.18 ppm (F-4); FT-IR (KBr pellet, selected bands): pure 1c : �	 � 1504,
1464, 1120, 1037, 851, 805 cm�1; cocrystal 3e : �	 � 3055, 3047, 3031; 1590,
1497, 1463, 1035, 995, 847, 802 cm�1; Raman (neat, selected bands): pure 1c :
�	 � 1617, 1260, 805, 479, 373, 270, 130 cm�1; cocrystal 3e : �	 � 3069, 1594,
1289, 1235, 1002, 660, 479, 370, 267, 131 cm�1.


Formation of the cocrystal 3 f made up of 1,2-dibromotetrafluorobenzene
(1c) and (E)-1,2-bis(4-pyridyl)ethylene (2b): The procedure described
above was used and chloroform evaporation was performed at �5 �C.
Cocrystal 3 f was isolated as colorless irregular prisms. M.p. (chloroform):
60 ± 64 �C; 19F NMR (CDCl3): cocrystal 3 f (0.68�): ����1c� �3f� 0.03 (F-
3), 0.02 ppm (F-4); FT-IR (KBr pellet, selected bands): cocrystal 3 f : �	 �
3034, 1597, 1497, 1463, 1418, 1032, 995, 826, 802 cm�1; Raman (neat,
selected bands): cocrystal 3b : �	 � 1641, 1596, 1340, 1234, 1199, 996, 266,
120 cm�1.


Formation of the cocrystal 1a ¥ 1,2-BPE made up of 1,4-dibromotetrafluoro-
benzene (1a) and 1,2-bis(4-pyridyl)ethane (1,2-BPE): The procedure
described above was used.[6a] M.p. (chloroform): 109 ± 111 �C; FT-IR
(KBr pellet, selected bands): pure 1,2-BPE: �	 � 3067, 3031, 2860, 1596,
1456, 1414, 991, 828, 547 cm�1; cocrystal 1a ¥ 1,2-BPE: �	 � 3077, 2960, 2868,
1596, 1482, 9934, 954 824, 548 cm�1.


Formation of the cocrystal 1,4-DITFB ¥ 2a made up of 1,4-diiodotetra-
fluorobenzene (1,4-DITFB) and 4,4�-dipyridyl (2a): The procedure descri-
bed above was used.[6a] M.p. (chloroform): 180 ± 182 �C; FT-IR (KBr pellet,
selected bands): pure 1,4-DITFB: �	 � 1465, 1214, 943, 760 cm�1; cocrystal
2a ¥ 1,4-DITFB: �	 � 3029, 1592, 1535, 1456, 1218, 1209, 992, 938, 802, 751,
614 cm�1; Raman (neat, selected bands): pure 1,4-DITFB: �	 � 1610, 1384,
500, 159 cm�1; 1,4-DITFB ¥ 2a : �	 � 3074, 1612, 1598, 1285, 1008, 500, 152,
105 cm�1.


Formation of the cocrystal 1,4-DITFB ¥ 2b made up of 1,4-diiodotetra-
fluorobenzene (1,4-DITFB) and (E)-1,2-bis(4-pyridyl)ethylene (2b): Co-
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crystal 2b ¥ 1,4-DITFB[6a] was obtained in a few minutes as colorless plates
by mixing an equimolar solution of the starting materials in chloroform in a
vial of clear borosilicate glass at room temperature. M.p. (chloroform):
236 ± 240 �C; FT-IR (KBr pellet, selected bands): cocrystal 1,4-DITFB ¥ 2b :
�	 � 3058, 3035, 1598, 1455, 1199, 971, 938, 822, 749, 543 cm�1; Raman (neat,
selected bands): cocrystal 1,4-DITFB ¥ 2b : �	 � 1640, 1598, 1336, 1239, 1198,
1001, 500, 149, 113 cm�1.


Formation of the cocrystal 1,4-DITFB ¥ 1,2-BPE made up of 1,4-diiodote-
trafluorobenzene (1,4-DITFB) and 1,2-bis(4-pyridyl)ethane (1,2-BPE):
The general procedure described above was used.[6d] M.p. (chloroform):
204 ± 207 �C; FT-IR (KBr pellet, selected bands): cocrystal 1,4-DITFB ¥ 1,2-
BPE: �	 � 3074, 3036, 2872, 1601, 1455, 1001, 939, 821, 749, 543 cm�1;
elemental analysis calcd (%) for C18H12I2F4N2: C 36.89, H 2.06, I 43.30, N
4.78; found: C 36.69, H 2.33, I 43.10, N 4.42.


Formation of the cocrystal 1,2-DITFB ¥ 2a made up of 1,2-diiodotetra-
fluorobenzene (1,2-DITFB) and 4,4�-dipyridyl (2a): The general procedure
described above was used.[6c] White cocrystals were obtained. M.p.
(chloroform): 138 ± 140 �C; FT-IR (KBr pellet, selected bands): pure 1,2-
DITFB: �	 � 1494, 1442, 1110, 1024, 815, 773 cm�1; cocrystal 1,2-DITFB ¥
2a : �	 � 3041, 1593, 1483, 1429, 1307, 1218, 1009, 811, 612 cm�1; Raman
(neat, selected bands): pure 1,2-DITFB: �	 � 1613, 1255, 774, 472, 360, 345,
235, 101 cm�1; cocrystal 1,2-DITFB ¥ 2a : �	 � 3070, 1599, 1291, 1005, 471, 357,
332, 227, 149 cm�1.


Formation of the cocrystal 1,4-DIB ¥ 2a made up of 1,4-diiodobenzene (1,4-
DIB) and 4,4�-dipyridyl (2a): The cocrystals[6a] were obtained with the
general procedure described above using dichloromethane as solvent. M.p.
(dicholoromethane): 147 ± 149 �C; FT-IR (KBr pellet, selected bands):
cocrystal 1,4-DIB ¥ 2a : �	 � 3032, 1587, 1531, 1401, 1373, 1214, 998, 988, 808,
793, 608 cm�1; Raman (neat, selected bands): pure 1,4-DIB: �	 � 3101, 3051,
1550, 1044, 684, 159, 119 cm�1; cocrystal 1,4-DIB ¥ 2a : �	 � 3051, 1595, 1287,
1231, 1004, 683, 332, 155 cm�1.


Formation of the cocrystal 1,4-DIB ¥ 2b made up of 1,4-diiodobenzene (1,4-
DIB) and trans-1,2-bis(4-pyridyl)ethylene (2b): The cocrystals 1,4-DIB ¥
2b[6a] were obtained by the general procedure described above, using
dichloromethane as solvent. M.p. (dicholoromethane): 140 ± 142 �C; FT-IR
(KBr pellet, selected bands): cocrystal 1,4-DIB ¥ 2b : �	 � 3070, 3031, 1594,
1412, 1374, 1067, 994, 971, 826, 551 cm�1; Raman (neat, selected bands):
cocrystal 1,4-DIB ¥ 2b : �	 � 3055, 1641 1594, 1337, 1238, 1197, 997, 155 cm�1.


Formation of the cocrystal 1,4-DIB ¥ 1,2-BPE made up of 1,4-diiodoben-
zene (1,4-DIB) and 1,2-bis(4-pyridyl)ethane (1,2-BPE): The general
procedure described above was used. M.p. (chloroform): 145 ± 147 �C;
FT-IR (KBr pellet, selected bands): pure 1,4-DIB: �	 � 1460, 1371, 1067, 992,
797 cm�1; cocrystal 1,4-DIB ¥ 1,2-BPE: �	 � 3070, 2859, 1596, 1466, 1412,
1069, 994, 825, 810, 544 cm�1; elemental analysis calcd (%) for C18H16I2N2:
C 42.05, H 3.14, I 49.36, N 5.45; found: C 41.88, H 3.31, I 49.05, N 5.22.


General procedure of selective supramolecular syntheses: formation of
cocrystal 1,4-DITFB ¥ 2a made up of 1,4-diiodotetrafluorobenzene (1,4-
DITFB) and 4,4�-dipyridyl (2a): Equimolar amounts of the dibromoben-
zene 1a, the diiodobenzene 1,4-DITFB, and the dipyridyl derivative 2a
were dissolved in a vial of clear borosilicate glass at room temperature.
Chloroform was used as solvent. The open vial was placed in a closed
cylindrical wide-mouth bottle containing vaseline oil. CHCl3 was allowed to
diffuse at room temperature and after a few hours the cocrystal 1,4-DITF ¥
2a was obtained in pure form (GC and 19F NMR analyses).


Selective supramolecular synthesis of cocrystal 1,4-DITFB ¥ 2b made up of
1,4-diiodotetrafluorobenzene (1,4-DITFB) and (E)-1,2-bis(4-pyridyl)ethyl-
ene (2b): The procedure described above was used. The starting solution
was prepared with equimolar amounts of the dibromobenzene 1a, the
diiodobenzene 1,4-DITFB, and the dipyridyl derivative 2b. The non-
covalent cocrystal 1,4-DITFB ¥ 2b was obtained in pure form (GC and 19F
NMR analyses).


Selective supramolecular synthesis of cocrystal 1,2-DITFB ¥ 2a made up of
1,2-diiodotetrafluorobenzene (1,2-DITFB) and 4,4�-dipyridyl (2a): The
general procedure was used. The starting solution was prepared with
equimolar amounts of the dibromobenzene 1c, the diiodobenzene 1,2-
DITFB, and the dipyridyl derivative 2a. The noncovalent cocrystal 1,2-
DITFB ¥ 2a was obtained in pure form (GC and 19F NMR analyses).


Selective supramolecular synthesis of cocrystal 1,2-DITFB ¥ 2b made up of
1,2-diiodotetrafluorobenzene (1,2-DITFB) and (E)-1,2-bis(4-pyridyl)ethyl-
ene (2b): The general procedure described above was used. The starting


solution was prepared with equimolar amounts of the dibromobenzene 1c,
the diiodobenzene 1,2-DITFB, and the dipyridyl derivative 2b. The
noncovalent cocrystal 1,2-DITFB ¥ 2b was obtained in pure form (GC
and 19F NMR analyses).


Selective supramolecular synthesis of cocrystal 1,4-DIB ¥ 2b made up of 1,4-
diiodobenzene (1,4-DIB) and (E)-1,2-bis(4-pyridyl)ethylene (2b): The
general procedure was used. The starting solution was prepared with
equimolar amounts of the dibromobenzene 1a, the diiodobenzene 1,4-DIB,
and the dipyridyl derivative 2b. At 30% recovery of 2b, a 75:25 mixture of
the noncovalent cocrystals 1,4-DIB ¥ 2b and 3b was obtained (GC and 19F/
1H NMR analyses). Two further recrystallizations of this enriched mixture
afforded 1,4-DIB ¥ 2b in pure form.


Selective supramolecular synthesis of cocrystal 3b made up of 1,4-
dibromotetrafluorobenzene (1a) and (E)-1,2-bis(4-pyridyl)ethylene (2b):
The general procedure was used. The starting solution was prepared with
equimolar amounts of the two dibromobenzenes 1a and 1b, and the
dipyridyl derivative 2b. The copolymer 3b was obtained in pure form after
one day. A second selective formation of the same cocrystal 3b has been
realized by using the procedure described above, but a different starting
solution was employed. Equimolar amounts of the two dibromobenzenes
1a and 1c, and the dipyridyl derivative 2b were crystallized as usual. The
cocrystal 3b was obtained in pure form after one day (GC and 19F NMR
analyses).


Selective supramolecular synthesis of 3e made of 1,2-dibromotetrafluoro-
benzene (1c) and dipyridyl (2a): The general procedure was used. The
starting solution was prepared with equimolar amounts of the dibromo-
benzenes 1b and 1c, and the dipyridyl 2a. At 35% recovery of 2a, an 80:20
mixture of the noncovalent cocrystals 3e and 3c was obtained (GC and 19F
NMR analyses). One further recrystallization of this enriched mixture
afforded 3e in pure form.


Single-crystal X-ray analyses : Data were collected with a Bruker APEX
CCD area detector diffractometer, equipped with a Bruker KRIOFLEX
low-temperature device, using MoK� radiation (
� 0.71069 ä), graphite
monochromator, � and � scans; the temperature was fixed at 90 K and
during the experiments its variation was in the range of 
0.1�, but on the
basis of the calibration curve hysteresis we evaluate the temperature
standard deviation to be at least 2� ; data collection and data reduction were
performed by SMARTand SAINT, and the absorption correction, based on
multiscan procedure, by SADABS.[33] The structures were solved by
SIR92,[34] and refined on all independent reflections by full-matrix least-
squares based on F 2


o using SHELX-97.[35] For 3a, 3b, 3e, and 3 f, heavy
atoms were anisotropic and H atoms isotropic and fully refined; for 3c, H
atoms ADPs were constrained to be 1.2 times the isotropic ADP of the
connected C atoms; only in the case of 3d, in which the 2b molecule is
disordered, N and C atoms with a reduced separation were treated
isotropically and H atoms were calculated. Moreover, to reduce the
parameters− correlation, the same geometric restraints were adopted for
this molecule. CCDC-199297 (3a), CCDC-199292 (3b), CCDC-199295
(3c), CCDC-199294 (3d), CCDC-199296 (3e), and CCDC-199293 (3 f)
contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.can.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Center, 12 Union
Road, Cambridge CB21EZ, UK; Fax: (�44)1223-336033; or deposit@
ccdc.cam.ac.uk).
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