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… formed by the self-assembly of
oligo(p-phenylene vinylene)s con-
taining long hydrocarbon side
chains, undergo gelation to form
novel fluorescent organogels. The
work by S. J. George and A.
Ajayaghosh, described on
page 3217 ff, revealed that gelation
is assisted by hydrogen-bonding
p–p interactions and lamellar
packing, and has a remarkable
influence on the optical properties
of the gel, as seen in the cover
picture. These organogels form a
novel class of functional materials
with tunable properties.


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


Stabilized Anitparallel Helices
In their paper on page 3207 ff U. Diederichsen and P. Chak-
raborty report on the self-assembling b-peptide 14-helices.
An investigation on the stability of double-strand formation
by comparison of the A–T and G–C pairing contributions of
a variety of b-peptide helices was conducted. Furthermore,
geometrical parameters like the preferred strand orienta-
tion, the positioning of b-homolysine within the b-peptide
helix, and the influence of the helix content on duplex for-
mation were evaluated.


Intermetallic Communication
C. Piguet, J.-C. G. B�nzli, and co-workers describe on
p. 3228 how heterobimetallic d–f triple-stranded helicates
[MLnL3]


5/6+ (M =CrIII, RuII; Ln= Nd, Er, Yb) provide an
opportunity for programming intermetallic communication
between d and f ions at long distances.


New Frontiers in Carbohydrate Chemistry
In their Concept article on p. 3194 ff. P. H. Seeberger and
D. B. Werz describe the impact of automated oligosacchar-
ide synthesis on the field of glycobiology. Tools to map
interactions of carbohydrates in biological systems are pre-
sented, and case studies of the successful application of car-
bohydrates as active agents are discussed.
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Carbohydrates as the Next Frontier in Pharmaceutical Research


Daniel B. Werz and Peter H. Seeberger*[a]


Introduction


Three major classes of polymers are responsible for the stor-
age of information and signal transduction processes in bio-
logical systems: these are nucleic acids, proteins, and poly-
saccharides. DNA, the genetic material transferring informa-
tion from generation to generation, functions as the blue-
print of life. RNA serves as a transient repository of genetic
information on the way from DNA to proteins, but also
plays pivotal roles in cell division, gene expression, and cat-
alysis. The protein-synthesis machinery, called the ribosome,
consists of RNA.[1] Proteins, the second major class of bio-
polymers, are encoded by nucleic acids and constitute the
catalytic machinery carrying out most of the reactions in the
cell. Proteins are also important as skeletal material of nu-
merous organisms to provide strength as well as flexibility.
Glycosyltransferases, a special class of enzymes, are respon-
sible for the synthesis of carbohydrates, the third class of
biopolymers.


While nucleic acids and proteins are linear assemblies,
carbohydrates are the most complex and diverse class of
biopolymers commonly found in nature as glycoconjugates.
A wide array of available monosaccharide building blocks as
well as the possibility of different stereochemical linkages
between each pair of carbohydrates results in tremendous
complexity. Additionally, the chain length of the oligosac-
charides can also vary widely from monosaccharides up to
branched oligosaccharides with more than 30 building
blocks, or in the case of polysaccharides to several thousand
building blocks. The most prominent examples for the latter
type are cellulose, the major constituent of plant tissues, and
chitine, which forms the shells of insects and crabs. The nine
common monosaccharides found in mammalian cells (shown
here) can be combined in a dazzling variety of ways to form
structures more diverse than those accessible with the
twenty naturally occurring amino acids or the four nucleo-
tides.


Moreover, oligosaccharides are present in the form of gly-
coconjugates (glycoproteins and glycolipids) in all cell walls
mediating a variety of events such as inflammation, cell–cell
recognition, immunological response, metastasis, and fertil-


Abstract: Synthetic carbohydrates and glycoconjugates
are used to study their roles in biological important
processes such as inflammation, cell–cell recognition,
immunological response, metastasis, and fertilization.
The development of an automated oligosaccharide syn-
thesizer greatly accelerates the assembly of complex,
naturally occurring carbohydrates as well as chemically
modified oligosaccharide structures and promises to
have major impact on the field of glycobiology. Tools
such as microarrays, surface plasmon resonance spectros-
copy, and fluorescent carbohydrate conjugates to map
interactions of carbohydrates in biological systems are
presented. Case studies of the successful application of
carbohydrates as active agents are discussed, for exam-
ple, fully synthetic oligosaccharide vaccines to combat
tropical diseases (e.g., malaria), bacterial infections
(e.g., tuberculosis), viral infections such as HIV, and
cancer. Aminoglycosides serve as examples of drugs
acting through carbohydrate–nucleic-acid interactions,
while heparin works by carbohydrate–protein interac-
tions. A general, modular strategy for the complete ste-
reoselective synthesis of defined heparin oligosaccha-
rides is presented. A carbohydrate-functionalized fluo-
rescent polymer has been shown to detect miniscule
amounts of bacteria faster than commonly used meth-
ods.
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ization.[2] The carbohydrate coat surrounding a cell called
the glycocalix is specific for a particular species, cell type,
and developmental status. Alterations in cell surface oligo-
saccharides have been found in association with many
pathological conditions such as cancer and tuberculosis.


Usually, the desired glycoconjugates exist in heterogene-
ous mixtures that are difficult to isolate in pure form, and
when at all possible, only small amounts are obtained. For
the other two major classes of biopolymers many tools are
available to elucidate their structure, their function, and
their structure–function relationships. Detailed insights have
been gained into protein–protein interactions, protein–nu-
cleic-acid interactions and nucleic-acid–nucleic-acid interac-
tions. This research has been of fundamental importance for
the development of new therapeutics that aim to modify, en-
hance, or disrupt these interactions. In contrast, carbohy-
drates, although studied for more than 100 years, have at-
tracted less interest in the field of drug discovery. Forty
years ago, biochemical research concerning carbohydrates
was focused on their role in energy storage and supply in
biological systems. Biosynthesis and biodegradation path-
ways were discovered; however, the function of carbohy-
drates in biologically important recognition processes and
their potential use as drugs became evident much later.
Thus, all aspects of glycobiology, now often termed glyco-
mics, are still less well understood than its two counterparts
genomics and proteomics, dealing with nucleic acids and
proteins.


Two major technological breakthroughs have catapulted
peptide- and oligonucleotide-based research forward: the se-
quencing of nucleic acids and proteins has been automated
and allows for the composition of an unknown sample to be
determined quickly and reliably. Secondly, the synthesis of
defined oligonucleotides[3] and peptides[4] also has been au-
tomated and even allows nonspecialists in this field to
obtain rapidly larger-scale quantities of these important


classes of biopolymers. The rational design of specific modi-
fications is possible and has been used successfully to create
important research tool for biomedicine, biotechnology, and
pharmaceutical areas.


In contrast, oligosaccharide sequencing and structure de-
termination remains a difficult task, even though major ef-
forts have been directed towards the improvement of
modern analytical methods such as HPLC, two-dimensional
NMR techniques, and special mass spectroscopic methods,
such as ESI and MALDI-TOF.[5] Until recently, access to
pure oligosaccharides remained technically difficult and ex-
tremely time-consuming. Multiple chemical[6] and enzymatic
methods[7] are known, and finally an automated method has
been developed.[8]


Automated Carbohydrate Synthesis


Analogous to the highly efficient synthesis of peptides and
oligonucleotides, solid-phase synthesis has been used for the
automated assembly of oligosaccharides.[8,9] Two advantages
of the solid-phase approach are noteworthy: 1) the use of
excess reagent drives reactions to completion and 2) purifi-
cation after each reaction step is not required, but rather
washing procedures remove excess reagents.[8,9]


Our laboratory decided to utilize an acceptor-bound ap-
proach for the carbohydrate assembly, whereby the anome-
ric position of the first carbohydrate is attached at its reduc-
ing end to the solid support.[8,9] Therefore, glycosyl phos-
phates[10] and glycosyl trichloroacetimidates[11] proved to be
ideal glycosylating agents that are relatively stable and can
be stored for many months in the refrigerator. Glycosyl
phosphates are readily synthesized by a one-pot procedure
starting from differentially protected glycals (Scheme 1).


Firstly, a Zn-mediated reduction eliminates two hydroxyl
groups of the glucose 1 to afford the glycal 2. Protection
with permanent (Bn) and temporary (Fmoc) protecting
groups yield 3 and 4, respectively. Epoxidation with dimeth-
yl dioxirane (DMDO) is followed by opening of the 1,2-an-
hydrosugar with dibutylphosphate. Protection of the ensuing


Scheme 1. Representative synthesis of glycosyl phosphate 5 through the
epoxidation of glycal 4.
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C2 hydroxyl group (e.g., by using pivaloyl chloride) pro-
duced the desired glycosyl phosphate 5 in excellent yield.[10]


Glycosylation reactions in the presence of trimethylsilyl
triflate result in good yields.
The reaction times usually
range between 10 and 30 min-
utes. Selectivity at the anomeric
center is achieved by using ap-
propriate participating, for ex-
ample, pivaloyl (Piv), benzoyl
(Bz), 9-fluorenylmethoxycar-
bonyl (Fmoc) or nonparticipat-
ing groups, for example, benzyl
(Bn), at the C2 hydroxyl group.
Easily and selectively remova-
ble temporary protecting
groups such as Fmoc, which is
cleaved by weak bases such as
piperidine or triethylamine,
have been shown to be impor-
tant for successful oligosacchar-
ide syntheses.[12] Orthogonal
protecting groups are utilized in
concert to access branched oli-
gosaccharides.[12, 13] Following
selection of a flexible and
useful protecting group strategy,
the next strategic consideration
involves the choice of an appropriate resin and the right
linker connecting the first sugar at its reducing end with the
solid support. The linker has to be compatible with a wide
range of reaction conditions applied during oligosaccharide
assembly. However, after the synthesis is completed, rapid
and efficient cleavage is necessary. Two linkers that are
readily connected to Merrifield�s resin have shown to fulfill
these requirements: 1) an alkene-containing linker,[14] which
is released from the solid support by olefin cross-metathesis
by using Grubbs’ catalyst and ethylene, and 2) an ester-con-
taining linker (14), which is cleaved by strong bases such as
methoxide.[12] The latter linker can only be used when the
deprotecting conditions during oligosaccharide assembly
avoid strong basic media. Furthermore, novel capping and
tagging methods[15] developed for automated synthesis help
to greatly simplify the post-synthetic workup and purifica-
tion process of synthetic oligosaccharides. Following each
coupling step, unreacted hydroxyl groups that may give rise
to shorter carbohydrate sequences are treated with a cap-
ping reagent that renders them silent in subsequent cou-
plings.


Traditionally, branched carbohydrates such as the Lewis
antigens have been synthesized in solution by highly conver-
gent routes.[16,17] The Lewis X pentasaccharide, the Lewis Y
hexasaccharide, and dimeric combinations of Lewis antigens,
including the Ley–Lex nonasaccharide, are blood group de-
terminant oligosaccharides. The last two also act as tumor
markers and are currently being explored in cancer thera-
py.[18] With our sequential strategy using a small number of


glycosyl donors 9–13 as building blocks an automated solid-
phase synthesis of fully protected Lewis blood group oligo-
saccharides 6–8 was possible (Scheme 2).[12]


Activation of the glycosyl phosphate monomers 9–13 was
carried out at �15 8C in dichloromethane under acidic con-
ditions with the Lewis acid TMSOTf (TMSOTf= trimethyl-
silyl trifluoromethanesulfonate). Removal of Fmoc was ac-
complished by treatment with excess piperidine, whereas the
levulinoyl group was removed reductively by treatment with
a solution of hydrazine. The use of UV-active protective
groups such as Fmoc is a great advantage and allows for the
real-time monitoring of the success of the automated synthe-
sis as is common for the synthesis of peptides and oligonu-
cleotides. All the coupling and deprotection steps were re-
peated at least twice. A general cycle for the incorporation
of one building block is shown in Table 1. Repetition of
these cycles (Scheme 3) with the corresponding building


Scheme 2. Retrosynthesis of the protected Lewis X pentasaccharide 6, Lewis Y hexasaccharide 7, and Lex-Ley


nonasaccharide 8 indicates monosaccharide building blocks 9–13. Bn=benzyl, Bu=butyl, Fmoc=9-fluorenyl-
methoxycarbonyl, Lev = levulinoyl, Piv =pivaloyl, TCA= trichloroacetyl.


Table 1. General cycle used with glycosyl phosphates for the construction
of oligosaccharides 6–8.


Step Function Reagent t [min]


1 couple 5 equiv donor and 5 equiv TMSOTf 21
2 wash dichloromethane 9
3 couple 5 equiv donor and 5 equiv TMSOTf 21
4 wash N,N-dimethylformamide (DMF) 9
5 deprotection 3 � 175 equiv piperidine in DMF 34


or 5 � 10 equiv hydrazine in DMF 80
6 wash N,N-dimethylformamide (DMF) 9
7 wash 0.2m acetic acid in tetrahydrofuran 9
8 wash tetrahydrofuran 9
9 wash dichloromethane 9
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blocks completed the assembly of the penta-, hexa-, and
nonasaccharide in less than one day.


Cleavage of the ester linker from the resin using a so-
lution of sodium methoxide over a period of six hours pro-
vided the crude oligosaccharides. HPLC purification pro-
duced the fully protected Lewis X pentasaccharide (7) in
12.6 % yield, Lewis Y hexasaccharide (8) in 9.9 % yield, and
Ley–Lex nonasaccharide (9) in
6.5 % yield.[12]


Mapping Interactions of
Carbohydrates in


Biological Systems


Once a carbohydrate structure
of biological interest has been
synthesized, several tools[19] to
map interactions of the carbo-
hydrates in biological systems
are at the disposal of today�s
glycobiologist. These tools in-
clude modified surfaces for mi-
croarrays and surface plasmon
resonance (SPR) spectroscopy,
monovalent fluorescent conju-
gates, neoglycoproteins and car-
bohydrate vaccines, multivalent
quantum dot conjugates, affini-
ty-tagged saccharides, deriva-
tized magnetic particles, and
latex microspheres (Figure 1).
All these methods rely on
clever linking chemistries.


Amine-containing linkers are able to react with amine-reac-
tive substrates such as activated esters. In analogy, carboxy-
group-containing linkers react with amine-containing mole-
cules. Furthermore, thiol-containing linkers react readily
with maleimide and iodoacetyl moieties and vice versa. In
addition, thiol-containing moieties show a high affinity to
gold surfaces.


One special linker has been devised for the majority of
the tools. 2-[2-(2-Mercaptoethoxy)ethoxy]ethanol was select-
ed due its compatibility with existing synthetic methods, the
ease of temporarily masking the thiol functionality with a
protecting group, and the readily applicable thiol-based con-
jugation chemistry (Scheme 4).


Carbohydrate microarrays : Microarrays[20] in the “chip”
format, prepared by attachment of biopolymers to a surface
in a spatially discrete pattern, have enabled a low-cost and
high-throughput methodology for screening interactions in-
volving these molecules. Compared to classical methods, mi-
croarrays allow for several thousand binding events to be
screened in parallel, whereby one experiment requires only
miniscule amounts of both analyte and ligand. Thus, binding
profiles and lead structures are readily examined. Miniaturi-
zation through the construction of microarrays is particular-
ly well suited for investigations in the field of glycomics.[21]


In contrast to the other two classes of biopolymers, no bio-
logical amplification strategy, such as the polymerase chain
reaction (PCR) or cloning, exists to produce usable quanti-
ties of complex oligosaccharides. Therefore, the miniaturized


Scheme 3. Automated oligosaccharide synthesis with glycosyl phosphates.
Initial glycosylation of resin-bound acceptor 14 produces a coupling prod-
uct that is subsequently deprotected. Iteration of coupling and deprotec-
tion cycles with phosphate donors 9–13 followed by cleavage of the
resin-bound oligosaccharides and purification furnishes 6–8.


Figure 1. Tools for glycobiology: a) modified surfaces for microarrays and surface plasmon resonance (SPR);
b) monovalent fluorescent conjugates; c) neoglycoproteins and carbohydrate vaccines; d) multivalent quantum
dot conjugates; e) future neoglycoconjugates; f) affinity tag conjugates; g) magnetic particle conjugates;
h) latex microsphere and sepharose affinity resin conjugates.
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assay format is the method of choice to perform several ex-
periments with only 10�12 mol of compound.


Hitherto, many methods for the preparation of carbohy-
drate microarrays have been described, such as nitrocellu-
lose coated slides for noncovalent immobilization of micro-
bial polysaccharides[22] and self-assembled monolayers modi-
fied by Diels–Alder mediated coupling of cyclopentadiene-
derivatized oligosaccharides,[23] just to name two. Unfortu-
nately, the first method requires large polysaccharides or
lipid-modified sugars for the noncovalent interaction. The
latter method requires the preparation of oligosaccharides
bearing the sensitive cyclopentadiene moiety.


In our laboratory, the best results were obtained by utiliz-
ing maleimide functionalization of glass slides and the im-
mobilization of the oligosaccharides with thiol-containing
linkers. However, with this linker system two methods of
surface functionalization should be distinguished: One pres-
ents a relatively low density of immobilized oligosaccharides
and excellent resistance to nonspecific binding of proteins to
the chip surface. The other permits a high-density immobili-
zation of carbohydrates, and thus, allows for the examina-
tion of oligosaccharide clusters at the surface. In this case,
the carbohydrate is presented in a peptide-free context.


Hybrid carbohydrate/glycoprotein microarrays : A chip con-
taining both carbohydrates and glycoproteins permits the
rapid determination of the context of binding to the glyco-
protein. Incubation of proteins with this hybrid array estab-
lishes whether the peptide context is essential for binding or
whether the carbohydrate structure alone is sufficient. To
prepare these slides, the glass surface is usually modified
with two different chemistries, for example, on one side a
maleimide chemistry, and on the other an N-hydroxysuccin-
imide (NHS) activated ester.


Microsphere arrays : In contrast to common microarrays, the
microsphere system uses optical methods to define the posi-
tion and structure of a carbohydrate series.[24] Incubation of
the immobilized microsphere with a fluorophore-labeled
carbohydrate binding protein and the subsequent measuring
of the fluorescence signals permits a determination of the
binding profile. Binding events take place when one bead
emits at both the wavelength of an internal code, which is
used as marker for the oligosaccharide, attached to the mi-
crosphere, and the fluorophore-labeled protein.


Surface plasmon resonance (SPR) spectroscopy: A method
to get quantitative insights into binding of analytes to li-
gands in real time is surface plasmon resonance (SPR).[25]


For SPR experiments, one of the interacting species is im-
mobilized on the surface of a chip. The prospective binding
partner is allowed to flow over the chip. During this process
the refractive index of the chip changes due to the interac-
tion as well as the accumulation of analyte. The kinetic data
obtained in this fashion allows one to calculate association
and dissociation constants from submicrogram quantities of
material. There is no need to label the ligand or analyte,
and any influence of a label on the binding affinities can be
excluded. A further advantage is that these measurements
permit evaluations of low- and high-affinity interactions.
SPR is on the way to becoming an extremely powerful tool
in glycomics, since structure–activity relationships are quick-
ly assessed.


Fluorescent carbohydrate conjugates : Microarrays do not
represent ideal formats for the examination of monovalent
protein–carbohydrate interactions. Commonly, the densities
of the immobilized oligosaccharides are too high to ensure
that monovalent interactions are observed. Another limita-
tion of the array technique is the requirement of purified re-
ceptor. Therefore, another, more appropriate approach is
needed to study interactions with cells.


Monovalent and multivalent fluorescent probes can be
utilized to evaluate the influence of oligosaccharide cluster-
ing on recognition by cell-surface lectins. Fluorescence mi-
croscopy and flow cytometry are appropriate methods to
visualize the corresponding receptor–carbohydrate interac-
tions.


Carbohydrate affinity screening : In contrast to the array
technique that usually utilizes purified receptors, this syn-


Scheme 4. 2-[2-(2-Mercaptoethoxy)ethoxy]ethanol as a linker for prepar-
ing neoglycoconjugates: a) Linker synthetically incorporated into reduc-
ing end of mono- or oligosaccharide. b) All protecting groups are re-
moved from carbohydrate and thiol. c) Reduced thiol coupled to male-
imide or iodoacetyl functionalized structure (chip, bead, resin, fluorescent
dye, quantum dot, etc.).
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thetic tool facilitates the isolation and purification process
of carbohydrate-binding proteins.[19] Crude mixtures or bio-
logical extracts are separated by carbohydrate-containing af-
finity columns. Thus, this purification method provides also
information about the interaction of carbohydrates with
other biopolymers.


Oligosaccharide Conjugate Vaccines:
Malaria and HIV


In addition to serving as tools, carbohydrates also hold great
potential as vaccines, as small amounts of antigen can be
used to protect a large number of people. Immunological in-
vestigations that utilize fully synthetic carbohydrate vaccines
have shown very promising results in the treatment of vari-
ous diseases. These affiliations include cancer, bacterial in-
fections, such as tuberculosis, and tropical diseases, such as
leishmaniasis and malaria.


The malaria parasite Plasmodium falciparum, which in-
fects 5–10 % of humanity, accounts for about 100 million
clinical cases and the deaths of more than two million
people annually due to inflammation caused by the malaria
toxin.[26] Current malaria treatments are often impractical,
and drug resistance is a growing problem. At the same time,
there is still no effective malaria vaccine.


The malaria parasite expresses a large amount of glycosyl-
phosphatidylinositol (GPI) on the cell surface. There is evi-
dence that the inflammatory cascade triggerd by this GPI is
responsible for much of malaria�s morbidity and mortality.


To prepare this antigen, the synthetic hexasaccharide ma-
laria toxin 15[27] was treated with a linker and conjugated to
a maleimide-activated carrier protein. Mice that were treat-
ed with chemically synthesized GPI attached to the protein
were substantially protected from death by malaria. Be-
tween 60 and 75 % of the vaccinated mice survived, whereas
the survival rate for unvaccinated mice was only 0–9 %. It
should be noted that only miniscule amounts (10�9–10�7 g
per person) of the hexasaccharide 15 that was partly assem-
bled by automated synthesis will be necessary to perform
the vaccination. The preclinical model revealed that a non-
toxic GPI oligosaccharide coupled to a carrier protein is im-


munogenic and provides significant protection against ma-
larial pathogenesis. An antitoxic oligosaccharide vaccine
against malaria might be within reach.


The elucidation of HIV envelope glycoprotein interactions
with prospective binding partners advances our understand-
ing of the viral entry and provides a basis for the design of
new vaccines interfering with HIV entry. Using the chip
format, interactions of carbohydrates decorating the viral
surface envelope proteins with receptors are readily discov-
ered. Relevant substructures that are important for binding
can be identified simultaneously when the arrays are com-
posed of a series of closely related analogues.[28]


One important carbohydrate structure found in the HIV
envelope glycoprotein gp120 is the triantennary N-linked
mannoside (Man)9(GlcNAc)2. Utilizing a variety of synthetic
mannose-containing substructures 16–22, a chip with a wide
range of concentrations was printed in order to establish a
saturation point for observed binding to a fluorescently la-
beled protein.[28] Thus, a carbohydrate-binding profile can be
established for a given protein by comparing the integrated
fluorescence between different spots.


Incubation of these arrays with a series of different gp120
binding proteins (ConA, 2G12, Cyanovirin-N, DC-SIGN,
and Scytovirin-N) revealed a precise evaluation of their
binding profiles.[28] Figure 2 shows the corresponding chips.
The experiments with 2G12 showed no binding to 18, 21,
and 22 suggesting that a Mana1–2Man linkage, the only
structural motif in common, is necessary for recognition by
2G12. In contrast, Scytovirin-N, a protein that was isolated
from the cyanobacterium Scytonema varium, binds only to
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the structures 16 and 20. This result clearly illustrates that a
different structural motif within the oligosaccharide is recog-
nized by Scytovirin-N. The terminal Mana1–2Man linkage,
together with the underlying a1–6 trimannoside moiety is
necessary for Scytovirin-N binding. These studies also cor-
roborate that these proteins can bind high-density arrays of
Mana1–2Man-containing oligosaccharides in the absence of
the polypeptide backbone.


Carbohydrate–Nucleic-Acid Interactions:
Aminoglycosides


Aminoglycosides present a family of natural-occuring pseu-
dooligosaccharides that consist of two to five monomers and
contain almost a one-to-one ratio between amino and hy-
droxy groups. Clinically, these compounds have been used
to treat infectious diseases induced by a variety of Gram-
negative bacteria. Aminoglycosides exhibit their antibiotic
activity by inhibiting protein synthesis by binding to bacteri-
al ribosomes. Most commonly, aminoglycosides bind to the
A site in the small ribosomal subunit (30S) of the bacterial
ribosome resulting in misreading during the translational
process. Not surprisingly, charge interactions between amino
groups and the phosphate backbone dominate as binding
forces in these aminoglycoside–RNA complexes. As with
many other antibiotics, the efficiency of aminoglycosides has
been compromised by the emergence of resistant bacterial
strains.[29,30] The most prominent mechanisms that cause re-
sistance are enzymatic modifications of the aminoglycoside
including N-acetylation and O-phosphorylation. These mod-
ifications result in a large decrease in binding affinity to the
therapeutic target.[31]


To facilitate the discovery of safer and more active amino-
glycosides, high-throughput methods are needed. Microarray
techniques enable medicinal chemists to identify weak bind-
ers to resistance-causing enzymes and tight binders to ribo-
somal RNA. Recently, we reported the construction of ami-


noglycoside microarrays to study antibiotic resistance.[32, 33]


The antibiotics were immobilized on amine reactive glass
slides by using a DNA-arraying robot. Two aminoglycoside
acetyltransferase resistance enzymes, 2’-acetyltransferase
(AAC(2’)) from Mycobacterium tuberculosis[34] and 6’-ace-
tyltransferase (AAC(6’)) from Salmonella enterica[35] were
used as examples. Hybridization to the aminoglycoside
arrays revealed that each aminoglycoside interacts with both
enzymes. Comparison with calorimetric studies of aminogly-
coside binding affinities to AAC(6’)[36] indicated a strong
correlation with the array results. Arrays were also incubat-
ed with two different RNA sequences in order to determine
binding specifity for bacterial and human A-site RNA.


To facilitate the discovery of inhibitors of resistance-caus-
ing enzymes, a library of aminoglycoside mimetics was syn-
thesized and immobilized on arrays. Guanidinoglycosides[37]


(Figure 3) were chosen as aminoglycoside analogues for sev-
eral reasons:


1) Guanidinoglycosides can readily prepared from amino-
glycosides.


2) The increased positive charge due to the larger number
of nitrogen-containing guanidino groups may allow gua-
nidinoglycosides to bind more tightly to the negatively
charged aminoglycoside binding pocket.[38]


3) The large difference in the pKa values of guanidino and
amino groups (12.5 versus 8.8) suggests that guanidino-
glycosides are likely not substrates for acetyltransferases
such as AAC(2’) and AAC(6’).


Figure 2. Carbohydrate microarrys containing synthetic mannans 16–22
and galactose, printed at 2 mm. Each carbohydrate is spotted with a diam-
eter of approximately 100–200 mm. False color image of incubations with
fluorescently labeled ConA, 2G12, CVN, DC-SIGN, and Scytovirin.


Figure 3. Representative examples of aminoglycosides (Kanamycin A,
Neomycin B, Ribostamycin). Furthermore, a guanidinoglycoside (6’-N-b-
alanin-1,3,3’-N-guanidinoribostamycin) with a corresponding linker for
immobilization chemistry is shown.
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As anticipated, guanidinoglycosides revealed higher affin-
ity to resistance-causing enzymes than the corresponding
aminoglycosides. Guanidinoglycosides do not serve as sub-
strates and inhibit acylation of several clinically important
antibiotics. This promising approach proves valuable for
screening a plethora of compounds in a short time to discov-
er improved drugs that evade current modes of bacterial re-
sistance.


Carbohydrate–Protein Interactions: Heparin


Heparin is a biologically important and chemically unique
polysaccharide and a key player in a plethora of different
physiological processes.[39] The interaction with the protein
antithrombin III (AT III) is best understood. Thus, since the
late 1930s, heparin has served as a clinical anticoagulant in
the treatment of heart disease. Interactions with growth fac-
tors, chemokines, lipid-binding proteins, and viral-envelope
proteins are of interest.[39]


Heparin is a linear, unbranched, highly sulfonated poly-
mer that consists of 1!4-linked pyranosyluronic acid and
glucosamine units (Scheme 5).[40] The type of uronic acid
building block varies; usually 90 % of l-iduronic acid and
10 % of d-glucuronic acid are found. Commonly, 20 to 200
disaccharide repeat units are found, giving rise to tremen-
dous structural complexity. Over the last two decades, a va-
riety of different synthetic methods to assemble heparin oli-
gosaccharides have been disclosed. Instead of developing a
new total synthesis of each heparin-like glycosaminoglycan
sequence, modular, highly convergent synthetic approaches
for the rapid assembly of defined heparin oligosaccharide
sequences were developed.[41, 42] Such a synthetic strategy
employs closely related building blocks (modules), whose
similarity should allow for standardized condensation reac-
tions and provide flexibility and variety in use. Careful con-
sideration of many synthetic challenges is required due to
the great diversity of the native structures. The sulfation pat-
terns mandate the placement of specific protecting groups in
all positions to carry sulfates and different protection on hy-
droxyl groups that remain unaltered. Furthermore, a pro-
tecting-group scheme to differentiate the glucosamine amine
group is required, because the amine is found to be unal-
tered, acetylated, or sulfonated.[43] In total, 48 modified di-
saccharide building blocks are needed (Scheme 5).


Several key issues had to be addressed for us to be able
to apply our modular approach based on the assembly of
disaccharide modules: 1) A pentenol moiety that allows fur-
ther functionalization and mimics the situation on solid sup-
port was used. 2) Uronic acid glycosyl donors were em-
ployed to avoid difficult late stage oxidations. 3) The pro-
tecting-group pattern that was chosen is similar to that of
previous total syntheses. Thus, well-established deprotection
and sulfation protocols could be used to generate the final
oligosaccharide structure.


Below, a representative example for the modular assem-
bly of a heparin tetrasaccharide is described.[42] A novel


method was developed for the construction of the disaccha-
ride building blocks with the a-d-glucosazide-d-uronic acid
linkage. The uronic acid acceptors 24 and 29 were locked in
a 1C4-conformation (Schemes 6 and 7). Having constructed a
collection of both glucosazido–iduronic acid and glucosazi-
do–glucuronic acid dimer building blocks (in Schemes 6–8
only one example is depicted), the modular synthesis can be
carried out.


The elongation of the heparin oligosaccharide sequence
was performed by combining disaccharide trichloroacetimi-
date 27 with the reducing-end module 33. After having as-
sembled the core structure of the heparin tetrasaccharide
34, deprotection and sulfation had to be performed. Acetate
groups mark positions to be sulfated and benzyl ether
groups designate free hydroxyl moieties. After the removal
of acetate groups under basic conditions, the free hydroxyl
groups can be sulfated by Et3NSO3. Cleavage of all benzyl
ether moieties and the reduction of the azide group were


Scheme 5. Retrosynthetic analysis of a general, modular approach to the
preparation of heparin-like glycosaminoglycans (PG =protecting group).


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3194 – 32063202


P. H. Seeberger and D. B. Werz



www.chemeurj.org





performed by Pd-catalyzed hydrogenation. Selective N-sul-
fation furnished fully functionalized heparin tetrasaccharide
35.[42]


Due to the high content of negatively charged sulfate and
carboxyl groups, the most prominent type of interaction be-
tween heparin and basic amino acids of proteins is of ionic


nature. In some cases, also hydrogen bonding and even hy-
drophobic interactions are not negligible. With the excep-
tion of the AT-III–heparin interaction, for which the exact
sequence of heparin associating with the protein has been
identified, the structure–function relationship of heparin is
still quite poorly understood. A better understanding is nec-
essary to apply defined heparin sequences to the treatment
of other diseases. A variety of techniques including surface
plasmon resonance (SPR) have been applied to study hepa-
rin–protein interactions.[39]


Detection of Pathogenic Bacteria


Usually, the detection of pathogenic bacteria, such as Es-
cherichia coli, is based on the selective growth of these bac-
teria in liquid media or on plates. This procedure may re-
quire several days.[44] More recently, methods such as patho-
gen recognition by fluorescently labeled antibodies, DNA
probes, or bacteriophages have been developed and proved
to be much faster.[44]


In many cases, bacteria as well as viruses bind to carbohy-
drates displayed on the host cells they infect. Escherichia
coli binds mannose influenza virus binds to sialic acid, to
name two examples.[45] To ensure the high binding affinity
necessary for strong adhesion and successful infection of the
cell, the pathogen often uses multivalent interactions.[46]


Conducting polymers displaying carbohydrates can simulate


Scheme 6. Synthesis of iduronic acid disaccharide building block 27.
a) TBSOTf, 4 � molecular sieves, CH2Cl2, �30 8C!room temperature
(90 %); b) 60 % aq dichloroacetic acid (89 %); c) Ac2O, CH2Cl2, DMAP,
pyridine (95 %); d) BnNH2; Et2O, 0 8C; e) CCl3CN, DBU, CH2Cl2, 0 8C
(67 %, 2 steps). DBU=1,8-diazabicyclo[5.4.0]undec-7-ene, DMAP =4-di-
methylamino pyridine, TBSOTf= tert-butyldimethylsilyl triflate.


Scheme 7. Synthesis of reducing end disaccharide building block 33.
a) TBSOTf, 4 � molecular sieves, CH2Cl2, �78 8C!room temperature
(86 %); b) 50% aq dichloroacetic acid (81 %); c) TBSCl, imidazole,
CH2Cl2, 0 8C; d) (Lev)2O, DMAP, CH2Cl2 (81 %, 2 steps); e) TBAF,
HOAc, THF; f) CCl3CN, DBU, CH2Cl2, 0 8C (92 %, 2 steps). TBSCl =


tert-butyldimethylsilyl chloride, TBAF = tetrabutylammonium fluoride,
(Lev)2O = levulinic anhydride.


Scheme 8. Coupling to the tetrasaccharide 34, protecting group modifica-
tions, sulfation, and final deprotection to afford 35. a) TMSOTf, CH2Cl2,
�25 8C (88 %); b) HF/pyridine, AcOH, THF (86 %); c) NH2NH2·H2O,
pyridine, AcOH (90 %); d) 1. LiOH (0.7 m aq), H2O2 (50 % aq), THF,
overnight; 2. 4m NaOH, room temperature overnight (82 %, 2 steps);
e) Et3NSO3, DMF, 50 8C, overnight (50 %); f) H2, Pd/C, EtOH, water
(quant); g) SO3·pyridine, H2O (60 %).
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these binding events and serve as an ideal material to detect
even small amounts of pathogens.


Recently, we reported a carbohydrate-functionalized
poly(p-phenylene ethynylene) (PPE) 36 that can be used for
the detection of Escherichia coli by multivalent interactions
(Scheme 9).[47] Therefore, 2’-aminoethyl mannoside and ga-


lactoside were coupled to PPE. Unreacted succinimide
esters were quenched by addition of excess ethanolamine,
before washing with water to remove uncoupled reagents.
The loading of the polymer was determined by a phenol sul-
phuric acid test and revealed that about 25 % of the reactive
sites were functionalized with glycosides. A fluorescence res-
onance energy transfer (FRET) experiment insured that
mannose-binding lectin moieties interact with mannose dis-
played on the polymer without affecting binding selectivity
and do not exhibit any nonspecific binding. Experiments
with two bacterial strains differing in their mannose-binding
properties revealed that the mannose-functionalized poly-
mer imparted strong fluorescence to mannose-binding Es-
cherichia coli. Even separation and rinsing procedures are
not able to remove the bacteria from the polymer. In con-
trast, the mutated strain unable to bind mannose showed no
signal and no aggregation of bacteria.


The binding events involving the functionalized polymers
and the bacteria were followed with the microscope. Mutant
bacteria that lost the ability to bind to mannose did not bind
to the polymer, whereas the mannose-binding bacteria ag-
gregated in clusters with fluorescent centers (Figure 4). The
number of cells in these clusters varies between 30 and sev-
eral thousand. As anticipated, the larger the aggregates, the
stronger the fluorescence signal. Competitive binding ex-
periments with other carbohydrates displayed on the poly-
mer do not reveal any fluorescent clusters. To determine the


detection limit of this new method, serially diluted solutions
of mannose-binding E. coli were incubated with the man-
nose-containing polymer. Fluorescence microscopy experi-
ments revealed a limit in the range of 103–104 bacteria. Simi-
lar values were obtained before by using fluorescently la-
beled antibodies. Further competition experiments have


shown that only relatively high
concentrations of free mannose
(10 mm) inhibit binding to the
polymer significantly. At con-
centrations of less than 10 mm


the clustering is not affected at
all.


However, many pathogens
bind the same carbohydrates,
for example, E. coli as well as
Salmonella enterica bind to
mannose. This limitation may
be overcome using multiple car-
bohydrates on arrays.[48]


Conclusion and Outlook


The synthesis, isolation, purifi-
cation, and structure elucida-
tion of carbohydrates has been
a challenging goal for decades.
Recently, new methods to gain


Scheme 9. Synthesis of the carbohydrate-functionalized fluorescent polymer 36 for the detection of pathogenic
bacteria.


Figure 4. A) Laser-scanning confocal microscopy image of mutant Escher-
ichia coli that does not bind to polymer 36. B) A fluorescent bacterial ag-
gregate forms due to multivalent interactions between the mannose-bind-
ing bacterial pili and the polymer 36 (superimposed fluorescence and
transmitted light images). C) Fluorescence microscopy image of a large
fluorescent bacterial cluster. D) Conventional fluorescence spectra of
polymer 36 (black) and normalized fluorescence spectra of a bacterial
cluster obtained using confocal microscopy (red).
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access to these complex molecules have been developed, in-
cluding a fully automated oligosaccharide synthesizer. Easily
accessible glycosyl phosphates and glycosyl trichloroacetimi-
dates proved to be a powerful class of glycosylating agents
for this purpose. High-yielding coupling steps on the solid
support rely on the use of an excess amount of building
blocks in the presence of a stoichiometric amount of
TMSOTf. Suitable protection and deprotection strategies
lead to the assembly of linear and even branched oligosac-
charides that can now be performed in a fully automated
manner.


Several tools to understand the intricate role of oligosac-
charides in various cell-signaling processes have been devel-
oped. The “chip” format enables glycoscientists to elucidate
interactions of carbohydrates with fluorescently labeled pro-
teins, including bacterial and viral toxins. Clever linking
chemistries provide a wider range of glycans available for
screening in the microarray format. The chips are construct-
ed by using standard DNA gene chip instrumentation. To
detect interactions, only miniscule amounts of both ligand
and analyte are necessary.


The tool kit consisting of carbohydrate synthesizer and
carbohydrate microarrays lays the foundation for the discov-
ery and elucidation of new drugs, as studies with the fully
synthetic antitoxin malaria vaccine have shown. HIV-neu-
tralizing proteins have been identified by studies with carbo-
hydrate microarrays; aminoglycoside microarrays were used
to test antibacterial resistance. Fluorescent polymers can be
utilized to detect small amounts of pathogenic bacteria in a
short time.


Whereas many complex carbohydrate structures of pyra-
nosides are now accessible by automated synthesis, the auto-
mated assembly of bacterial sugars is still a difficult goal to
achieve. A further bottleneck is a rapid and highly efficient
synthesis of the monosaccharide building blocks. More effi-
cient syntheses for most of the approximately 50 carbohy-
drate building blocks are required.


Future glycobiologists will be able to screen a plethora of
complex carbohydrates that are thought to play previously
unimaginable roles in biological systems. The knowledge
gained from glycomics will be as important as a basis for the
pharmaceutical industry as that discovered in the field of ge-
nomics and proteomics during the last 30 years. We are still
just beginning to understand the importance of carbohy-
drates in biological information transfer and storage. Auto-
mation in the construction of glycosidic linkages will allow
chemists and biologists to spend less time asking the ques-
tion “How do I make this structure?” and more time an-
swering the question: “What does this structure do?”.
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Introduction


Protein folding into well-defined three-dimensional struc-
tures is essential for various biological processes in living or-
ganisms.[1] In this regard, the spatial organization of secon-
dary structures is especially interesting, since it is decisive
for the respective functionality. The knowledge of biological
activities, functions and mechanisms on the molecular level
is often limited partially due to the complexity of protein
structures. Therefore, de novo protein design provides an
opportunity to investigate the structure–activity relationship
between proteins or between proteins and nucleic acids.[2,3]


Furthermore, de novo design of artificial molecules capable
of forming structurally well-defined and predictable struc-
tures offers new possibilities in the field of molecular recog-


nition, catalysis, and protein folding.[4,5] In recent years, con-
siderable effort has been devoted to the construction of arti-
ficial tertiary structures.[6] With this contribution we intro-
duce selective and reversible organization into b-peptide
helical secondary structures based on nucleobase recogni-
tion.


It has been shown that next to proteins, other biomole-
cules like RNAs are able to fold and adopt predictable sec-
ondary structures.[7] In recent years, b-peptides, in particular,
have attracted interest due to their ability to form stable
helical conformations, differing in helix sense, radius, and
side-chain orientation.[8,9] As few as six b-amino acids are
sufficient to form stable secondary structures, whereas a-
peptides only show significant helix propensity with a mini-
mum of 14 or 15 amino acids.[10] In addition, b-peptide heli-
ces are stable in water and organic solvents as well as being
resistant towards enzymatic degradation.[11] The most promi-
nent helical secondary structure in b-peptides is the 14-helix
with three amino acids per turn orienting every third side
chain (i and i+3) on the same side of the helix.[12–15] This
helix is obtained with b-amino acids that have lateral sub-
stituents in b-position. Nevertheless, the helix propensity
can be even improved by incorporation of conformationally


Abstract: The construction and molec-
ular recognition of various three-di-
mensional biomimetic structures is
based on the predictable de novo
design of artificial molecules. In this
regard b-peptides are especially inter-
esting, since stable secondary structures
are obtained already with short se-
quences; one of them is the 14-helix in
which every third residue has the same
orientation. The covalent functionaliza-
tion of every third 14-helix side chain
with nucleobases was used for a rever-
sible organization of two helices based


on nucleobase pairing. A series of b-
peptides with various nucleobase se-
quences was synthesized and the stabil-
ity of double strand formation was in-
vestigated. As few as four nucleobases
are sufficient for considerable duplex
stability. The stability of base pairing
was examined by temperature-depen-
dent UV spectroscopy and the forma-


tion of the 14-helix was confirmed by
circular dichroism (CD) spectroscopy.
The preferred strand orientation of
complementary-nucleobase-modified b-
peptide helices was investigated as well
as the influence of helix content on the
duplex stability. The preorganization of
a 14-helix in regard to double-strand
recognition was tuned by the sequen-
tial order of polar b-amino acids or by
the amount of 2-aminocyclohexanecar-
boxylic acid units incorporated, which
are known to facilitate 14-helix forma-
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constrained cyclic amino acids like trans-(1R,2R)-2-aminocy-
clohexanecarboxylic acid (ACHC).[12] The combination of
stable helix formation and the uniform orientation of every
third amino acid side chain offers the unique opportunity to
use b-peptides for molecular architecture with peptide heli-
cal secondary structures (Figure 1).


As one possibility for using b-peptide helices for molecu-
lar architecture, the self-association of amphiphilic b-peptide
14-helices driven by hydrophobic interactions has already
been reported.[16] In addition, specific helix interactions
might be obtained by using the recognition potential of hy-
drogen bonding. The nucleobase pair recognition known
from oligonucleotides seems especially well suited for spe-
cificity and stable dimerization, since stacking interactions
add to the overall stability. As reported already for a-pep-
tides, the modification of amino acid side chains with nucle-
obases can be used for specific and reversible helix recogni-
tion and three-dimensional organization.[17] Furthermore,


nucleobase-functionalized a-helices can recognize DNA[18]


or a complementary a-helix.[19]


Base pairing provides an excellent driving force and selec-
tivity for self-assembling b-peptide 14-helices. The principle
design and first evidence for specific recognition of nucleo-
base-functionalized b-peptides with respect to tertiary struc-
ture formation has been reported.[20] This study contains the
synthesis and recognition of a variety of b-peptide helices in
order to investigate the stability of double-strand formation
by comparison of the A–T and G–C pairing contributions.
Furthermore, geometrical parameters like the preferred
strand orientation, the positioning of b-homolysine within
the b-peptide helix, and the influence of the helix content
on duplex formation are evaluated.


Results and Discussion


Synthesis of nucleo-b3-amino acids: tert-Butyloxycarbonyl
(Boc)-protected nucleo-b3-amino acids were synthesized as
building blocks for the oligomerization of desired b-pep-
tides. The synthesis of b-amino acids Boc-b-HalG-OH, Boc-
b-HalC-OH, Boc-b-HalA-OH, and Boc-b-HalT-OH were
described previously.[21,22] Nevertheless, Boc-b-HalA-OH
was obtained with low optical purity and partial N7-alkyla-
tion. Therefore, we report an improved synthesis using a b-
lactam as key precursor of enantiomerically pure nucleo-b-
amino acids (Scheme 1).[23] b-Lactam mesylate 1, easily ac-


cessible from l-aspartic acid,[24] was alkylated with adenine
in presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
providing nucleo-b-lactam 2 exclusively as its N9-regioisom-
er in 62 % yield. By using NaH or K2CO3 as base a mixture
of N9 and N7 regioisomers was obtained. The desired ade-
ninyl-b-amino acid 3 was obtained in a yield of 55 % after
hydrolysis of nucleo-b-lactam 2 with 1 m NaOH followed by
Boc-protection with Boc2O under basic conditions. Very
high optical purity (ee >99 %) was indicated by HPLC anal-
ysis of the diastereoisomers obtained by Boc-deprotection
with trifluoroacetic acid (TFA), followed by coupling with
Boc-(S)-Ala-OSu or Boc-(R)-Ala-OSu, respectively.


Design of nucleobase-functionalized b-peptides: For this
study we were interested in b-peptides with a right-handed
14-helix secondary structure. Since three residues form one
turn, every third amino acid side chain is oriented alike on


Figure 1. A) Model of antiparallel b-peptide helix association mediated
by nucleobase pairing; B) top view of the right-handed 14-helix.


Scheme 1. Synthesis of adeninyl-nucleo-b-amino acid 3 from b-lactam 1.


Chem. Eur. J. 2005, 11, 3207 – 3216 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3209


FULL PAPERHelical Structures



www.chemeurj.org





the same face of the helix as shown in Figure 1. Previously
we have shown that the functionalization of one helical face
with three nucleobases already leads to very stable com-
plexes in case of G–C recognition,[20] whereas A–T pairing
b-peptides with the same oligomer length are significantly
less stable (see the Supporting Information). Since higher
aggregation seems likely for oligomers with high G–C con-
tent, we decided to investigate b-peptide helices with four
nucleobases in order to obtain defined double strands based
on the four canonical pairing possibilities A–T, T–A, G–C,
and C–G. b-Peptides 4–13, which each contain 13 amino
acids, were synthesized with nucleo-b3-amino acids incorpo-
rated in every third position as a recognition unit. For the


remaining two positions per turn, b-homolysine was incorpo-
rated to increase the solubility in aqueous media and ACHC
was introduced to achieve conformationally stable 14-heli-
ces. To evaluate which influence the helix-inducing ACHC
has on double-strand formation, the conformationally more
flexible b-homovaline was also used instead of ACHC. All
oligomers synthesized within this study contain a terminal b-
homoglycine residue as a result of synthetic considerations,
thereby eliminating the problem of racemization of the
resin-bound amino acid.


A–T and G–C pairing in b-peptide recognition: Tempera-
ture-dependent UV spectroscopy was applied to determine
the thermal stability of the duplexes formed by two comple-
mentary-nucleobase-functionalized b-peptide helices; this
procedure has also been used in the past for the investiga-


tion of nucleobase pairing in DNA, RNA, and other nucleo-
base-functionalized oligomers.[25] The melting process was
considered as a two state model, which assumes that two
single strands are only in equilibrium with their correspond-
ing base-paired duplex structure and that no intermediates
or partially base-paired structures are involved in the melt-
ing process.[25,26] The melting temperatures were obtained
from the sigmoidal-shaped curves, obtained from the plot of
hyperchromicity (Arel) as a function of temperature.


The A–T base pairing initially was investigated for the
two complementary b-peptide oligomers with the sequences
ATA and TAT. Since double-strand formation could hardly
be detected (Tm<5 8C, 8 mm),[27] the nucleobase-modified b-
peptide helix with the sequence TATA 4 was prepared and
provided base pairing with a stability of Tm = 37 8C (8mm) as
indicated by UV and circular dichrosim (CD) measurements
(Figure 2). The CD spectra gave also evidence for the right-
handed b-peptide 14-helix conformation of oligomer 4 with
a maximum at 215 nm.[28]


A significant difference between A–T and G–C pairing b-
peptide helices was indicated by a comparison of the A/T
trimers and tetramer 4 with the respective G/C sequences.
The stability of the self-aggregating b-peptide with the se-
quence CGCG in 13 is too high to be even detected by UV-
measurements (Tm>80 8C, 8 mm). Also aggregates of peptide
helices with only three G/C nucleobases are far more stable
than expected for double-strand formation (GCG + CGC:


Figure 2. Temperature-dependent CD and UV spectra of A–T pairing b-
peptide 4.
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Tm =48 8C, 8 mm).[20] The contribution of a G–C base pair to
the overall stability of the pairing complex can be estimated
by comparison of b-peptide tetramers with increasing C–G
content (Figure 3). One substitution of a A–T pair for a G–


C base pair resulted in an increase of stability of 6 8C
(ACTA (6) + TAGT (5): Tm = 43 8C, 8 mm) or 7 8C (ATCA
(7) + TGAT (8): Tm =44 8C, 8 mm). However, a second G–C
pair leads to an enormous stabilization (ACGT (10): Tm =


72 8C, 8 mm). In particular, for the b-peptide sequences that
only contain G and C, higher aggregation needs to be con-
sidered as it is indicated for the G/C-tetramer 13.


The enormous difference in stability of the A–T and G–C
pairing oligomers in the series of b-peptide helices is quite
remarkable. Whereas the stability of pairing complexes sug-
gests double-strand formation for oligomers 4, 5 + 6, and 7
+ 8, higher aggregates in addition to regular duplex struc-
tures cannot be excluded for b-peptide 10 and, especially,
oligomer 13. In the last case, bandlike aggregation needs to
be considered (Figure 3) as well as aggregation over the
Hoogsteen site of guanine.


Helix orientation in base-pair-mediated double strands: For
the design of artificial protein domains and the spatial ar-
rangement of secondary structure elements it is of impor-
tance to know about the relative orientation of b-peptide
helices organized in a duplex by nucleobase recognition.
Therefore, the strand orientation was investigated with re-
spect to a general preference that might result from the b-
peptide 14-helix topology. In addition, it would be of inter-
est to know if the proper choice of nucleobase sequence
might also allow the formation of the less-preferred helix
orientation. The experimental proof for an antiparallel or
parallel preference of the 14-helix orientation within a base-
pair-mediated double strand was derived from a set of b-
peptide oligomers, which, in principle, would have equal
chances to form antiparallel or parallel double strands
(Figure 4).


Nucleobase-modified b-helices with the sequence TAGT 5
and ACTA 6 or ATCA 7 and TGAT 8 are two pairs of
oligomers that are complementary with antiparallel-strand
orientation. In contrast, oligomers TAGT 5 and ATCA 7 or
ACTA 6 and TGAT 8 are two complementary pairs de-
signed to form a heterodimer if parallel-strand orientation is
preferred. The stabilities determined for the double strands
with antiparallel orientation of the respective pairing com-
plexes 5 and 6 (Tm =43 8C, Figure 5) and 7 and 8 (Tm =


44 8C)[20] turned out to be similar as expected for three A–T
and one G–C base pairs each. The respective parallel pair-
ing complexes between b-peptides TAGT 5 and ATCA 7
(Tm =<5 8C) or ACTA 6 and TGAT 8 (Tm =29 8C) were not
observed. The stability detected for the equimolar mixture
of oligomers 6 and 8 does not indicate a heterodimer, but
rather represents the self-aggregation of b-peptide 8 (Tm =


28 8C).
Only for oligomer 8 (TGAT) this self-pairing was detect-


ed; this is surprising especially with respect to the low ten-
dency of oligomer 5 (TAGT) for self-recognition (Tm =


<5 8C), since the sequences only differ in the order of the
central nucleobases.[29] Also self-association of oligomers 6
(Tm =<0 8C) and 7 (Tm =<5 8C) was negligible. For all
oligomers 5–8 and the respective equimolar mixtures of b-


Figure 3. Antiparallel-pairing complexes of nucleobase-modified b-pep-
tide helices with increasing G–C base pair content.


Figure 4. Nucleobase-modified b-peptide sequences designed to prove a preference for antiparallel or parallel helix orientation.
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peptides, the right-handed 14-helices were formed as indi-
cated by the positive Cotton effect at 215 nm. Furthermore,
the UV melting curves were confirmed by the decrease of
CD intensity in the nucleobase
absorption range. All thermal
denaturation processes have
proven to be reversible. Over-
all, we can conclude that there
is a clear preference of nucleo-
base-modified b-peptide helices
to undergo base-pair-mediated
organization with antiparallel-
helix orientation. Parallel-helix
orientation cannot be realized
with nucleobase-functionalized
b-peptides.


Influence of the helical content
on duplex stability: Despite
possible higher aggregation
phenomena the stability of
double strands formed by nu-
cleobase-substituted b-peptide
helices is surprisingly high. For
comparison, tetrameric DNA-
pairing complexes with similar
nucleobase sequences are
hardly stable enough to be de-


tected by temperature-dependent UV spectroscopy.[30] The
b-peptide backbone topology based on the 14-helix is likely
to be responsible for the high pairing stabilities. The single-
stranded helices are already highly preorganized for double-
strand formation. The influence of the helical preorganiza-
tion was investigated by the synthesis of nucleo-b-peptides
with varying amount of ACHC amino acids, since ACHC is
known to induce the 14-helix conformation.[12] The self-com-
plementary oligomers 10–12 were investigated; they all have
the same length and ACGT nucleobase sequence, but differ-
ent numbers of ACHC units: four in 10, two in 11, and none
in 12. For the cyclic and conformationally restricted ACHC
b-amino acid, the more flexible b-homovaline was used as
substitute.


The CD spectra of b-peptides 10–12 were measured at
20 8C (Figure 6A) in Tris·HCl (Tris = tris(hydroxymethyl)a-
minomethane) buffer. For all three oligomers the strong
positive Cotton effect at 215 nm confirms the right-handed
14-helix. Oligomer 10 with four ACHC units shows highest
14-helix propensity, whereas the helix content was reduced
with decreasing amounts of the ACHC amino acid. Also the
thermal stability of the double strands followed this trend
(Figure 6B,C). The decrease in stability from oligomer 10
(Tm = 72 8C) with four ACHC units over peptide 11 (Tm =


62 8C) to sequence 12 (Tm =54 8C) with no ACHC can be
correlated with an increase in b-helix flexibility and, there-
fore, with lower preorganization with respect to double-
strand formation.


Thermodynamic data were derived for three b-peptide-
pairing complexes (Table 1) based on the concentration de-
pendency of the Tm values as described by Breslauer for the
treatment of DNA double strands (van�t Hoff plots are


Figure 5. Temperature-dependent CD and UV spectra of an equimolar
mixture of b-peptides 5 and 6. Furthermore, the UV melting curves of
self-associated oligomers 5 and 6 are given.


Figure 6. A) CD spectra of oligomers 10–12 at 20 8C; B)–D) Temperature-dependent UV spectra of oligomers
10–12.
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given in the Supporting Information).[31] Especially the en-
tropy values for the nucleobase-modified b-peptide double
strands are remarkable in comparison to a self-complemen-
tary DNA tetramer. Preorganization of the nucleobases in
the stable 14-helix seems to be the key stabilizing factor re-
garding the formation of nucleobase-modified b-peptide
double strands. Lower helix content due to an exchange of
two b-homovaline residues for ACHC b-amino acids
(oligomers 10 versus 11) diminishes the preorganization of
the nucleobases with respect to double-strand formation.


In addition, interstrand charge repulsion of the phospho-
diester anions is lowering the double strand stability in oli-
gonucleotides.[32] The b-peptides carry a similar amount of
positive charges since the terminal primary amine and the
lysine side chains are protonated under physiological condi-
tions. Nevertheless, the charges of two 14-helical nucleo-b-
peptides are clearly oriented apart and should not influence
each other in the process of double strand formation.


Positioning of b-homolysine in the 14-helix: The design of
the self-recognizing nucleobase-modified b-peptide helices
requires the orientation of all the nucleobase modifications
on one side of the b-peptide 14-helix. For the remaining two
positions per turn b-homolysine and ACHC were used. For
the oligomers investigated so far, the orientation of the b-
homolysine side chains and ACHC residues is the same as
that for oligomer 10 shown in Figure 7A. The relevance of


this setup for double-strand formation was investigated by
comparison of oligomer 10 with b-peptide 9, which has the
same amino acid content but differs in the sequential order
of b-homolysine and ACHC (Figure 7B).


The double-strand stability of the self-pairing complex of
b-peptide 9 was too high to be determined (Tm>85 8C, Fig-
ure 8B). This significant stabilization relative to oligomer 10


(Tm = 72 8C) is likely to result from an effective charge sepa-
ration by positioning the ACHC amino acids in between
two b-homolysine residues. The equal distribution of posi-
tively charged side chain residues along two sides of the 14-
helix not only resulted in a higher double strand stability,
but also the helix content increased with respect to oligo-
mers with positive charges located along one side of the 14-
helical backbone as indicated by CD spectroscopy (Fig-
ure 8A versus Figure 6A).


Conclusion


The specific and reversible three-dimensional organization
of peptide helices is of interest with respect to the formation
of artificial protein structures and as functional mimics. A
series of 14-helices formed by b-peptides were functional-
ized with nucleobases by using base-pair recognition for spe-
cific organization of the duplexes. Four base pairs are suffi-
cient to obtain very stable double strands. Duplexes were


Table 1. Thermodynamic parameters for the pairing complexes of
oligomers 4, 5 + 6, 10, 11 and an oligonucleotide for comparison.


Oligomers ACHC
units


DG8
[kcal mol�1]


DH8
[kcal mol�1]


DS8
[cal mol�1 K�1]


4 (TATA) 4 �7.3 �21.1 �46.0
6 (ACTA) +5
(TAGT)


4 �9.2 �30.7 �72.3


10 (ACGT) 4 �11.3 �33.7 �75.1
11 (ACGT) 2 �12.2 �39.2 �90.6
DNA oligomer
CCGG[30]


– �4.4 �34.2 �95.6


Figure 7. Top views of right-handed 14-helices: schematic representation
of the distribution of the b-amino acid side chains. Positively charged b-
homolysine side chains are designated by + and the hydrophobic side
chain of ACHC and b-homovaline are designated by H. A) Representa-
tion of the b-peptide 10 with a high degree of intramolecular charge re-
pulsion by b-homolysine side chains; B) b-peptide 9 with positively
charged b-homolysine side chains separated; this leads to a lower degree
of charge repulsion.


Figure 8. Temperature-dependent CD spectra and UV-melting curve of
oligomer 9.
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formed specifically with antiparallel strand orientation. The
double-strand stability was very much dependent on the nu-
cleobase sequence, but also the influence of the helical con-
tent on the preorganization of a single helix for recognition
was indicated. Finally, the distribution of charges on the
helix surface also turned out to be significant for double-
strand stabilization. As a result of this study, the design prin-
ciples of b-peptide 14-helix recognition mediated by base
pairing are well understood in order to be used for molecu-
lar architecture with peptide helices.


Experimental Section


General: All reagents were of analytical grade and used without further
purification. Solvents were of the highest grade available. Dry solvents
were purchased from Fluka and stored over 4 � molecular sieves. Boc-
(R,R)-ACHC-OH was prepared as described in literature.[33] Boc-b-HVal-
OH and Boc-b-HLys(Z)-OH were obtained by the Arndt–Eistert homo-
logation of the respective a-amino acids.[34, 35] 4-Methylbenzhydrylamine
polystyrene (MBHA-PS) resin was obtained from Novabiochem. Analyt-
ical thin-layer chromatography (TLC) was performed on silica gel 60 F254


plates (Merck) and detection was done under UV light or by coloring
with ninhydrin solution (3 % in ethanol). Flash chromatography (FC)
was performed by using silica gel 60 (0.040–0.063 mm, Merck). Melting
points were obtained with a B�chi-501 melting point apparatus and are
uncorrected. Optical rotations were measured on a Perkin–Elmer 241 po-
larimeter. IR spectra were recorded on a Perkin–Elmer 1600 Series FT-
IR with KBr pellets. NMR spectra were recorded with a Varian Unity
300 instrument. Chemical shifts are referenced to the residual solvent
peaks of DMSO (1H: d =2.49 ppm, 13C: d=39.5 ppm). Mass spectra were
recorded with a LCG Finnigan spectrometer. High-resolution mass spec-
tra were recorded with a Bruker APEX-IV FT ICR mass spectrometer.
HPLC analysis and purification of the oligomers was performed on a
Pharmacia �kta basic system (pump type P-900, variable wavelength de-
tector of type UV-900) with a linear gradient of A (0.1 % TFA in H2O)
to B (MeCN/H2O, 9:1 + 0.1% TFA). Oligomers were purified on a
YMC J�sphere column ODS-H80, RP-C18; 250 � 4.6 mm, 5 mm, 120 � at
a flow rate of 1 mL min�1 for analytical samples and 250 � 20 mm, 5 mm,
120 � at a flow rate of 10 mL min�1 for preparative samples. CD spectra
were recorded on a JASCO J-810 spectrometer equipped with a JASCO
ETC-505S/PTC-423S temperature controller. All CD measurements were
carried out in 10 mm Tris·HCl buffer (pH 7.5) with a quartz cell of 1 cm
path length. Spectra represent the average of 5 scans after baseline cor-
rection. Temperature-dependent UV spectra were measured with a
JASCO V-550 UV/Vis spectrometer equipped with JASCO ETC-505S/
ETC-505T temperature controller. All measurements were carried out in
Tris·HCl buffer of pH 7.5. The data were collected at 260 nm with a heat-
ing rate of 0.5 8C min�1 in a quartz cell of 1 cm path length. The oligomer
concentration was determined based on the absorption at 260 nm mea-
sured at 80 8C considering nucleobases to be completely destacked. The
extinction coefficient of each oligomer was assumed as the sum of the ex-
tinction coefficients of the contained nucleobases.[27]


(S)-4-[(Adenine-9-yl)methyl]azetidin-2-one (2): Under dry conditions b-
lactam mesylate 1 (500 mg, 2.79 mmol) and adenine (754 mg, 5.58 mmol)
were suspended in dry DMF (25 mL). DBU (0.834 mL, 5.58 mmol) was
added to this mixture and stirred at 55 8C for 8 h under argon. DMF was
removed under reduced pressure and the residue was purified by flash
chromatography (silica gel; EtOAc/MeOH 4:1, 0.5% AcOH) to afford 2
(378 mg, 62 %) as a white solid. Rf =0.37 (EtOAc/MeOH 1:1); m.p. 195–
196 8C; [a]20


D =++12.0 (c=0.15 in methanol); 1H NMR (300 MHz,
[D6]DMSO): d=2.64–2.69 (m, 1 H; a-CH2), 2.91–2.98 (m, 1 H; a-CH2),
3.94–3.99 (m, 1H; b-CH2), 4.32 (d, 3JH,H =6 Hz, 2H; g-CH2), 7.19 (s, 2 H;
NH2), 8.03 (s, 1H; NH), 8.11 (s, 1H; C8), 8.15 ppm (s, 1 H; C2);
13C NMR (75 MHz, [D6]DMSO): d= 41.0 (Ca), 45.4 (Cb), 46.7 (Cg),
118.5 (C5), 140.9 (C8), 149.6 (C4), 152.4 (C2), 155.9 (C3), 166.4 ppm (C=


O); IR (KBr): ñ =3403 (s), 3186 (m), 1735 (s, C=O), 1652 (m), 1606 (m),
1574 (m), 1419 (m), 1332 (w), 1304 (w), 1205 (m), 1066 cm�1 (m); MS
(ESI): m/z (%): 219.3 (100) [M+H]+ , 241.3 (55) [M+Na]+ , 459.3 (62)
[2M+Na]+ ; HRMS(EI): m/z calcd for C9H10N6O: 218.0916; found
218.0916 [M+H]+ .


(S)-N-(tert-Butoxycarbonyl)-g-(adenin-9-yl)-b-homoalanine (3): Com-
pound 2 (327 mg, 1.5 mmol) was dissolved in dioxane/water 2:1 (30 mL).
NaOH (1 m, 4.5 mL, 4.5 mmol) was added and stirred at room tempera-
ture overnight. The reaction mixture was treated with Boc2O (820 mg,
3.75 mmol) and pH 9.0 was maintained for three days by repeated addi-
tion of 1m NaOH. The resultant mixture was washed with Et2O and the
aqueous layer was dried. The residue was purified by flash chromatogra-
phy (silica gel; EtOAc/MeOH 4:1, 0.5 % AcOH) followed by reverse
phase chromatography (RP-C18 silica gel, 20% MeOH in H2O). After
freeze drying nucleo amino acid 3 (276 mg, 55 %) was provided as a
white solid. Rf =0.44 (EtOAc/MeOH 1:1); m.p. 214–216 8C; [a]20


D =++36.6
(c= 0.12 in methanol); 1H NMR (300 MHz, [D6]DMSO): d =0.99 (s,
1.5H; tBu), 1.23 (s, 7.5H; tBu), 2.40–2.44 (m, 2H; a-CH2), 4.08–4.18 (m,
2H; g-CH2), 4.22–4.28 (m, 1 H; b-CH), 6.44 (br s, 0.2 H; BocNH), 6.84 (d,
3JH,H = 7.2 Hz, 0.8H; BocNH), 7.11 (s, 2H; NH2), 7.91 (s, 1 H; H8),
8.12 ppm (s, 1H; H2); 13C NMR (75 MHz, [D6]DMSO): d =28.0 (tBu),
37.7 (Ca), 46.1 (Cg), 47.7 (Cb), 77.7 (tBu), 118.5 (C5), 141.0 (C8), 149.8
(C3), 152.2 (C2), 154.7, 155.8, 173.2 ppm (COOH); IR (KBr): ñ= 3415
(s), 2928 (w), 1659 (m), 1498 (w), 1289 (w), 1171 cm�1 (w); MS (ESI): m/
z (%): 337.4 (100) [M+H]+ , 359.4 (42) [M+Na]+ , 695.3 (43) [2 M+Na]+ ;
HRMS(ESI): m/z calcd for C14H21N6O4: 337.1619; found 337.1617
[M+H]+ .


General procedure for solid-phase b-peptide synthesis: Oligomers were
prepared by manual solid-phase peptide synthesis in a small fritted glass
column using a 4-methylbenzhydrylamine polystyrene (MBHA-PS) resin
with a loading capacity of 0.62 mmol g�1. For oligomer syntheses a resin
preloaded with H-b-HGly-OH (20.0 mg resin, 12.4 mmol homoglycine
amide) was used. For peptide bond formation double coupling of the
amino acids at 50 8C was required. First, an excess of 5 equiv amino acid
(62.0 mmol) was used, activated by O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-
tetramethyluronium hexafluorophosphate (HATU; 21.2 mg, 55.8 mmol,
4.5 equiv), 1-hydroxy-7-azabenzotriazole (HOAt; 124 mL, 62.0 mmol,
5 equiv of a 0.5 m solution in DMF), and N,N-diisopropylethylamine
(DIPEA; 30.3 mL,174 mmol, 14 equiv) in DMF (400 mL); the second cou-
pling was performed with 3 equiv of amino acid (37.2 mmol) and activa-
tion with HATU (12.7 mg, 33.5 mmol, 2.7 equiv), HOAt/DMF (74.4 mL,
37.2 mmol), and DIPEA (19.5 mL, 112 mmol, 9 equiv) in DMF (400 mL).
After swelling the loaded resin for 2 h in CH2Cl2 (2 mL), the following
procedure was followed for each coupling step: 1) deprotection twice, for
3 min with TFA/m-cresol (95:5, 2 mL); 2) washing first five times with
CH2Cl2/DMF (1:1, 2 mL) and then five times with pyridine (2 mL); 3)
double coupling steps, each 1 h gentle moving at 50 8C; 4) washing with
CH2Cl2/DMF (1:1, 3� 2 mL), DMF/piperidine (95:5, 3 � 2 mL), and
CH2Cl2/DMF (1:1, 3 � 2 mL), 5) capping twice for 3 min with DMF/Ac2O/
DIEA (8:1:1, 2 mL). After the final coupling step the resin was washed
with TFA (3 � 2 mL) and CH2Cl2 (5 � 2 mL), dried overnight in vacuo.
The resin was then transferred into a small glass vessel and suspended in
m-cresol/thioanisole/ethanedithiol (2:2:1, 500 mL). After stirring for
30 min at room temperature, TFA (2 mL) was added, and the reaction
mixture was cooled to �20 8C. Trifluoromethanesulfonic acid (TFMSA;
200 mL) was added dropwise with stirring. The mixture was allowed to
warm to room temperature within 1.5 h, and stirring continued for anoth-
er 2 h. The mixture was filtered through a fritted glass funnel and TFA
was removed under reduced pressure. The crude oligomer was isolated
by precipitation from cold diethyl ether (�15 8C) and dried. The crude
peptide was dissolved in water/acetonitrile and purified by preparative
HPLC.


H-(b-HLys-b-HalT-ACHC-b-HLys-b-HalA-ACHC-b-HLys-b-HalT-
ACHC-b-HLys-b-HalA-ACHC-b-HGly)-NH2 (4): Analytical RP-HPLC:
tR =26.03 min, gradient: 20 to 45 % eluent B in 30 min; MS (ESI): m/z
(%): 672.0 (50) [M+3H]3+ , 1007.2 (100) [M+2H]2+ , 1341.8 (12)
[2M+3H]3+ ; HRMS(ESI): m/z calcd for C95H152N32O17 [M+3H]3+ :
671.4025; found 671.4025.
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H-(b-HLys-b-HalT-ACHC-b-HLys-b-HalA-ACHC-b-HLys-b-HalG-
ACHC-b-HLys-b-HalT-ACHC-b-HGly)-NH2 (5): Analytical RP-HPLC:
tR =21.64 min, gradient: 22 to 42% B in 30 min; MS (ESI): m/z (%):
677.3 (22) [M+3H]3+ , 1015.0 (100) [M+2H]2+ , 1352.5 (18) [2 M+3H]3+ ;
HRMS(ESI): m/z calcd for C95H151N32O18: 1014.5975; found 1014.5979
[M+2H]2+ .


H-(b-HLys-b-HalA-ACHC-b-HLys-b-HalC-ACHC-b-HLys-b-HalT-
ACHC-b-HLys-b-HalA-ACHC-b-HGly)-NH2 (6): Analytical RP-HPLC:
tR =15.46 min, gradient: 23 to 45% B in 30 min; MS (ESI): m/z (%):
666.8 (32) [M+3 H]3+, 999.5 (100) [M+2 H]2+ , 1331.8 (20) [2 M+3H]3+ ,
1997.0 (7) [M+H]+ ; HRMS(ESI): m/z calcd for C94H152N33O16: 999.1002;
found: 999.1012 [M+2H]2+ .


H-(b-HLys-b-HalA-b-HLys-ACHC-b-HalC-ACHC-b-HLys-b-HalG-
ACHC-b-HLys-b-HalT-ACHC-b-HGly)-NH2 (9): Analytical RP-HPLC:
tR =13.49 min, gradient: 20 to 30% B in 30 min; MS (ESI): m/z (%):
672.3 (100) [M+3H]3+ , 1007.4 (48) [M+2H]2+ ; HRMS(ESI): m/z calcd
for C94H152N33O17: 671.7342; found 671.7338 [M+3H]3+ .


H-(b-HLys-b-HalA-ACHC-b-HLys-b-HalC-ACHC-b-HLys-b-HalG-
ACHC-b-HLys-b-HalT-ACHC-b-HGly)-NH2 (10): Analytical RP-HPLC:
tR =24.75 min, gradient: 25 to 45% B in 30 min; MS (ESI): m/z (%):
672.4 (52) [M+3H]3+ , 1007.7 (100) [M+2H]2+ , 1342.7 (26) [2 M+3H]3+ ;
HRMS(ESI): m/z calcd for C94H152N33O17: 671.7342; found 671.7342
[M+3H]3+ .


H-(b-HLys-b-HalA-b-HVal-b-HLys-b-HalC-ACHC-b-HLys-b-HalG-b-
HVal-b-HLys-b-HalT-ACHC-b-HGly)-NH2 (11): Analytical RP-HPLC:
tR =20.72 min, gradient: 25 to 55% B in 30 min; MS (ESI): m/z (%):
995.5 (100) [M+2H]2+ , 1990.0 (12) [M+H]+ ; HRMS(ESI): m/z calcd for
C92H151N33O17: 995.0982; found 995.0977 [M+2H]2+ .


H-(b-HLys-b-HalA-b-HVal-b-HLys-b-HalC-b-HVal-b-HLys-b-HalG-b-
HVal-b-HLys-b-HalT-b-HVal-b-HGly)-NH2 (12): Analytical RP-HPLC:
tR =25.12 min, gradient: 22 to 45% B in 30 min; MS (ESI): m/z (%):
656.2 (15) [M+3H]3+ , 983.5 (100) [M+2H]2+ , 1965.9 (11) [M+H]+ ;
HRMS(ESI): m/z calcd for C90H151N33O17: 983.0982; found 983.0968
[M+2H]2+ .
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Self-Assembled Nanotapes of Oligo(p-phenylene vinylene)s: Sol–Gel-
Controlled Optical Properties in Fluorescent p-Electronic Gels


Subi J. George and Ayyappanpillai Ajayaghosh*[a]


Introduction


The control of the self-assembly of synthetic molecules in
the creation of nanosized architectures, using the principles
of supramolecular chemistry, is a topic of considerable im-
portance.[1] The cooperative effect of noncovalent forces,
such as hydrogen bonding, p stacking, dipolar and van der
Waals interactions, is the driving force behind molecular


self-assembly, leading to a variety of novel supramolecular
architectures with reversible functional properties. Nature
can control the architecture and function of supramolecular
assemblies, such as the DNA double helix, the collagen
triple helix, ion channels, and photosynthetic reaction cen-
ters, and this has been the major source of inspiration for
scientists to mimic natural systems with the help of synthetic
molecules.[2–6] In the domain of functional molecular assem-
blies and nanoarchitectures, the supramolecular control of
chromophore-linked molecular systems is a challenge, par-
ticularly in the fabrication of nanoscale devices, as chromo-
phore orientation has tremendous influence on optoelec-
tronic properties.[7] Because organic p-conjugated systems
play a crucial role in supramolecular devices due to their in-
teresting optical and electronic properties, the modulation
of their optical properties by intermolecular interactions is
of great significance.[3,8] In this context, the supramolecular
chemistry of phenylene vinylenes has attracted considerable
attention and is the focus of much research.[9]


An interesting feature of the noncovalent interactions in
certain organic molecules is their ability to entrap large vol-


Abstract: A rational approach to the
design of supramolecular organogels of
all-trans oligo(p-phenylene vinylene)
(OPV) derivatives, a class of well-
known organic semiconductor precur-
sors, is reported. Self-assembly of these
molecules induced gelation of hydro-
carbon solvents at low concentrations
(<1 mm), resulting in high aspect ratio
nanostructures. Electron microscopy
and atomic force microscopy (AFM)
studies revealed twisted and entangled
supramolecular tapes of an average of
50–200 nm in width, 12–20 nm in thick-
ness, and several micrometers in
length. The hierarchical growth of the
entangled tapes and the consequent ge-
lation is attributed to the lamellar-type


packing of the molecules, facilitated by
cooperative hydrogen bonding, p stack-
ing, and van der Waals interactions be-
tween the OPV units. Gelation of
OPVs induced remarkable changes in
the absorption and emission properties,
which indicated strong electronic inter-
action in the aggregated chromophores.
Comparison of the absorption and
emission spectra in the gel form and in
the solid film indicated a similar chro-
mophore organization in both phases.


The presence of self-assembled aggre-
gates of OPVs was confirmed by sol-
vent- and temperature-dependent
changes in the absorption and emission
properties, and by selective excitation
experiments. This is the first detailed
report of the gelation-induced forma-
tion of OPV nanotapes, assisted by
weak, nondirectional hydrogen-bond-
ing motifs and p–p stacking. These
findings may provide opportunities for
the design of a new class of functional
soft materials and nanoarchitectures,
based on p-conjugated organic semi-
conductor-type molecules, thereby ena-
bling the manipulation of their optical
properties.
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umes of solvents within the supramolecular nano- and meso-
scopic structures to form gels in appropriate solvents.[10] The
properties exhibited by this novel class of supramolecular
materials, with respect to the reversible self-assembly phe-
nomena, are striking in comparison to those exhibited by
the polymer-based organogels formed by permanent cova-
lent interactions.[11] The recent and rapid growth in interest
in small-molecule-based organogelators is due to several po-
tential applications ranging from cosmetics, catalysis, and
controlled release to optoelectronics and related fields. Sev-
eral organic molecules are known to form organogels with
the help of hydrogen bonding, p stacking, dipole–dipole or
van der Waals interactions.[12–17] However, chromophore-
based organogelators,[18] particularly gels based on extended
p-conjugated systems,[19] are relatively few.
Although the self-assembly of oligo(p-phenyl-
ene vinylene)s (OPVs) is fairly well under-
stood, the design of supramolecular nanoarch-
itectures and their properties was not eluci-
dated until our preliminary studies on OPV
gels.[20] Here, we describe details of the self-
assembly of OPVs into supramolecular nano-
tapes of high aspect ratio, and the consequent
gelation behavior that leads to the remarkable
modulation of optical properties.[21]


Results and Discussion


Design strategy : The bottom-up creation of three-dimen-
sional organic nanoarchitectures on the one hand, and gelat-
ion on the other hand, is a delicate balance between the
crystallization, precipitation, and solubility of noncovalently
interacting molecules in a suitable solvent. With this in
mind, a variety of tailor-made OPV derivatives were synthe-
sized, the structures of which are represented in Figure 1.
These molecules have many features that facilitate the for-
mation of a three-dimensional self-assembly, as depicted in
Figure 2a. The presence of the two hydroxymethyl end-
groups allows the molecules to self-assemble by weak, non-
directional 2-point hydrogen bonding, and the long hydro-


Figure 1. Library of the OPV derivatives under investigation.


Figure 2. a) Design features of OPVs. b) and c) OPV1 a in decane under illumination before
and after gelation, respectively.
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carbon side-chains control the balance between solubility
and crystallization, as well as the packing of the molecules.
The rigid aromatic OPV backbone facilitates the p–p stack-
ing of the molecules. Cooperative interactions of these non-
covalent forces eventually lead to the formation of entan-
gled nanoscopic structures, which are able to hold a large
amount of the appropriate solvent molecules within the self-
assembly, thereby forming a gel.


Synthesis of OPVs : The bisalcohols OPV1 a–e, OPV2, and
OPV3 were synthesized by means of the controlled Wittig
reaction of the appropriate bisaldehydes and bisphosphoni-
um salts, followed by reduction of the resulting OPV bisal-
dehydes with NaBH4 (Scheme 1).[22] The controlled Wittig–
Horner reaction between the bisaldehyde (1) and the benzyl
phosphonate (2) afforded the monoaldehyde 3 in 35 %
yield, which in turn was reduced to OPV4 by NaBH4 in
95 % yield (Scheme 1). Synthesis of OPV7 was based on a
published procedure (90 % yield).[23] Preparation of the hy-
droxyl-protected derivatives OPV5 and OPV6 was accom-
plished by the alkylation of OPV1 a with the corresponding
alkyl halides in 95 % and 60 % yields, respectively


(Scheme 2). All OPV derivatives under investigation were
characterized by spectral analyses. The all-trans configura-
tions of the OPVs were confirmed by the J values (16.5 Hz)
of the vinylic protons in their respective 1H NMR spectra.


Self-assembly and gelation : The dissolution of small
amounts of the newly synthesized OPV derivatives in a spe-
cific volume (1 mL) of different solvents, under heating and
cooling, resulted in the spontaneous gelation of the solvents,
indicating the formation of extended self-assemblies. The
gels obtained were transparent and stable, so that the glass
vial could be turned upside down without damaging the
structure (Figure 2c). Illumination of the OPV solutions
before gelation revealed strong greenish-blue fluorescence,
which changed upon gelation to greenish-yellow emission
(Figure 2b and c). The results of the gelation experiments
are presented in Table 1 and reveal that the bishydroxy com-
pounds OPV1 a–c, which have long, linear hydrocarbon
chains, are efficient gelators of nonpolar hydrocarbon sol-
vents, such as hexane, decane, dodecane, cyclohexane, ben-
zene, and toluene. The critical gelator concentrations (CGC)
of OPV1 a in dodecane, decane, and cyclohexane were 0.8,


Scheme 1. Synthesis of mono- and bishydroxy OPV derivatives.


Scheme 2. Synthesis of the hydroxyl-protected OPVs, OPV5–6.
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0.9, and 1.1 mm, respectively. This means that OPV1 a can
entrap approximately 10 000 molecules of dodecane per ge-
lator molecule and can be considered a supergelator.[24]


The gelation ability of OPV1 d, which carries hexyloxy
side chains, is relatively poor (the CGC is 10 mm in cyclo-
hexane), whereas OPV1 e, which has branched 2-ethylhex-
yloxy side chains, gave a homogeneous solution in all of the
solvents investigated. The nature of the solvents has consid-
erable influence on the gelation behavior of OPV1 a–d
(Table 1). For example, the CGC of OPV1 a in chloroform
is 5.6 mm and the gel formed is unstable upon shaking (thix-
otropic). However, in toluene, OPV1 a forms a reasonably
stable gel with a CGC of 2.8 mm. The number of the hydro-
carbon side chains present on the conjugated backbone sig-
nificantly influences gelation behavior (Table 1). For exam-
ple, the CGC of OPV2 in cyclohexane is 15.6 mm resulting
in a turbid gel, whereas OPV3 does not gelate any of the
solvents investigated.


To investigate the role of hydrogen-bond-assisted p stack-
ing in the gelation process, we extended our studies to other
OPV derivatives (OPV4–7). The results are summarized in
Table 2. Interestingly, in the case of OPV5 and OPV6, gela-
tion occurred only at high concentrations, compared to the
case of OPV1 a. The CGC of OPV5 is 3.3 mm in cyclohex-
ane and the resultant gel is thixotropic, which may be due to
the absence of hydrogen-bond donor groups that are neces-
sary for the positional locking of the molecules within the p-
stacked assembly. Compound OPV6, with the hexyloxy end-


groups, could gelate solvents
such as dodecane and decane
only at high concentrations. In
the case of OPV4 with one ter-
minal hydroxymethyl group,
gel formation was observed in
nonpolar solvents, though it
was not as efficient as in the
case of OPV1 a and OPV1 b.
However, OPV7, without any
functional end-groups, could
not gelate any of the solvents
investigated. Instead, aggregate
formation was observed above
a concentration of 1 � 10�5


m, as
indicated by the shoulder ab-
sorption band at 470 nm in do-


decane, but no solvent molecules could be trapped. These
studies indicate that an optimum balance of hydrogen bond-
ing, p stacking, and van der Waals interactions is crucial in
the process of self-assembly and gelation.


Thermotropic behavior: The thermotropic behavior of the
gels formed by OPV1 a–c and OPV4–7 was investigated by
using the dropping ball method and differential scanning
calorimetry (DSC) to study the impact of the structure of
the OPVs and the nature of the solvents on gel stability (see
Supporting Information). In the case of OPV1 a–c, a regular
increase in the melting temperature of the gel (Tgel) was ob-
served as the concentration of the gelator molecules in-
creased. The increase in Tgel that accompanied an increase
in alkyl chain length demonstrates the enhanced stability of
the gels, which could be due to the solvation-assisted inter-
molecular packing of the long alkyl chains. Phase diagrams
of OPV1 a gels from dodecane, cyclohexane, toluene, and
chloroform revealed that OPV1 a forms strong gels in do-
decane and cyclohexane, even at very low concentrations.
This observation is in accordance with the gelation studies
presented in Table 1. A comparison of the phase diagrams
of the cyclohexane gels of OPV1 a, OPV4, and OPV5 at dif-
ferent concentrations revealed remarkable stability of the
OPV1 a gel, due to hydrogen bonding between the hydroxy-
methyl groups. For example, a cyclohexane gel of the me-
thoxy derivative OPV5 (10 mgmL�1) melts at 47 8C, which
is 15 8C lower than the melting temperature of the corre-


sponding OPV1 a gel. Clearly,
the gel of the monohydroxy
derivative OPV4 is more
stable than that of the hydrox-
yl-protected OPV5 gel, al-
though less stable than the
OPV1 a gel.


In the cases of OPV1 a–c,
the transition temperatures of
the heating exotherms and
cooling endotherms increase in
the order OPV1 a>OPV1 b>


Table 1. Critical gelator concentrations (CGC)[a] [mm] of OPV1 a–e, OPV2, and OPV3 in different solvents.


Gelator Dodecane Decane Cyclohexane Hexane Toluene Benzene Chloroform


OPV1 a 0.8 0.9 1.1 1.7 2.8 3.0 5.6
(s, tr) (s, tr) (s, tr) (s, tr) (s, tr) (s, tr) (th, o)


OPV1 b 1.0 1.1 1.4 2.1 4.2 4.1 17.3
(s, tr) (s, tr) (s, tr) (s, tr) (s, tr) (s, tr) (th, o)


OPV1 c 4.5 (PG) 4.8 (PG) 6.3 I 12.6 11.6 S
(s, tr) (s, tr) (s, tr)


OPV1 d I I 10.6 I 15.9 16.0 S
(s, tr) (s, tr) (s, tr)


OPV1 e S S S S S S S
OPV2 PS PS 15.4 11.5 23.0 PS PS


(s, o) (s, o) (s, o)
OPV3 PS PS PS I PS PS S


[a] CGC is the minimum concentration required for the formation of a stable gel at room temperature. In pa-
renthesis; s = stable, tr= transparent, th= thixotropic, o=opaque. S = soluble (>25 mg mL�1), I= insoluble,
PS= poor solubility, PG=partial gelation at room temperature.


Table 2. Critical gelator concentrations [mm] of OPV4–7 in different solvents.[a]


Gelator Dodecane Decane Cyclohexane Hexane Toluene Benzene Chloroform


OPV4 1.4 1.5 2.3 4.6 4.6 4.2 S
(s, tr) (s, tr) (s, tr) (th, o) (s, tr) (s, tr)


OPV5 1.6 1.8 3.3 4.4 7.2 6.8 16.5
(th, tr) (th, tr) (th, tr) (th, tr) (th, tr) (th, tr) PG


OPV6 4.9 5.2 10.4 10.4 S S S
(th, tr) (th, tr) (th, o) (th, o)


OPV7 PS PS PS PS PS PS PS


[a] In parenthesis; s= stable, tr= transparent, th= thixotropic, o =opaque. S= soluble (>25 mg mL�1), PS =


poor solubility, PG =partial gelation at room temperature.
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OPV1 c. In agreement with the dropping ball experiment,
DSC analysis confirmed increased stability of the gels in hy-
drocarbon solvents of greater chain length. The role of hy-
drogen bonding is also evident from the DSC thermograms,
in which OPV1 a exhibited a melting temperature of 63.5 8C,
which is 12.5 8C and 14 8C higher than that of OPV4 and
OPV5, respectively.


Variable temperature 1H NMR spectroscopy studies : The
1H NMR spectra recorded at room temperature of OPV1 a–
b in CDCl3 or [D6]benzene displayed distinctly solvent-de-
pendent features. For example, the 1H NMR spectrum of
OPV1 a in CDCl3 (up to 4 mm) showed well-resolved reso-
nance signals in agreement with the structure of the mole-
cule, whereas in [D6]benzene (5 mm), none of the character-
istic resonance signals corresponding to the aromatic and vi-
nylic protons was seen. These observations indicate strong
intermolecular interactions due to the aggregation of the
OPV units in [D6]benzene. In such cases, the long correla-
tion time produces 1H NMR signals that are too broad and
weak to be distinguished. Changes in the resonance signals
of the aromatic and vinylic protons obtained within the tem-
perature range of 10–70 8C are shown in Figure 3a. As the


temperature increases, the resonance signals corresponding
to the aromatic protons appeared gradually at d= 7.49, 7.37,
and 7.05 ppm, along with the vinylic protons at d=


8.05 ppm. The corresponding changes to the aliphatic pro-
tons can be seen in Figure 3b. The benzylic and�OCH2 pro-
tons, which appeared as broad, unresolved peaks at d= 4.79
and 3.65–3.9 ppm, respectively, became well resolved when
the temperature was increased to 50 8C. Further heating pro-
duced no significant change, except for a small, upfield shift
of vinylic protons from 8.05 to 7.95 ppm.


Microscopy: The results of optical polarizing microscopy of
the OPV gels indicated the formation of strongly birefrin-
gent textures, characteristic of the mesoscopic alignment of
the chromophores during gelation (see Supporting Informa-
tion). Scanning electron microscopy (SEM) images of the
dried OPV1 a gels from toluene and decane revealed entan-
gled networks of twisted supramolecular tapes formed by
the self-assembly (Figure 4a and b). Careful analysis re-


vealed that the twisted tapes of the toluene gel are approxi-
mately 50–100 nm in width and several micrometers in
length. However, in the case of the decane gel, the fibers
are more dense, entangled, and twisted. The relatively large
size of the gel structures in this case indicates that the inter-
actions between individual tapes in decane are much stron-
ger than those in toluene, thereby leading to the formation
of large, twisted tapes. Thus, the gelation efficiency and the
stability of the OPV gels are in agreement with the observed
morphology. The difference in the gelation behaviors of
OPV1 a, OPV5, and OPV7, which is attributed to the effect
of the hydrogen-bonding group in the hierarchical growth of
the self-assembly, is clear from the different morphologies
observed by SEM analysis (see Supporting Information).
The transmission electron micrograph (TEM) of OPV1 a
from a dilute toluene solution provides more information on
the morphology of the self-assembled textures (Figure 4c),
and shows the presence of isolated and randomly twisted
tapes of 50–100 nm in diameter and several micrometers in
length. Both right- and left-handed twists are visible. The
presence of several thin fibers of 10–20 nm in diameter
could also be seen in addition to the large, twisted struc-
tures.


The atomic force microscopy (AFM) image of the
OPV1 a gel in toluene (Figure 5) is in full support of the
tape-like morphology of the self-assembly, as observed by
SEM and TEM analyses. It is also clear that the fiber bun-


Figure 3. Temperature-dependent 1H NMR spectra of OPV1 a in [D6]ben-
zene (5 mm); a) for the aromatic and vinylic protons, b) for the aliphatic
protons.


Figure 4. SEM images of OPV1 a from a) toluene and b) decane. c) TEM
image of the OPV1 a gel from toluene. Samples for TEM images were
prepared by drop casting the OPV solution from toluene or decane on
carbon-coated copper grids. The pictures were obtained without staining.
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dles observed in the AFM images are built up from thinner
fibers of 10–20 nm in width. The width of the smallest fiber
bundle that can be distinguished is 50–70 nm. Several isolat-
ed fibers could be observed by AFM, whereby a dilute so-
lution of OPV1 a was deposited by drop casting. The mor-
phology of such a single fiber is shown in Figure 5c. The
array of dark and bright areas of approximately 2 nm in
width, as seen in the cross-sectional profile of the OPV1 a


fiber in Figure 5d, indicate the lamellar organization of the
individual OPV units at the molecular level. The detailed
cross-sectional analysis revealed that the thickness of the
tapes, which are several micrometers in length, is in the
range 12–20 nm and the widths are 50–200 nm. Notably, the
large width and thickness of the tapes is an indication of the
three-dimensional growth of the self-assembly, in contrast to
the formation of one-dimensional assemblies of other re-
ported systems.[21]


X-ray diffraction studies : The xerogels obtained from
OPV1 b exhibited well-resolved X-ray diffraction patterns
that were characteristic of the long-range ordering of the
molecules (see Supporting Information). A strong diffrac-
tion signal corresponding to a d-spacing of 23.2 �, which is
close to the calculated molecular length (21.2 �) of OPV1 b,
could be seen, along with several higher-order reflection
peaks in the small-angle region. A prominent reflection
characteristic of a typical p–p stacking distance was ob-
served in the wide-angle region at 3.8 �. The intense diffrac-
tion peaks of OPV1 a, b, and d at the short-angle region cor-
responded to d-spacings of 41.7 �, 35.2 �, and 16.5 �, re-
spectively. These distances match the calculated width of the
respective molecules with extended side chains and indicate
the lamellar packing distances, which should vary with the
length of the side chains, as seen by comparison of the ob-
served d-spacing (Supporting Information). Based on this
data, it appears that the xerogel of OPV1 b is formed by la-
mellar-type packing through hydrogen bonding, p stacking,
and van der Waals interactions, as shown in Figure 6. In the
lamellar packing, OPV1 b adopts a planar structure, in
which the aryl units are coplanar and the alkyl side chains
are laterally extended, with a complete stretching of the side
chains within the same plane as the conjugated backbone.
The diffraction patterns of OPV5 carrying hexadecyl side


Figure 5. AFM images displaying the a) amplitude and b) height of
OPV1 a from toluene under different magnifications. c) Image of an iso-
lated OPVI a gel fiber and d) a cross-sectional profile of the supramolec-
ular tape displayed in (c). Samples were prepared by drop casting the
OPV solution onto a freshly cleaved, muscovite mica surface.


Figure 6. Schematic view of the lamellar packing of OPV1 b in the gel state. a) Structure of OPV1 b, b) side view of the lamellar packing, and c) top view
of the molecular model.
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chains, in which the hydrogen bonding of the two hydroxy-
methyl groups was blocked, displayed relatively broad re-
flections. The absence of higher-order reflections and the
presence of broad reflections in the wide-angle region sug-
gest a low degree of ordering in this case. This data is in
agreement with the gelation behavior of OPV1 a and OPV5,
as indicated in Tables 1 and 2.


Based on the results obtained by 1H NMR spectroscopy,
X-ray diffraction, and microscopy, it is clear that the supra-
molecular tapes of the OPV units, formed by the coopera-
tive hydrogen bonding, p stacking, and van der Waals inter-
actions, are responsible for gelation. The weak, nondirec-
tional hydrogen-bonding interaction of the hydroxymethyl
end-groups enables the formation of linear, hydrogen-
bonded assemblies (Figure 6), which form supramolecular
layers by lamellar packing. The layered assemblies are rein-
forced by p stacking and van der Waals interactions, leading
to the formation of three-dimensional, supramolecular
tapes. Hydrogen bonding may also facilitate the reversible,
noncovalent cross-linking between layers to produce a net-
work assembly. The extended growth of these assemblies re-
sults in twisting of the tapes to form elongated networks.
This facilitates the immobilization of large volumes of sol-
vents within and between the networks, resulting in gelati-
on.


Self-assembly-induced modulation of optical properties : The
most important feature of the gelation of OPVs is the alter-
ation observed in the optical and photophysical properties
(see Supporting Information). The absorption and emission
spectra of OPV1 a under different experimental conditions
are represented in Figure 7a and b. In chloroform (1�
10�5


m) the absorption maximum of OPV1 a is observed at
407 nm. In cyclohexane (lmax =401 nm) and dodecane
(lmax = 404 nm) the absorption maxima are slightly blue-
shifted and the intensity of the p–p* band is decreased, with
the formation of a red-shifted shoulder band at 467 nm.
Upon heating the same solutions to 65 8C, the shoulder band
at 467 nm disappeared and the original intensity of the p–p*
transition was regained, as in the case of chloroform, except
for a slight red-shift of the absorption maxima. This latter
effect could be due to the change in the solvent polarity. In-
terestingly, the absorption spectrum of a film of OPV1 a
closely resembled the spectrum corresponding to the dodec-
ane solution. In chloroform, OPV1 a showed an intense blue
emission with maxima of around 463 and 490 nm (Ff =0.73),
whereas in dodecane the emission was completely shifted to-
wards the long-wavelength region (green emission), with
maxima of around 537 and 567 nm. However, in cyclohex-
ane at room temperature, a broad emission with several
maxima at 454, 476, 527, and 561 nm (Ff = 0.28) was ob-
tained, the relative intensities of which are dependent upon
temperature and concentration (Figure 7b). As the concen-
tration increases, the solution becomes gel-like and the
emission changes to greenish-yellow, probably due to the
scattering of light (Figure 2c). Upon heating the cyclohexane
or dodecane solution, the emission changes to blue and the


spectrum matches that in chloroform, except for a slight
red-shift. The thermoreversible visual color change in the
emission of OPV1 a in dodecane is shown in the inset of Fig-
ure 7b. Similar to the absorption changes, the emission of
the OPV1 a film corresponded to that in dodecane. These
observations reveal that in chloroform, OPV1 a prefers to
be in the molecularly dissolved, monomeric form, whereas
in dodecane or in film form, it exists as a self-assembled spe-
cies. However, in cyclohexane at room temperature, OPV1 a
molecules are present in more than one co-existing species,
the composition of which varies as a function of concentra-
tion and temperature. The resemblance of the absorption
and emission spectra of the OPV1 a gel in dodecane at 25 8C
with those of the drop-cast film indicates that the chromo-
phore packing in the two cases is nearly identical.


Variable temperature UV/Vis and fluorescence spectra of
OPV1 a in dodecane revealed a transition, as the tempera-
ture was increased from 15 to 65 8C, from the self-assembled
species to the molecularly dissolved species (Figure 8). In
the UV/Vis spectra, an increase in the intensity of the ab-
sorption maximum at 404 nm was observed upon increasing
the temperature. This is accompanied by a concomitant de-
crease in the intensity of the shoulder band at 467 nm
through an isosbestic point at 428 nm (Figure 8a). Similarly,
in the fluorescence spectra (lex = 380 nm) recorded as the


Figure 7. Absorption (a) and emission (b) spectra of OPV1 a (1 � 10�5
m)


in chloroform (–··–··–), cyclohexane (g), dodecane at 25 8C (c), do-
decane at 65 8C (d), and in the solid state (b) as a coated film (lex =


380 nm). Inset shows the temperature-dependent visual change in the
emission colors of the molecularly dissolved (left) and self-assembled
(right) molecules in dodecane.
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temperature is increased from 20–65 8C, the intensity of the
long-wavelength maxima at 537 and 567 nm decreases with
the simultaneous increase in intensity of the emission bands
at 452 nm and 459 nm (Figure 8b). These observations indi-
cate the existence of self-assembled species at room temper-
ature and nonassembled species at elevated temperatures.
The gradual decrease in emission from the self-assembled
species as the temperature was increased could be observed
more clearly if the species were selectively excited at
470 nm (Figure 8b and c).


The temperature- and concentration-dependent shifts in
the absorption and emission spectra are attributed to the
self-assembled species and not to the formation of excimers.
This is clear from the excitation and emission spectra of
OPV1 a in dodecane and cyclohexane (Figure 9). The first
argument against excimer formation is the solvent- and tem-
perature-dependent growth of the long-wavelength absorp-
tion shoulder in the UV/Vis spectrum, indicating ground-
state interactions between molecules. Secondly, the excita-
tion spectrum of OPV1 a in dodecane at room temperature
(monitored at 520 nm) matched the absorption spectrum
having a maximum at 400 nm with a shoulder at 470 nm
(Figure 9a). Interestingly, the excitation spectrum (dashed
line) at higher temperatures (monitored at 520 nm) in do-
decane did not show the shoulder band at 470 nm and
matched the absorption spectrum. In addition, the excitation
spectra of OPV1 a collected at 450 and 620 nm matched the
absorption spectra of the free and self-assembled OPV1 a
molecules, respectively (inset of Figure 9a). The presence of
the self-assembled molecules is also justified by the forma-
tion of a red-shifted emission spectrum (lem =527 and
561 nm) of OPV1 a in cyclohexane, following the selective
excitation at the shoulder band of 470 nm, in contrast to the
broad spectrum observed on excitation at 380 nm (Fig-
ure 9b). The time-resolved fluorescence analysis of OPV1 a
in chloroform revealed monoexponential decay with an ex-
cited state lifetime of 1.64 ns (100 %) at room temperature,
whereas in cyclohexane, biexponential decay with lifetimes
of 2.09 (57.85 %) and 0.82 ns (42.2 %) was obtained (see
Supporting Information). In cyclohexane at 50 8C, monoex-


ponential decay with a lifetime of 1.58 ns was observed, irre-
spective of the monitoring wavelength. These studies sup-
port the strong aggregation of OPVs in nonpolar solvents,
which is concentration-, polarity-, and temperature-depend-
ent. Notably, the extent of the aggregation-induced changes
in the optical properties of OPV1 a–e differs from observa-
tions in previous reports of hydrogen-bonded OPVs,[9b–e] in-
dicating that the electronic interaction between the OPV


Figure 8. Temperature-dependent absorption and emission changes of OPV1 a in dodecane (1 � 10�5
m). a) Absorption, b) emission on excitation at lex =


380 nm, and c) emission on excitation at lex =470 nm.


Figure 9. a) Excitation spectra (lem =520 nm) of OPV1 a (1 � 10�5
m) in


dodecane at 20 8C (c) and at 60 8C (g). Inset shows the excitation
spectra in cyclohexane, collected at 450 (g) and 620 nm (c).
b) Emission spectra of OPV1 a in cyclohexane at an excitation wave-
length of 380 (c) and 470 nm (b).
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units in the present case is much stronger, leading eventually
to gel formation.


The stability of the OPV self-assembly and the resultant
gel under different experimental conditions could be deter-
mined from plots of aggregate fraction (a) against tempera-
ture, which are obtained by monitoring the temperature-de-
pendent changes in the UV/Vis absorption spectra at
470 nm (Figure 10). As expected, the transition temperature
of the OPV1 a self-assembly increases upon changing the
solvent from toluene to cyclohexane to dodecane (Fig-
ure 10a). The stability of the self-assembled molecules in-
creases by 10–15 8C with each order of magnitude increase


in concentration (Figure 10b). These stability responses ob-
tained from the sigmoidal temperature transition curves of
the OPV self-assembly are characteristic of the cooperativi-
ty of the different noncovalent interactions during the self-
assembly process. Figure 10c reveals that the stability of the
self-assemblies increases as the length of the alkyl chains in-
creases, with a maximum stability exhibited by OPV1 a with
hexadecyl chains. Thus, the change in absorption and emis-
sion properties associated with the self-assembly is a useful
tool to probe the sol–gel phenomena of OPVs. The efficien-
cy of aggregation and the stability of the aggregates of
OPVs, as determined by the change in optical properties,
are in agreement with their gelation behavior, as shown in
Tables 1 and 2.


Conclusion


We have illustrated a rational approach to the design of
supramolecular nanotapes of OPVs that form a novel class
of fluorescent organogels. Interestingly, although the OPVs
described here are functionalized by one of the weakest,
nondirectional hydrogen-bonding motifs, they form strong
organogels when tailored with long hydrocarbon side chains.
Detailed morphological studies revealed that gelation is due
to the hierarchical three-dimensional self-assembly of OPVs
to form supramolecular tapes of high aspect ratio, assisted
by p–p interactions and lamellar packing. The interesting
feature of this system is the gelation-induced changes to the
optical properties, particularly to the emission behavior,
which is useful in probing the self-assembly and the sol–gel
phenomena. The extent of modulation of the optical proper-
ties in three-dimensional self-assembly is remarkable when
compared to that observed for one-dimensional aggregates,
indicating strong electronic interaction of the chromophores
within the self-assembled tapes. The three-dimensional
growth of nanostructures, the gelation, and the consequent
reversible changes in the optical properties assign these
OPV organogels to a novel class of functional materials with
tunable properties. This study should provide opportunities
for the development of nanostructured advanced materials
from the gelation of a variety of linear, p-conjugated sys-
tems and organic semiconductors, which may find applica-
tions in the emerging field of supramolecular electronics.
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Figure 10. Stability of the OPV self-assemblies obtained from plots of ag-
gregate fraction (a) versus temperature. a) OPV1 a in different solvents,
b) OPV1 a at different concentrations, and c) OPV1 a, b, and d in dodec-
ane (1 � 10�5


m). The data points were obtained from the variable temper-
ature absorption spectral changes at 470 nm.


Chem. Eur. J. 2005, 11, 3217 – 3227 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3225


FULL PAPERSelf-Assembly of Fluorescent Organogels



www.chemeurj.org





[1] a) J.-M. Lehn, Supramolecular Chemistry, VCH, Weinheim, 1995 ;
b) H.-J. Schneider, A. Yatsimirsky, Principles and Methods in Supra-
molecular Chemistry, Wiley, Chichester, 2000 ; c) J. W. Steed, J. L.
Atwood, Supramolecular Chemistry, Wiley, Chichester, 2000.


[2] a) H. Engelkamp, S. Middelbeek, R. J. M. Nolte, Science 1999, 284,
785; b) R. Oda, I. Huc, M. Schmutz, S. J. Candau, F. C. MacKintosh,
Nature 1999, 399, 566; c) L. J. Prins, J. Huskens, F. de Jong, P. Tim-
merman, D. N. Reinhoudt, Nature 1999, 398, 498; d) J. H. K. K.
Hirschberg, L. Brunsveld, A. Ramzi, J. A. J. M. Vekemans, R. P. Sij-
besma, E. W. Meijer, Nature 2000, 407, 167; e) V. Berl, I. Huc, R. G.
Khoury, M. J. Krische, J.-M. Lehn, Nature 2000, 407, 720.


[3] a) J. C. Nelson, J. G. Saven, J. S. Moore, P. G. Wolynes, Science 1997,
277, 1793; b) J. S. Moore, Acc. Chem. Res. 1997, 30, 402; c) R. B.
Prince, L. Brunsveld, E. W. Meijer, J. S. Moore, Angew. Chem. 2000,
112, 234; Angew. Chem. Int. Ed. 2000, 39, 228; d) L. Brunsveld,
E. W. Meijer, R. B. Prince, J. S. Moore, J. Am. Chem. Soc. 2001, 123,
7978.


[4] a) D. T. Bong, T. D. Clark, J. R. Granja, M. R. Ghadiri, Angew.
Chem. 2001, 113, 1016; Angew. Chem. Int. Ed. 2001, 40, 988 and the
references cited therein; b) N. Sakai, S. Matile, Chem. Commun.
2003, 2514 and the references cited therein.


[5] a) S. I. Stupp, V. LeBonheur, K. Walker, L. S. Li, K. E. Huggins, M.
Keser, A. Amstutz, Science 1997, 276, 384; b) E. R. Zubarev, M. U.
Pralle, L. Li, S. I. Stupp, Science 1999, 283, 523; c) J. D. Hartgerink,
E. Beniash, S. I. Stupp, Science 2001, 294, 1684; d) E. R. Zubarev,
M. U. Pralle, E. D. Sone, S. I. Stupp, J. Am. Chem. Soc. 2001, 123,
4105.


[6] a) F. W�rthner, A. Sautter, D. Schmid, P. J. A. Weber, Chem. Eur. J.
2001, 7, 894; b) A. Sautter, D. G. Schmid, G. Jung, F. W�rthner, J.
Am. Chem. Soc. 2001, 123, 5424; c) L. J. Prins, C. Thalacker, F.
W�rthner, P. Timmerman, D. N. Reinhoudt, Proc. Natl. Acad. Sci.
USA 2001, 98, 10042; d) F. W�rthner, A. Sautter, Org. Biomol.
Chem. 2003, 1, 240.


[7] a) J.-H. Fuhrhop, C. Demoulin, C. Boettcher, J. Koening, U. Siggel,
J. Am. Chem. Soc. 1992, 114, 4159; b) H. A. M. Biemans, A. E.
Rowan, A. Verhoeven, P. Vanoppen, L. Latterini, J. Foekema,
A. P. H. J. Schenning, E. W. Meijer, F. C. De Schryver, R. J. M.
Nolte, J. Am. Chem. Soc. 1998, 120, 11054; c) F. W�rthner, C. Tha-
lacker, A. Sautter, Adv. Mater. 1999, 11, 754; d) F. W�rthner, C.
Thalacker, A. Sautter, W. Sch�rtl, W. Ibach, O. Hollricher, Chem.
Eur. J. 2000, 6, 3871; e) M. Kimura, T. Muto, H. Takimoto, K. Wada,
K. Ohta, K. Hanabusa, H. Shirai, N. Kobayashi, Langmuir 2000, 16,
2078; f) T. Yamaguchi, N. Ishii, K. Tashiro, T. Aida, J. Am. Chem.
Soc. 2003, 125, 13 934; g) M. Kimura, T. Kuroda, K. Ohta, K. Hana-
busa, H. Shirai, N. Kobayashi, Langmuir 2003, 19, 4825.


[8] a) D. T. McQuade, J. Kim, T. M. Swager, J. Am. Chem. Soc. 2000,
122, 5885; b) D. T. McQuade, A. H. Hegedus, T. M. Swager, J. Am.
Chem. Soc. 2000, 122, 12 389; c) U. H. F. Bunz, Chem. Rev. 2000,
100, 1605; d) U. H. F. Bunz, Acc. Chem. Res. 2001, 34, 998; e) M.
Levitus, K. Schmieder, H. Ricks, K. D. Shimizu, U. H. F. Bunz,
M. A. Garcia-Garibay, J. Am. Chem. Soc. 2001, 123, 4259; f) J. Kim,
T. M. Swager, Nature 2001, 411, 1030; g) V. Percec, M. Glodde, T. K.
Bera, Y. Miura, I. Shiyanovskaya, K. D. Singer, V. S. K. Balagurusa-
my, P. A. Heiney, I. Schnell, A. Rapp, H.-W. Spiess, S. D. Hudson,
H. Duan, Nature 2002, 417, 384; h) L. Arnt, G. N. Tew, J. Am.
Chem. Soc. 2002, 124, 7664; i) B. Liu, B. S. Gaylord, S. Wang, G. C.
Bazan, J. Am. Chem. Soc. 2003, 125, 6705; j) R. B. Breitenkamp,
G. N. Tew, Macromolecules 2004, 37, 1163.


[9] a) J.-F. Eckert, J.-F. Nicoud, D. Guillon, J.-F. Nierengarten, Tetrahe-
dron Lett. 2000, 41, 6411; b) A. El-ghayoury, E. Peeters, A. P. H. J.
Schenning, E. W. Meijer, Chem. Commun. 2000, 1969; c) A. P. H. J.
Schenning, P. Jonkheijm, E. Peeters, E. W. Meijer, J. Am. Chem.
Soc. 2001, 123, 409; d) A. P. H. J. Schenning, J. van Herrikhuyzen, P.
Jonkheijm, Z. Chen, F. W�rthner, E. W. Meijer, J. Am. Chem. Soc.
2002, 124, 10 252; e) P. Jonkheijm, F. J. M. Hoeben, R. Kleppinger, J.
van Herrikhuyzen, A. P. H. J. Schenning, E. W. Meijer, J. Am. Chem.
Soc. 2003, 125, 15 941.


[10] For reviews on low molecular weight organogels, see: a) P. Terech,
R. G. Weiss, Chem. Rev. 1997, 97, 3133; b) J. H. van Esch, B. L. Fer-
inga, Angew. Chem. 2000, 112, 2351; Angew. Chem. Int. Ed. 2000,
39, 2263; c) K. J. C. van Bommel, A. Friggeri, S. Shinkai, Angew.
Chem. 2003, 115, 1010; Angew. Chem. Int. Ed. 2003, 42, 980;
d) L. A. Estorff, A. D. Hamilton, Chem. Rev. 2004, 104, 1201.


[11] a) A. Saiani, J.-M. Guenet, Macromolecules 1997, 30, 967; b) A.
Saiani, J.-M. Guenet, Macromolecules 1999, 32, 657; c) U. Beginn,
M. Mçller, in Supramolecular Materials and Technologies (Ed.:
D. N. Reinhoudt), Wiley, Chichester, 1999, pp. 89 –176.


[12] For cholesterol-based organogels, see: a) Y. C. Lin, B. Kachar, R. G.
Weiss, J. Am. Chem. Soc. 1989, 111, 5542; b) K. Murata, M. Aoki, T.
Suzuki, T. Harada, H. Kawabata, T. Komori, F. Ohseto, K. Ueda, S.
Shinkai, J. Am. Chem. Soc. 1994, 116, 6664; c) E. Ostuni, P. Kama-
ras, R. G. Weiss, Angew. Chem. 1996, 108, 1423; Angew. Chem. Int.
Ed. Engl. 1996, 35, 1324; d) J. H. Jung, Y. Ono, S. Shinkai, Angew.
Chem. 2000, 112, 1931; Angew. Chem. Int. Ed. 2000, 39, 1862;
e) J. H. Jung, H. Kobayashi, M. Masuda, T. Shimizu, S. Shinkai, J.
Am. Chem. Soc. 2001, 123, 8785; f) R. Wang, C. Geiger, L. Chen, B.
Swanson, D. G. Whitten, J. Am. Chem. Soc. 2000, 122, 2399.


[13] For urea-derived organogels, see: a) K. Hanabusa, K. Shimura, K.
Hirose, M. Kimura, H. Shirai, Chem. Lett. 1996, 885; b) J. van Esch,
R. M. Kellogg, B. L. Feringa, Tetrahedron Lett. 1997, 38, 281; c) M.
de Loos, J. van Esch, I. Stokroos, R. M. Kellogg, B. L. Feringa, J.
Am. Chem. Soc. 1997, 119, 12 675; d) J. van Esch, F. Schoonbeek, M.
de Loos, H. Kooijman, A. L. Spek, R. M. Kellogg, B. L. Feringa,
Chem. Eur. J. 1999, 5, 937; e) L. A. Estroff, A. D. Hamilton, Angew.
Chem. 2000, 112, 3589; Angew. Chem. Int. Ed. 2000, 39, 3447; f) M.
de Loos, J. van Esch, R. M. Kellogg, B. L. Feringa, Angew. Chem.
2001, 113, 633; Angew. Chem. Int. Ed. 2001, 40, 613; g) J. J. van -
Gorp, J. A. J. M. Vekemans, E. W. Meijer, J. Am. Chem. Soc. 2002,
124, 14 759.


[14] For amide-based organogels, see: a) K. Hanabusa, Y. Matsumoto, T.
Miki, T. Koyama, H. Shirai, J. Chem. Soc. Chem. Commun. 1994,
1401; b) K. Hanabusa, M. Yamada, M. Kimura, H. Shirai, Angew.
Chem. 1996, 108, 2086; Angew. Chem. Int. Ed. Engl. 1996, 35, 1949;
c) J. E.-S. Sohana, F. Fages, Chem. Commun. 1997, 327.


[15] For sugar-based gels, see: a) R. J. H. Hafkamp, M. C. Feiters,
R. J. M. Nolte, J. Org. Chem. 1999, 64, 412; b) K. Yoza, N. Amano-
kura, Y. Ono, T. Akao, H. Shinmori, M. Takeuchi, S. Shinkai, D. N.
Reinhoudt, Chem. Eur. J. 1999, 5, 2722; c) G. John, M. Masuda, Y.
Okada, K. Yase, T. Shimizu, Adv. Mater. 2001, 13, 715; d) O. Gron-
wald, S. Shinkai, Chem. Eur. J. 2001, 7, 4329; e) J. H. Jung, G. John,
M. Masuda, K. Yoshida, S. Shinkai, T. Shimizu, Langmuir 2001, 17,
7229; f) G. John, J. H. Jung, H. Minamikawa, K. Yoshida, T. Shimi-
zu, Chem. Eur. J. 2002, 8, 5494; g) J. H. Jung, S. Shinkai, T. Shimizu,
Chem. Eur. J. 2002, 8, 2684; h) H. Kobayashi, A. Friggeri, K. Kou-
moto, M. Amaike, S. Shinkai, D. N. Reinhoudt, Org. Lett. 2002, 4,
1423.


[16] For amino acid-derived organogels, see: a) S. Bhattacharya, S. N. G.
Acharya, Chem. Mater. 1999, 11, 3121; b) F. M. Menger, K. L.
Caran, J. Am. Chem. Soc. 2000, 122, 11679; c) K. Hanabusa, M.
Matsumoto, M. Kimura, A. Kakehi, H. Shirai, J. Colloid Interface
Sci. 2000, 224, 231; d) G. Mieden-Gundert, L. Klein, M. Fischer, F.
Vçgtle, K. Heuz�, J.-L. Pozzo, M. Vallier, F. Fages, Angew. Chem.
2001, 113, 3266; Angew. Chem. Int. Ed. 2001, 40, 3164; e) M. Suzuki,
M. Yumoto, M. Kimura, H. Shirai, K. Hanabusa, Chem. Commun.
2002, 884; f) L. Frkanec, M. Jokić, J. Makarević, K. Wolsperger, M.
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Tuning the Decay Time of Lanthanide-Based Near Infrared Luminescence
from Micro- to Milliseconds through d!f Energy Transfer in Discrete
Heterobimetallic Complexes


St�phane Torelli,[a] Daniel Imbert,[b] Martine Cantuel,[a] G�rald Bernardinelli,[c]


Sandra Delahaye,[d] Andreas Hauser,[d] Jean-Claude G. B�nzli,*[b] and Claude Piguet*[a]


Introduction


Although long-lived visible EuIII and TbIII emitters have
been systematically exploited in the time-resolved separa-
tion of the target signal from the fluorescent background in
bioassays,[1] the development of alternative near infrared
(NIR) trivalent lanthanide probes (Ln=Pr, Nd, Er, Yb) is
recent,[2–7] despite the transparency of biological tissues in
this spectral range.[8] Moreover, the lower energy of the ex-
cited states in NIR emitters is compatible with visible sensi-
tization processes outside the range of biological absorption,
thus offering perspectives for improved detection limits.[9]


Lanthanide-based NIR emitters are also used for optical
amplification in lasers[10] and silica-based fiber optic net-
works, for which the emission wavelengths (1330 nm for PrIII


and 1550 nm for ErIII) match the “window of transparency”
in silica used for telecommunication.[11] Potential applica-
tions are thus obvious, but designing efficient sensitization
for lanthanide-based NIR emitters remains a challenge, be-
cause the Laporte-forbidden 4f!4f transitions prevent
direct excitation of the photoluminescence.[10] For PrIII, NdIII,
and ErIII, the plethora of accessible excited levels in the
6000–35000 cm�1 range is compatible with indirect sensitiza-
tion processes, during which a suitable aromatic chromo-


Abstract: Inert and optically active
pseudo-octahedral CrIIIN6 and RuIIN6


chromophores have been incorporated
by self-assembly into heterobimetallic
triple-stranded helicates HHH-
[CrLnL3]


6+ and HHH-[RuLnL3]
5+ . The


crystal structures of [CrLnL3](CF3SO3)6


(Ln=Nd, Eu, Yb, Lu) and [RuLnL3]-
(CF3SO3)5 (Ln= Eu, Lu) demonstrate
that the helical structure can accommo-
date metal ions of different sizes, with-
out sizeable change in the intermetallic


M···Ln distances. These systems are
ideally suited for unravelling the mo-
lecular factors affecting the intermetal-
lic nd!4f communication. Visible irra-
diation of the CrIIIN6 and RuIIN6 chro-
mophores in HHH-[MLnL3]


5/6+ (Ln=


Nd, Yb, Er; M=Cr, Ru) eventually
produces lanthanide-based near infra-
red (NIR) emission, after directional
energy migration within the complexes.
Depending on the kinetic regime asso-
ciated with each specific d–f pair, the
NIR luminescence decay times can be
tuned from micro- to milliseconds. The
origin of this effect, together with its
rational control for programming opti-
cal functions in discrete heterobimetal-
lic entities, are discussed.


Keywords: energy transfer ·
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complexes · lanthanides · near
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phore is irradiated in the UV[2] or visible[3] spectral range,
followed by Ligand!LnIII energy transfer. Since the spec-
tral overlap between the broad ligand emission spectrum
(i.e., donor) and the Ln-centered narrow line absorption
spectrum (i.e., acceptor) is considerable, the classical Fçr-
ster–Dexter mechanism[12] holds for modeling these energy
transfer processes. For YbIII, the existence of a single and
sharp 2F5/2 excited level around 10 000 cm�1 strongly limits
direct spectral overlap, but the efficient sensitization of the
Yb(2F5/2!2F7/2) emission by high-energy ligand chromo-
phores has been assigned to alternative electron transfer
pathways (via YbII),[2b, 13] and/or phonon-assisted process-
es.[2a] The possible simultaneous occurrence of these differ-
ent mechanisms in the same complex, combined with the ex-
treme difficulty to separate exchange from multipolar con-
tributions in Ligand!LnIII energy transfer, limit the molec-
ular programming and tuning of NIR luminescence.[14] In
this context, the alternative use of a d-block complex as a
donor, well-separated from the lanthanide acceptor, offers
the potential for a rational approach, since multipolar elec-
trostatic interactions (with or without phonon-assistance)
become the only vectors for intramolecular nd!4f energy
transfer processes.[10,12–14] The first systems matching this cri-
terion took advantage of the intense charge-transfer transi-
tions, often mixed with d–d transitions, occurring in the visi-
ble spectral range of redox-active d-block complexes, to effi-
ciently collect photonic energy. Intersystem crossing (isc)
followed by multipolar nd!4f energy transfer complete the
energy funneling processes leading to the lanthanide-based
NIR emission.[4–7] The well-known [RuII(2,2’-bipyridine)3]


2+


chromophore (efficient 1MLCT absorption centered at
22170 cm�1, followed by the quantitative isc feeding of the
3MLCT state)[15] has been integrated into polymetallic d–f
complexes containing LnIII-centered NIR emitters, and effi-
cient intramolecular Ru(3MLCT)!LnIII (Ln =Nd, Er, Yb)
energy transfer processes have been evidenced.[4] Other
work has focused on square-planar PtII centers,[5] and
pseudo-octahedral ReI[6] and CrIII[7] building blocks, but ki-
netic rate constants, kM,Ln


ET , for nd!4f energy transfers in dis-
crete heterometallic complexes have only been reported for
RuII!NdIII transfer in complexes 1[4a] and 2,[4b] RuII!YbIII


transfer in 1,[4a] and PtII!LnIII (Ln= Nd, Er, Yb) transfer in
3 and 4 (Figure 1).[5a,b]


Owing to the large intermetallic distances (� 7–8 �,
Figure 1), the mathematical multipolar expansion can be
reasonably limited to the first dipole–dipolar term, and the
efficiency of the nd!4f energy transfer process (hM,Ln


ET ) is
given by Equation (1).[16]


hM,Ln
ET ¼ kM,Ln


ET


kM
lumþ kM,Ln


ET


¼ kM,Ln
ET


kM
obs


¼ 1
1þ ðRM,Ln


DA =RM,Ln
0 Þ6


ð1Þ


kM
lum is the decay rate constant of the donor d-block chro-


mophore (M) in the absence of an acceptor (Ln), RM,Ln
DA is


the distance between the donor and the acceptor, and RM,Ln
0


is the so-called critical distance for 50 % energy transfer,
which can be estimated with Equation (2).


ðRM,Ln
0 Þ6 ¼ 8:75� 10�25 k2 FF n�4 J ½cm6� ð2Þ


k2 is an orientation factor having an isotropic limit of 2/3,
FF is the quantum yield of the donor luminescence in ab-
sence of acceptor, n is the refractive index of the intermetal-
lic medium, and J is the overlap integral between the emis-
sion spectrum of the donor and the absorption spectrum of
the acceptor (in cm6 mol�1). The considerable number of pa-
rameters affecting kM,Ln


ET , combined with their dependence on
molecular and electronic structures, have dissuaded the ra-
tional programming of intermetallic energy transfer in semi-
flexible polymetallic d–f complexes, and the search for effi-
cient d-block sensitizers entirely relies on empiric investiga-
tions.


To address which factors are the most pertinent for con-
trolling nd!4f energy transfers, we have connected the
inert donors [CrIII(2-benzimidazolpyridine)3]


3+ and [RuII(2-
benzimidazolpyridine)3]


2+ to pseudo-tricapped trigonal-pris-
matic LnIIIN6O3 chromophores in the C3-symmetrical triple-
stranded helicates HHH-[MLnL3]


5/6+ (HHH stands for
head-to-head-to-head, Figure 2).[17–19]


The rigidity of the triple helix fixes the intermetallic dis-
tance (9.0–9.3 �) for any d–f pair, which 1) restricts the
number of parameters (i.e. , RM,Ln


DA is roughly invariant), and
2) ensures that the dipole-dipolar mechanism holds. Prelimi-
nary data collected for HHH-[CrLnL3]


6+ (Ln=Nd, Yb)
point to unusually slow energy transfer kCr,Nd


ET =1.8 � 103 s�1


and kCr,Yb
ET =2.2 � 102 s�1,[18] which are three orders of magni-


tude lower than those reported for analogous RuLn com-
plexes (Figure 1). Herein, we focus on the detailed structural
variations induced by the accommodation of different metal
ions (M=Cr, Ru; Ln=Nd, Eu, Er, Yb, Lu) within the triple
helices, and their consequences for nd!4f energy transfer.
A quantitative kinetic model leads to a set of criteria, which
can be rationally used for tuning the lifetimes of the lantha-
nide-based NIR emission.


Results and Discussion


Self-assembly of the inert d–f triple-stranded helicates
HHH-[CrLnL3]


6+ (Ln=Nd, Gd, Yb) and HHH-[RuLnL3]
5+


(Ln=Nd, Eu, Gd, Er, Yb): Since thermodynamically control-
led assemblies leading to the final heterobimetallic helicates
require labile metal ions,[20] the introduction of inert CrIII


and RuII requires special conditions. For CrIII, we have
taken advantage of the lability of its reduced CrII form to as-
semble HHH-[CrIILnL3]


5+ , prior to aerobic oxidation[17]


leading to [CrLnL3](CF3SO3)6·x H2O (Ln=Gd, Nd: x= 6;
Ln=Yb: x= 4, Figure 2) in fair yields (58–67 %, see Table
S1 in the Supporting Information). Since the [RuIII(2-benzi-
midazolpyridine)3]


3+ entity is too oxidizing and kinetically
inert to be used as a precursor, we have resorted to the re-
cently reported labilizing effect of polar solvents on
[RuII(a,a’-diimine)3]


2+ .[19] Self-assembly of L (3 equiv) with
[Ru(DMSO)5(H2O)]2+ (1 equiv) and LnIII (1 equiv) in etha-
nol under reflux, followed by recrystallization from metha-
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nol/diethyl ether, indeed produces 63–70 % of [RuLnL3]-
(CF3SO3)5·x H2O·y CH3OH (Ln= Nd: x= 10, y= 1; Ln=Eu:
x=2, y=2; Ln= Gd, Er, Yb: x= 6, y= 1; see Figure 2, and
Table S1 in the Supporting Information). For photophysical
comparisons, the related labile helicates [ZnLnL3]-
(CF3SO3)5·3 H2O (Ln=Nd, Yb; Table S1) are obtained by
the simple mixing of L (3 equiv) with Zn2+ (1 equiv) and
LnIII (1 equiv) in acetonitrile.[21] X-ray quality prisms were
obtained by slow diffusion of diethylether into concentrated
acetonitrile solutions for [CrNdL3](CF3SO3)6(CH3CN)4-
(H2O) (5) and [CrYbL3](CF3SO3)6(CH3CN)4 (7), while


layering pentane onto a methanolic solution of the rutheni-
um complexes gives [RuEuL3](CF3SO3)5(CH3OH)1.5(H2O)
(9). For the sake of simplicity, the heterobimetallic cationic
helicates HHH-[CrIIILnL3]


6+ , HHH-[RuIILnL3]
5+ , and


HHH-[ZnIILnL3]
5+ will often be termed CrLn, RuLn, and


ZnLn in the following discussion.


Crystal and molecular structures of [CrNdL3](CF3SO3)6-
(CH3CN)4(H2O) (5) and [CrLnL3](CF3SO3)6(CH3CN)4


(Ln=Eu, 6; Ln= Yb, 7 and Ln=Lu, 8): The two crystal
structures CrNd (5) and CrYb (7)[18] are isostructural with


Figure 1. Molecular structures of discrete heterometallic d–f complexes 1–4, for which the rate constant of intermetallic energy transfer (kM,Ln
ET ) has been


reported (295 K, see text for references).
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CrEu (6) and CrLu (8) previously described.[17] Each crystal
structure comprises discrete triple-helical cations HHH-
[CrIIILnL3]


6+ , six ionic triflate anions, and four non-coordi-
nated acetonitrile molecules. In 5, the larger ionic size of
NdIII provides enough voids for the incorporation of an ad-
ditional disordered water molecule in the unit cell, without
significantly affecting the cell parameters. The atomic num-
bering scheme is shown in Figure 3a, while a view of the
triple-helical cation is given in Figure 3b. The geometrical
data are collected in Table 1 and in Tables S2–S5 in the Sup-
porting Information.


The four triple-helical cations HHH-[CrLnL3]
6+ (Ln=Nd,


Eu, Yb, Lu) are superimposable (see Figure S1 in the Sup-
porting Information), except for the expected faint contrac-
tion of the nine-coordinate lanthanide radii along the
series.[22] The experimental six-coordinate CrIII ionic radii,
calculated by using Shannon�s definition with r(N)=1.46 �,


amount to RCN¼6
Cr =0.585–0.591 � in 5–8 (expected


0.615 �),[22] which demonstrates negligible variations of the
CrN6 chromophores when lanthanides of different sizes
occupy the adjacent LnN6O3 site. Moreover, the trend
RCN¼9


Nd =1.143 � (expected 1.163 �) > RCN¼9
Eu =1.106 � (ex-


Figure 2. Self-assembly and crystal structures of HHH-[CrLuL3]
6+ [17] and


HHH-[RuLuL3]
5+ .[19]


Figure 3. a) Numbering scheme for the cation HHH-[CrLnL3]
6+ in 5–10


(indices b and c correspond to the other strands; ellipsoids are represent-
ed at 40 % probability level). b) Projection of HHH-[CrLnL3]


6+ perpen-
dicular to the pseudo-C3 axis. The CrYb complex is represented as a
specimen.
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pected 1.120 �) > RCN¼9
Yb =1.035 � (expected 1.042 �) >


RCN¼9
Lu =1.030 � (expected 1.032 �) calculated with r(O)=


1.35 �,[22] demonstrates the fine tuning provided by the heli-
cal strands wrapped around the lanthanide ions. The de-
tailed geometrical analysis of the pseudo-octahedral CrN6


site based on the angle f, qi, and wi in HHH-[CrLnL3]
6+


(Figure 4a),[17,23] shows the usual distortions from a perfect
octahedron (foct = 1808, qoct =54.78 and woct =608) with 1) a
faint deviation from the C3 axis (f= 178–1798, see Table S4
in the Supporting Information), 2) a significant flattening
along this axis (qi =57–618, see Table S4 in the Supporting
Information), and 3) a constrained helical twist (wi =51–538,
see Table S4 in the Supporting Information). As expected,
we find identical angular parameters within experimental
errors for the four CrN6 sites in 5–8. A related analysis of


the pseudo-tricapped trigonal
prismatic LnN6O3 site in 5–8
(Figure 4b),[17, 24] displays minor
variations of f and qi along the
lanthanide series. However, wi


systematically decreases when
going from CrNd (wi = 148) to
CrLu (wi = 98, see Table S5 in
the Supporting Information),
which indicates a tighter wrap-
ping of the tridentate segments
around the smaller lanthanides.
This minor structural change is
responsible for the systematic
increase of the intramolecular
Cr···Ln separation with the de-
creasing size of LnIII (Table 2).


This counter-intuitive conse-
quence can be traced back to
the mechanical coupling be-
tween the adjacent helical por-
tions F23 and F34 defined in Fig-
ure 4c.[17] The associated helical
pitches Pij (Table 2) unambigu-
ously demonstrate that the
tighter wrapping measured by
the systematic decrease of P34


and P45 for smaller LnIII is bal-
anced by an opposite relaxation
of the helical twist within the
intermetallic region (P23), which
eventually dominates the total
extension of the helix, as previ-
ously reported for HHH-
[CoLnL3]


6+ (Ln=La, Lu).[25]


Crystal and molecular struc-
tures of HHH-[RuEuL3]-
(CF3SO3)5(CH3OH)1.5(H2O) (9)
and HHH-[RuLuL3]-
(CF3SO3)4.5Cl0.5(CH3OH)2.5 (10):
Compounds 9 and 10[19] are iso-
structural and 9 thus comprises


discrete triple-helical cations HHH-[RuEuL3]
5+ , along with


ionic triflates and non-coordinated solvent molecules. The
numbering used for CrLn also holds for the RuLn series
(Figure 3a, and Figure S2 in the Supporting Information).
The molecular structures of RuEu and RuLu are almost
identical (see Figure S3 in the Supporting Information),
while they are only roughly superimposable with the one of
CrEu (Figure 5). Selected geometrical parameters are col-
lected in Table 3 and Tables S6–S8 in the Supporting Infor-
mation.


The calculated ionic radii for RuII in RuEu (RCN¼6
Ru =


0.598 �) and RuLu (RCN¼6
Ru =0.595 �)[19] point to a negligible


influence of the lanthanide contraction onto the pseudo-oc-
tahedral RuN6 chromophore, which is confirmed by identi-


Table 1. Selected bond lengths [�] and angles [8] for [CrNdL3](CF3SO3)6(CH3CN)4(H2O) (5) and
[CrYbL3](CF3SO3)6(CH3CN)4 (7).


Distances
ligand a ligand b ligand c


5 7 5 7 5 7


Ln···Cr 9.282(1) 9.334(1)
Ln�O1 2.456(4) 2.360(4) 2.441(4) 2.310(4) 2.404(4) 2.324(4)
Ln�N4 2.632(5) 2.528(5) 2.628(5) 2.500(5) 2.602(5) 2.513(4)
Ln�N6 2.640(5) 2.515(5) 2.636(5) 2.527(4) 2.658(5) 2.550(5)
Cr�N1 2.075(4) 2.067(5) 2.068(4) 2.074(5) 2.076(5) 2.074(4)
Cr�N2 2.013(5) 2.012(4) 2.022(5) 2.017(4) 2.018(5) 2.027(5)


Angles
ligand a ligand b ligand c


bite angles
5 7 5 7 5 7


N1-Cr-N2 79.5(2) 79.4(2) 79.3(2) 79.3(2) 79.2(2) 79.1(2)
N4-Ln-N6 61.2(1) 63.7(1) 61.8(1) 64.4(1) 62.3(1) 64.4(1)
N6-Ln-O1 62.5(1) 64.6(1) 63.1(1) 64.7(1) 62.6(1) 64.5(1)
N4-Ln-O1 123.5(1) 128.2(1) 124.9(1) 129.0(1) 124.8(1) 128.9(1)


N-Cr-N
5 7 5 7


N1a-Cr-N2b 88.7(2) 89.4(2) N1a-Cr-N1c 95.7(2) 95.6(2)
N1a-Cr-N2c 174.3(2) 174.2(2) N2a-Cr-N1b 170.6(2) 171.1(2)
N2a-Cr-N2b 96.9(2) 97.5(2) N2a-Cr-N1c 88.2(2) 87.9(2)
N2a-Cr-N2c 97.9(2) 97.9(2) N1a-Cr-N1b 91.9(2) 92.2(2)
N1b-Cr-N1c 96.3(2) 95.9(2) N1b-Cr-N2c 91.0(2) 90.7(2)
N2b-Cr-N1c 173.9(2) 173.3(2) N2b-Cr-N2c 96.6(2) 96.1(2)


N-Ln-N
5 7 5 7


N4a-Ln-N4b 87.2(1) 85.1(2) N6a-Ln-N6b 122.4(1) 121.6(1)
N4b-Ln-N4c 86.0(1) 85.0(1) N6b-Ln-N6c 118.3(1) 118.8(2)
N4a-Ln-N4c 88.8(1) 87.4(1) N6a-Ln-N6c 118.5(1) 118.4(1)
N4a-Ln-N6c 147.5(1) 147.1(1) N4a-Ln-N6b 76.3(1) 74.8(1)
N6a-Ln-N4b 142.3(1) 141.9(1) N4b-Ln-N6c 76.8(1) 76.3(1)
N6b-Ln-N4c 144.7(1) 145.3(1) N6a-Ln-N4c 74.1(1) 73.0(1)


O-Ln-N
5 7 5 7


N4a-Ln-O1c 144.2(1) 140.8(1) N4a-Ln-O1b 77.4(1) 79.5(1)
N6a-Ln-O1b 70.7(1) 68.8(1) N6a-Ln-O1c 133.9(1) 133.7(1)
N6b-Ln-O1c 68.9(1) 66.6(1) N4b-Ln-O1c 83.7(1) 84.3(1)
O1a-Ln-N6b 134.5(1) 133.0(1) O1a-Ln-N4b 145.7(1) 142.9(1)
O1a-Ln-N4c 80.3(1) 81.3(1) O1a-Ln-N6c 69.0(1) 66.7(1)
O1b-Ln-N4c 144.7(1) 141.6(1) O1b-Ln-N6c 134.8(1) 133.1(1)


O-Ln-O
5 7 5 7


O1a-Ln-O1b 80.6(1) 79.0(1) O1b-Ln-O1c 79.6(1) 78.4(1)
O1a-Ln-O1c 78.8(1) 78.1(1)
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cal f, qi, and wi angles (see Table S7 in the Supporting Infor-
mation). Conversely, the contraction of about 0.01 � ob-
served when replacing RuII with CrIII has no significant
effect on the wrapping process of the tridentate binding


units around the LnIII ions (see Tables S5 and S8 in the Sup-
porting Information). However, the helical twist (measured
by Pij, Figure 4c) shows a global tighter wrapping in going
from CrLn to RuLn, which eventually reduces the interme-
tallic distance by about 0.25 � (Table 2). Since the geome-
tries of the metallic coordination spheres in CrLn and RuLn
are similar, this latter effect is assigned to the larger inter-
metallic electrostatic repulsion induced by the replacement
of RuII with CrIII.


Photophysical properties of the heterobimetallic complexes
[CrLnL3]


6+ (Ln=Nd, Gd, Yb) and [RuLnL3]
5+ (Ln=Nd,


Gd, Er, Yb): According to our structural analysis of com-
plexes 5–10, we can safely conclude that the triple-stranded
helicates offer a semi-rigid frame, in which the intermetallic
separation is tuned by 1) the electrostatic repulsion between
the metal ions and 2) the contraction of the lanthanide ionic
radii. This situation is ideal for unravelling the intramolecu-
lar intermetallic nd!4f energy transfer processes eventually
leading to the directional conversion of visible light into
NIR luminescence. Moreover, the kinetically inert CrIIIN6


and RuIIN6 chromophores ensure that the solid state struc-
tures are maintained in polar solvents. This is supported by
ESI-MS spectra, in which we exclusively detect the presence
of [MLnL3]


6/5+ species for sprayed millimolar acetonitrile
solutions (see Table S9 in the Supporting Information),[17, 18]


and by the 1H NMR spectra of [RuLnL3]
5+ (Ln= Nd, Eu,


Yb; Table S10 in the Supporting Information), which pro-
vide paramagnetic shifts identical to those reported for the
analogous C3-symmetric triple-helical complexes [CoLnL3]


6+.[25]


Direct comparisons between quantum yields measured in
solution and excited states lifetimes collected in the solid
state are thus reliable.[17,19, 26]


Ligand-centered excited states in [CrLnL3]
6+ (Ln=Nd, Gd,


Yb) and [RuLnL3]
5+ (Ln=Nd, Gd, Er, Yb): The UV part of


the absorption spectra of CrLn and RuLn in acetonitrile are
similar and show two intense bands centered at 40 000 and
30 000 cm�1, and assigned to ligand-centered p!p* transi-
tions, as previously established for CrLu[17] and RuLu[19]


(Table 4, Figure 6a). Excitation of the 1pp* level in CrLn
(Ln=Nd, Yb, ñexc = 28 170 and 31 545 cm�1, respectively) do
not produce significant ligand-centered luminescence (10–
295 K) because of efficient quenching by Ligand!CrIII


energy transfer processes, as similarly reported for CrLn
(Eu, Gd, Tb, Lu).[17] The emission spectra of CrLn are thus
dominated by the CrIII- and LnIII-centered luminescence
(vide infra). Similar experiments performed with RuLn
(Ln=Nd, Gd, Er, Yb, 77 K) show two bands in the fluores-
cence spectra around 26 100 cm�1 (ligand-centered 1pp*)
and 17 000 cm�1 (3MLCT, Table 4 and Figure 6b), which are
diagnostic of the [Ru(a,a-diimine)3] chromophore.[19] The
associated time-resolved spectra (delay time: 50 ms) indicate
a weak underlying ligand-centered 3pp* emission (0
phonon: 24 300–25 000 cm�1, lifetimes 70–90 ms, Table 4 and
Figure 6b), which points to a somewhat incomplete
Ligand!RuII energy transfer process.


Figure 4. Definition of the angles f, qi, and wi for a) the pseudo-octahe-
dral site (R1 =M�N1a + M�N1b + M�N1c and R2 = M�N2a + M�
N2b + M�N2c)[23] and b) the pseudo-tricapped trigonal prismatic site
(R1 =Ln�O1a + Ln�O1b + Ln�O1c and R2 =Ln�N4a + Ln�N4b +


Ln�N4c)[24] in HHH-[MLnL3]
5/6+ (Proj[N(i)] is the projection of N(i)


along the R1�R2 direction onto a perpendicular plane passing through
the metal). c) Helical portions Fi�Fj along the threefold axis defined by
the facial planes Fi (see Table S2 and S3 in the Supporting Information).
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d-Block-centered excited states in [CrLnL3]
6+ (Ln=Nd, Gd,


Yb) and [RuLnL3]
5+ (Ln=Nd, Gd, Er, Yb): The absorption


spectra in the visible range differ for the two series of com-
plexes because the spin-allowed d–d transitions and charge-
transfer bands appear at higher energy for CrIII (4A2!4T2,
4T1 + CT in the range 20 000–25 000 cm�1),[17] than for RuII


(1A1!1T1 + 1MLCT in the range 17 000–24 000 cm�1,
Table 4 and Figure 6a).[19] At 10 K, in the solid state or in
frozen acetonitrile solution, the luminescence spectra of
CrLn (Ln =Nd, Yb) display a strong band at 13 320 cm�1


and Stokes phonon sidebands (13 100–12 900 cm�1) arising
from the Cr(2E!4A2) transition, whatever the excitation
mode is, through the ligand-centered 1pp* level (ñexc =


29 170 cm�1), or upon laser excitation into the Cr-centered
bands (ñexc =20 492 cm�1, Figure 7a). At 295 K, the Cr(2E)


luminescence becomes less in-
tense, with the appearance of
anti-Stokes side bands (13 700–
14 200 cm�1 Figure 7a).


The associated Cr(2E) life-
times in CrLn (Ln=Nd, Yb;
Table 4 and Table S11 in the
Supporting Information),
remain in the millisecond range
at 10 K, but are significantly
shorter than those obtained for
CrGd under the same experi-
mental conditions. Since GdIII


does not possess accessible ex-
cited states below
32 200 cm�1,[27] the reduced
Cr(2E) lifetimes in the isostruc-
tural complexes CrLn (Ln= Nd,


Yb) can be safely assigned to the occurrence of incomplete
intramolecular intermetallic Cr!Ln energy transfer proc-
esses. At 295 K, the Cr(2E) lifetimes dramatically decrease
to reach the microsecond range as a result of efficient ther-
mally-activated non-radiative vibrational quenching, previ-
ously evidenced in CrLu and CrGd (see Table S11 in the
Supporting Information).[17] However, the decrease of the
Cr-centered emission lifetimes in going from CrGd to
CrLn (Ln=Nd, Yb) is maintained at 295 K (see Table S11
in the Supporting Information), and further confirmed by
a similar trend in the quantum yields FCr measured in aceto-
nitrile (see Table S12 in the Supporting Information). We
conclude that partial intramolecular directional intermetallic
Cr!Ln energy transfer processes also occur at room tem-
perature.


The luminescence spectra of the RuLn complexes (Ln=


Nd, Gd, Er, Yb) show a broad band centered around
15 000–17 000 cm�1 (Table 4; 0 phonon at 15 600 cm�1 at 10 K
in the solid state, Figure 8a) arising from the Ru(3MLCT)
state whatever the excitation mode is, through the ligand-
centered 1pp* level (ñexc = 31 145 cm�1), or upon laser excita-
tion of the Ru(1MLCT) state (ñexc = 20 492 cm�1, Figure 8a).
The microsecond Ru(3MLCT) lifetime is also reduced when
going from RuGd to the isostructural RuLn (Ln=Nd, Er,
Yb) complexes (see Table S11 in the Supporting Informa-
tion), in complete agreement with the occurrence of partial
intermetallic Ru!Ln energy transfer processes. Again, this
trend is maintained in frozen solution at 10 K (Table 4).
However, tRu decreases by almost two orders of magnitude
at room temperature, and reliable variations of lifetimes in
the nanosecond range are difficult to detect with our setup.
The concomitant determination of the Ru-centered quantum
yields FRu overcomes this limitation, and confirms the exis-
tence of intramolecular Ru!Ln energy transfers at 295 K
(see Table S12 in the Supporting Information).


f-Block-centered excited states in [CrLnL3]
6+ (Ln=Nd, Gd,


Yb) and [RuLnL3]
5+ (Ln=Nd, Gd, Er, Yb): The intramolec-


ular d!f energy transfer evidenced in CrLn and RuLn is re-


Table 2. Helical pitches Pij along the pseudo-C3 axis[a] and intermetallic distances dM,Ln in the crystal structures
of [CrLnL3](CF3SO3)6 (5–8) and [RuLnL3](CF3SO3)5 (9,10).


CrNd CrEu [b] CrYb CrLu [b] RuEu RuLu[c]


Pij [�] Pij [�] Pij [�] Pij [�] Pij [�] Pij [�]


F1–F2
[d] 14.58 14.64 14.58 14.59 13.27 13.35


F2–F3 20.50 20.63 20.74 20.79 19.83 19.86
F3–F4 12.40 12.09 11.62 11.61 12.15 12.06
F4–F5 9.79 9.51 8.90 8.89 8.30 8.72
F1–F5 15.75 15.67 15.42 15.44 14.83 14.88
dM,Ln [�] 9.282(1) 9.3238(8) 9.334(1) 9.3546(9) 9.062(1) 9.0794(9)


[a] Each helical portion F1–F2, F2–F3, F3–F4, and F4–F5 is characterized by 1) a linear extension d(Fi–Fj) defined
by the separation between the facial planes, 2) an average twist angle aij defined by the angular rotation be-
tween the projections of Ni and Nj (or Oj) belonging to the same ligand strand onto an intermediate plane
passing through the metal (or a midpoint X for F23), and 3) its pitch Pij defined as the ratio of axial over angu-
lar progressions along the helical axis Pij =d(Fi–Fj)/(aij/360) (Pij corresponds to the length of a cylinder contain-
ing a single turn of the helix defined by geometrical characteristics d(Fi–Fj) and aij).[36] [b] Taken from ref. [17].
[c] Taken from ref. [19]. [d] F1: N1a, N1b, N1c; F2: N2a, N2b, N2c; F3: N4a, N4b, N4c; F4: N6a, N6b, N6c; F5:
O1a, O1b, O1c (see Figure 4c).


Figure 5. Optimized superimposition of the cations HHH-[CrEuL3]
6+


(red) and HHH-[RuEuL3]
5+ (blue) in the structures of 6 and 9.
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sponsible for the concomitant Ln-centered NIR emission de-
tected in the 7150–11 800 cm�1 range for the Nd(4F3/2!4IJ ;
J=9/2, 11/2, 13/2) transitions (Figure 7b–d and Figure S4 in
the Supporting Information), 9200–10 800 cm�1 range for the
Yb(2F5/2!2F7/2) transition (Figure 8b and Figure S5 in the
Supporting Information), and 6500–6600 cm�1 range for the
Er(4I13/2!4I15/2) transition (see Figure S6 in the Supporting
Information). Since the local environments of the pseudo-
tricapped trigonal-prismatic LnN6O3 sites are comparable in
CrLn and RuLn (see crystallographic section), the crystal-
field splitting of the Nd- and Yb-centered transitions are
almost identical (see Table S13 in the Supporting Informa-
tion). It can be interpreted as arising from metal ions in a
trigonal site with D3 symmetry, for which the irreducible
representations of the total angular momentum operator


lead to four sublevels for Yb-
(2F7/2) and three sublevels for
Yb(2F5/2) (Figure 9a).[28] We
thus expect four transitions
from the lowest crystal-field
sublevel of Yb(2F5/2) to the Yb-
(2F7/2) manifold (Figure 8b, and
Figure S5 and Table S13 in the
Supporting Information). At
10 K, the total splitting of Yb-
(2F7/2) amounts to 304 cm�1 in
CrYb and 303 cm�1 in RuYb,
which confirms the similarity of
the lanthanide coordination
spheres in these helicates. The
Nd(4F3/2)-centered luminescence
in CrNd (Figure 7b–d) and
RuNd (see Figure S4 in the
Supporting Information) fea-
tures the typical three transi-
tions to 4IJ (J= 9/2, 11/2, 13/2)
split into five (4I9/2, 10 800–
11 600 cm�1), five (4I11/2, 9200–
9500 cm�1), and seven compo-
nents (4I13/2, 7150–7700 cm�1),
for which we predict respective-
ly, five, six, and seven allowed
transitions assuming a trigonal
symmetry.[16] Upon increasing
the temperature, the 4F3/2-cen-
tered emission band becomes
broader, the energy difference
between the components within
each 4IJ manifold remaining the
same (see Table S13 in the Sup-
porting Information). However,
additional components, shifted
by 65–75 cm�1 on the high
energy sides of the initial transi-
tions (Figure 7b–d, and Figure
S4 and Table S13 in the Sup-
porting Information), can be as-


signed as originating from the highest crystal-field sublevel
of the emitting 4F3/2 excited state (Figure 9b). Using a Boltz-
mann distribution with T= 295 K and DE=70 cm�1, we cal-
culate a 41 % population for the upper sublevel, in line with
the intensity ratios of the 11 509 cm�1/11 436 cm�1 compo-
nents of the 4F3/2!4I9/2 transition, which amount to 0.38 for
CrNd and 0.43 for RuNd. In the case of RuEr, the poor res-
olution of the Er(4I13/2!4I15/2) transition prevents a detailed
crystal-field analysis (see Figure S6 in the Supporting Infor-
mation).


Interestingly, the Yb(2F5/2) and Nd(4F3/2) emission decays
at 10 K are single exponential functions, but the correspond-
ing lifetimes cover three orders of magnitude, that is, from
millisecond (CrNd, CrYb) to microsecond (RuNd, RuYb)
ranges (Table 5). Comparison with the standard Ln-centered


Table 3. Selected bond lengths [�] and angles [8] for [RuEuL3](CF3SO3)5(CH3OH)1.5(H2O) (9) and [Ru-
LuL3](CF3SO3)4.5Cl0.5(CH3OH)2.5 (10).[19]


Distances
ligand a ligand b ligand c


9 10 9 10 9 10


Ln···Ru 9.062(1) 9.0794(9)
Ln�O1 2.417(7) 2.345(5) 2.379(7) 2.284(5) 2.405(7) 2.326(4)
Ln�N4 2.621(8) 2.534(6) 2.545(9) 2.469(6) 2.591(8) 2.514(5)
Ln�N6 2.592(7) 2.518(4) 2.623(7) 2.531(5) 2.576(6) 2.515(4)
Ru�N1 2.052(9) 2.064(6) 2.076(6) 2.060(5) 2.059(7) 2.055(5)
Ru�N2 2.058(7) 2.051(5) 2.042(8) 2.044(5) 2.059(6) 2.057(5)


Angles
ligand a ligand b ligand c


bite angles
9 10 9 10 9 10


N1-Ru-N2 77.5(4) 77.8(2) 77.2(3) 77.5(2) 77.5(3) 77.9(2)
N4-Ln-N6 62.9(2) 64.5(2) 62.7(3) 64.5(2) 63.6(3) 64.7(2)
N6-Ln-O1 62.4(2) 63.8(2) 63.0(2) 64.2(2) 64.2(2) 65.2(2)
N4-Ln-O1 125.1(2) 128.2(1) 125.7(2) 128.7(2) 127.5(2) 129.6(2)


N-Ru-N
9 10 9 10


N1a-Ru-N2b 175.7(2) 175.7(2) N1a-Ru-N1c 95.8(3) 95.0(2)
N1a-Ru-N2c 84.9(3) 85.0(2) N2a-Ru-N1b 85.2(3) 85.5(2)
N2a-Ru-N2b 100.3(3) 99.8(2) N2a-Ru-N1c 172.8(3) 172.5(2)
N2a-Ru-N2c 99.1(3) 99.3(2) N1a-Ru-N1b 98.9(3) 98.7(2)
N1b-Ru-N1c 98.6(3) 97.7(2) N1b-Ru-N2c 174.9(3) 174.5(2)
N2b-Ru-N1c 86.6(3) 87.5(2) N2b-Ru-N2c 99.1(3) 99.0(2)


N-Ln-N
9 10 9 10


N4a-Ln-N4b 89.1(3) 88.3(2) N6a-Ln-N6b 119.3(2) 119.5(2)
N4b-Ln-N4c 82.9(2) 82.7(2) N6b-Ln-N6c 117.4(2) 117.4(2)
N4a-Ln-N4c 84.4(2) 83.9(2) N6a-Ln-N6c 121.7(2) 121.5(2)
N4a-Ln-N6c 76.3(2) 74.7(2) N4a-Ln-N6b 148.0(3) 148.0(2)
N6a-Ln-N4b 77.0(2) 75.6(2) N4b-Ln-N6c 144.2(2) 144.3(2)
N6b-Ln-N4c 77.8(2) 76.5(2) N6a-Ln-N4c 141.4(3) 141.6(2)


O-Ln-N
9 10 9 10


N4a-Ln-O1c 78.8(3) 79.1(2) N4a-Ln-O1b 141.7(2) 139.9(2)
N6a-Ln-O1b 133.7(2) 132.1(2) N6a-Ln-O1c 68.3(2) 67.4(2)
N6b-Ln-O1c 132.9(3) 132.7(2) N4b-Ln-O1c 145.1(2) 142.8(1)
O1a-Ln-N6b 68.6(2) 67.5(2) O1a-Ln-N4b 82.3(3) 82.7(2)
O1a-Ln-N4c 146.5(2) 144.1(2) O1a-Ln-N6c 132.8(3) 132.4(2)
O1b-Ln-N4c 84.7(2) 86.1(2) O1b-Ln-N6c 66.0(2) 65.9(2)


O-Ln-O
9 10 9 10


O1a-Ln-O1b 79.9(2) 77.9(2) O1b-Ln-O1c 79.1(2) 77.9(2)
O1a-Ln-O1c 78.5(2) 78.3(2)
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luminescence decay times measured in absence of d!f com-
munication in HHH-[ZnNdL3]


5+ (t(4F3/2)= 1.4–1.8 ms,
Table 5) and in HHH-[ZnYbL3]


5+ (t(2F5/2)=20–22 ms,
Table 5) shows that, except for RuYb, the NIR Ln-centered


luminescence decays are significantly slower in the CrLn
and RuLn complexes.


Table 4. Ligand-centered and d-block-centered absorption and emission properties of complexes [CrLnL3]
6+ (Ln=Nd, Gd, Yb) and [RuLnL3]


5+ (Ln=


Nd, Gd, Er, Yb) in acetonitrile.[a]


Compd Absorption [cm�1] Absorption [cm�1] Emission [cm�1] Emission [cm�1] Lifetime [ms] Emission [cm�1] Lifetime [ms][c]


p!p* [b] d–d + CT [b] 1pp* 3pp* t(3pp*) d-block-centered d-block-centered


CrGd 40486 (78 200 sh) 25 700 (26 000 sh) [d] [d] [d] 13301 Cr(2E) 4.21(2)� 103


29940 (102 200) 22 800 (2400 sh)


CrNd 40486 (81 700 sh) 25 700 (21 400 sh) [d] [d] [d] 13330 Cr(2E) 0.58(3)� 103


29940 (96 900) 22 800 (2700 sh)


CrYb 40486 (77 100 sh) 25 700 (21 300 sh) [d] [d] [d] 13327 Cr(2E) 2.53(2)� 103


29940 (96 900) 22 800 (2800 sh)


RuGd 40160 (79 025) 21 185 (8700) 25800 24300(sh) 94(4) 14493 Ru(3MLCT) 12.4(7)
30120 (105 900) 20700


RuNd 40160 (77 750) 21 185 (9400) 26200 25100(sh) 73(3) 14493 Ru(3MLCT) 6.27(3)
30120 (111 660) 23000


RuEr 40160 (77 080) 21 185 (8300) 26000 25700(sh) 93(5) 14493 Ru(3MLCT) 9.72(4)
30120 (105 500) 22600


RuYb 40160 (78 030) 21 185 (8500) 26200 25600(sh) 94(4) 14493 Ru(3MLCT) 9.16(2)
30120 (103 300) 23600


[a] Absorption spectra recorded at 293 K, luminescence data and lifetime measurements at 77 K (ñexc =31 545 cm�1); sh= shoulder. [b] Energies are given
for the maximum of the band envelope in cm�1 and e (in parentheses) in m


�1 cm�1. [c] At 10 K. [d] 1pp* and 3pp* luminescence quenched by transfer to
CrIII ion.[17]


Figure 6. a) Absorption spectra of HHH-[CrNdL3]
6+(full line) and HHH-


[RuNdL3]
5+ (dashed line) in acetonitrile (293 K, 10�3 mol dm�3). b) Emis-


sion spectrum of HHH-[RuYbL3]
5+ in acetonitrile at 293 K (full line), at


77 K (dotted line), and at 77 K with a 0.05 ms delay time (dashed line,
10�3 mol dm�3, ñexc =31545 cm�1).


Figure 7. Emission spectra of HHH-[CrNdL3]
6+ in the solid state at 10 K


and 295 K (ñex =20 492 cm�1). a) Cr(2E!4A2) transition and b)–d) Nd-
(4F3/2!4IJ, J =9/2, 11/2, 13/2, respectively) transitions. Arrows point to
transition arising from the highest crystal-field sublevel.
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Models and consequences of intramolecular d!f energy
transfers in [CrLnL3]


6+ (Ln=Nd, Yb) and [RuLnL3]
5+


(Ln=Nd, Er, Yb): A close scrutiny of the emission spectra
of CrNd or RuNd shows several dips in the profile of the
Cr(2E) and Ru(3MLCT) transitions, which exactly match the
4I9/2!(4F5/2,


2H9/2) absorption of the neighbouring NdIII ion
(Figure 7a, and Figure S7 in the Supporting Information).
This is evidence for a M!Nd energy transfer process, which


can be modelled by the simple kinetic scheme given in
Figure 10.


The mathematical treatment of this system leads to the
rate Equations (3) and (4) , which can be integrated to give
the time-dependent concentration of the excited species
[M*(t)] [Eq. (5)] and [Ln*(t)] [Eq. (6)] , in which M and Ln
stand for the d- and f-block metal ions, respectively.[29]


d½M*ðtÞ�=dt ¼ �ðkM,Ln
ET þ kM


LumÞ½M*ðtÞ� ð3Þ


d½Ln*ðtÞ�=dt ¼ kM,Ln
ET ½M*ðtÞ��kLn


Lum½Ln*ðtÞ� ð4Þ


½M*ðtÞ� ¼ ½M*ð0Þ�e�ðk
M,Ln
ET þk


M
lumÞt ¼ ½M*ð0Þ�e�k


M
obst ð5Þ


½Ln*ðtÞ� ¼ ½M*ð0Þ� kM,Ln
ET


kLn
Lum�ðkM,Ln


ET þ kM
LumÞ
ðe�ðk


M,Ln
ET þk


M
LumÞt�e�k


Ln
LumtÞ


ð6Þ


The metal-centered luminescence rate constants kM
Lum and


kLn
Lum correspond to the sum of the radiative and non-radia-


tive de-excitation pathways in absence of the acceptor
(kM


Lum), or of the donor (kLn
Lum).


kM
Lum is thus reasonably approxi-


mated by the decay rate con-
stant of the d-block-centered
luminescence in CrGd and
RuGd (Table 4, and Table S11
in the Supporting Information),
while kLn


Lum is obtained from the
f-block-centered emission in
ZnLn (Ln= Nd, Yb, Er,
Table 5).[30] Assuming that the
intramolecular d!f directional
energy transfer is the only addi-
tional non-radiative pathway af-
fecting the deactivation of the
d-block-centered excited state
in CrLn or RuLn, when NdIII,
ErIII or YbIII replace GdIII, the
rate constant of the energy
transfer process, kM,Ln


ET , can be
estimated from Equation (7) ,
in which kM


obs is the experimen-
tal observed decay rate con-
stant of M* in presence of the
Ln acceptor in the [MLnL3]


5/6+


complexes (M=Cr, Ru; Ln =


Nd, Er, Yb; Table 4 and Ta-
ble S11).[2b, 18]


kM,Ln
ET ¼ kM


obs�kM
Lum ¼ ðtM


obsÞ�1�ðtM
LumÞ�1 ð7Þ


Moreover, once kM,Ln
ET is determined, Equation (1) holds,


thus leading to the critical distances for 50 % energy transfer
processes RM,Ln


0 collected in Table 6.


At 10 K, a temperature at which phonon-assisted energy
transfer processes are minimized, we notice that 1) CrIII is a


Figure 8. Emission spectra of HHH-[RuYbL3]
5+ in the solid state at 10 K


and 295 K (ñex =20492 cm�1). a) Ru(3MLCT) transition and b) Yb(2F5/2!
2F7/2) transition.


Figure 9. Ligand-field sublevels of a) YbIII and b) NdIII as determined from emission spectra at 10 and 295 K in
HHH-[CrLnL3]


6+ .
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better donor than RuII (hCr, Ln
ET > hRu, Ln


ET , Table 6) and 2) the
efficiency of the energy transfer process decreases in the
order hM,Nd


ET > hM,Er
ET > hM,Yb


ET . Therefore, larger critical distan-
ces are calculated for the CrLn complexes (RCr, Ln


0 > RRu, Ln
0 ),


and with Ln= Nd (Table 6). The latter effect can be assigned


to an increase of the overlap integral J [Eq. (2)] when NdIII


is used as an acceptor because its 4FJ (J= 3/2, 5/2, 7/2, 9/2),
2HJ (J=9/2, 11/2), and 4S3/2 excited levels are available for
overlapping with the M-centered emission spectra in the
13 000–15 000 cm�1 range, while only two (4F9/2 and 4I9/2) and
one level (2F5/2) are accessible for Ln=Er and Yb, respec-
tively.[10] At 295 K, the thermally-activated vibrational proc-
esses explain the faster luminescence decays of the donor
kM


Lum, but the parallel trend observed for the energy transfer
process kM,Ln


ET suggests that both M-centered de-excitation
processes (i.e., luminescence and energy transfer, Table 6)
depend on closely related phonon-assisted mechanisms at
high temperature. Consequently, the efficiency of the energy
transfer processes hM,Ln


ET =kM,Ln
ET /(kM


lum +kM,Ln
ET )=kM,Ln


ET /kM
obs


[Eq. (1)] does not drastically vary with temperature
(Table 6). It is worth noting that kRu, Nd


ET =2.3 � 106 s�1 and
kRu, Yb


ET = 5.2 �105 s�1 obtained at 295 K are comparable to
rate constants reported for similar processes in the more
flexible complexes 1 and 2 (Figure 1). A similar behavior is
observed for CrLn and RuLn in acetonitrile solution and
the efficiency of the energy transfer process (hM,Ln


ET , [Eq. (8)])
and critical distance (RM,Ln


0 , [Eq. (1)]),[17] fairly match those
obtained in the solid state (see Table S14 in the Supporting
Information).


hM,Ln
ET ¼ 1�ðFM,Ln=FM,GdÞ ð8Þ


However, the most striking point concerns the experimen-
tal apparent rate constants kLn


App of the Ln-centered lumines-
cence in [MLnL3]


5/6+ (Ln=Nd, Er, Yb), which are orders of
magnitude smaller than those found for the intrinsic lumi-
nescence (kLn


Lum) measured in absence of donor in
[ZnLnL3]


5+ (Table 6). In other words, the expected lifetimes
of the Ln-centered luminescence, which are in the microsec-


Table 5. f-Block-centered lifetimes (t [ms]) for Nd(4F3/2), Yb(2F5/2), and
Er(4I3/2) in HHH-[CrLnL3]


6+ (Ln =Nd, Yb), HHH-[RuLnL3]
5+ (Ln=Nd,


Er, Yb), and HHH-[ZnLnL3]
5+ (Ln= Nd, Yb).


Compd Solid-state/
10 K


Solution/
10 K [a]


Solid-state/
295 K


Solution/
295 K [a]


CrNd [b] 0.47(1)� 103 0.54(1)� 103 0.12(1)� 103 5.1(1)
CrYb [b] 1.96(1)� 103 2.45(1)� 103 0.24(1)� 103 23(2)
RuNd [c] 6.04(3) 5.79(7) 1.44(2) [d]


RuEr [c] 6.94(5) [d] 0.540(5) [d]


RuYb [c] 22.72(7) 22.4(1) 17.52(2) 22.6(2)
ZnNd [b] 1.46(1) 1.49(1) 1.60(1) 1.82(1)
ZnYb [b] 20(1) 23(2) 23(1) 22(1)


[a] 10�4 mol dm�3 in acetonitrile. [b] ñexc =28169 cm�1. [c] ñexc =


20492 cm�1. [d] Too weak to be measured.


Figure 10. Kinetic model for the deactivation and communication of d-
block and f-block-centered excited levels in HHH-[MLnL3]


5/6+ (M= Cr,
Ru; Ln =Nd, Er, Yb).


Table 6. Experimental rates of luminescence kM
Lum, kLn


Lum, kM
obs, and kLn


App, and calculated energy transfer rates kM,Ln
ET [Eq. (7)], efficiencies hM,Ln


ET , and critical
distances RM,Ln


0 [Eq. (1)], and switching distances dM,Ln
switch [Eq. (11)] for HHH-[CrLnL3]


6+ (Ln=Nd, Yb), HHH-[RuLnL3]
5+ (Ln= Nd, Er, Yb), and HHH-


[ZnLnL3]
5+ (Ln =Nd, Yb) in the solid state.[a]


Compd T kM
obs kM


Lum kLn
App kLn


Lum kM,Ln
ET hM,Ln


ET RM,Ln
0 RM,Ln


DA
[b] dM,Ln


switch


[K] [s�1] [s�1] [s�1] [s�1] [s�1] [%] [�] [�] [�]


ZnNd 10 6.84 � 105


ZnYb 10 5.00 � 104


CrGd 10 2.73 � 102


CrNd 10 2.13 � 103 2.13 � 103 1.86 � 103 87 12.8 9.28 3.5
CrYb 10 5.10 � 102 5.10 � 102 2.37 � 102 46 9.1 9.33 3.8
RuGd 10 1.04 � 105


RuNd 10 1.55 � 105 1.65 � 105 5.10 � 104 33 8.1 9.06 5.9
RuEr 10 1.44 � 105 1.44 � 105 4.00 � 104 28 7.7 9.08
RuYb 10 1.27 � 105 4.404 2.30 � 104 18 7.1 9.08 8.0
ZnNd 295 6.25 � 105


ZnYb 295 4.35 � 104


CrGd 295 3.45 � 103


CrNd 295 8.33 � 103 8.33 � 103 4.88 � 103 59 9.8 9.28 4.1
CrYb 295 4.17 � 103 4.17 � 103 7.20 � 102 17 7.2 9.33 4.7
RuGd 295 1.16 � 106


RuNd 295 3.45 � 106 6.94 � 105 2.29 � 106 66 10.2 9.06 11.3
RuEr 295 1.85 � 106 1.85 � 106 6.90 � 105 37 8.4 9.08
RuYb 295 1.68 � 106 5.71 � 104 5.20 � 105 31 7.9 9.08 13.7


[a] Typical relative error �10 %. [b] Intermetallic distances taken from the crystal structures of 5–10.
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ond range (tZnNd = (kZnNd
lum )�1 = 1.46 ms, tZnYb = (kZnYb


lum )�1 =


20 ms), can be apparently lengthened by factors 101–103 in
RuLn and CrLn, respectively. This known phenomenon[2b]


depends on the ratio r=kLn
lum/(kM


lum +kM,Ln
ET )=1�hM,Ln


ET ,[2b] and it
can be rationalized with Equation (6). A first limiting case
occurs when the energy transfer is very fast and consequent-
ly, the sum kM,Ln


obs = (kM
lum +kM,Ln


ET ) is much larger than kLn
lum (r !


1); Equation (6) then reduces to Equation (9) , in which the
apparent decay of the Ln-centered luminescence in the bi-
metallic complex MLn coincides with the one found in ab-
sence of a donor in ZnLn (kLn


Lum).


½Ln*ðtÞ� ¼ ½M*ð0Þ� kM,Ln
ET


ðkM,Ln
ET þ kM


LumÞ
e�k


Ln
Lumt ð9Þ


This situation is found for RuYb, for which (kRu
lum +


kRu, Yb
ET )=1.27 � 105 s�1 @ kYb


Lum = 5.0 � 104 s�1 at 10 K
(Table 6). Equation (6) predicts that the population of the
excited lanthanide level Yb(2F5/2) in RuYb culminates
around 5 % with respect to [Ru*(t=0)]= 100 % (Fig-
ure 11a), and the experimental apparent Yb(2F5/2) decay life-
time (t=22.7(1) ms, Table 5), indeed fits the one obtained in
absence of a donor (tZnYb = 20 ms). The second limiting case
is more intriguing and it arises when the sum of the energy
transfer and d-block-centered deactivation rates are small in


comparison with the Ln-centered deactivation: (kM
lum +


kM,Ln
ET )=kM


obs !kLn
lum (r @1). Equation (6) thus transforms into


Equation (10), and the decay of the Ln-centered lumines-
cence is now determined by the population rate of the Ln
excited level by directional energy transfer from the M ion.
It therefore mirrors that of the d-block donor.


½Ln*ðtÞ� ¼ ½M*ð0Þ� k
M,Ln
ET


kLn
Lum


e�k
M
obst ð10Þ


The latter situation holds for RuNd, CrNd, and CrYb
(Figure 11b, and Figure S8 in the Supporting Information)
and leads to an astonishing apparent lengthening of the Ln-
centered emission decay time in the millisecond range when
CrIII is used as donor.


Conclusion


Detailed structural investigation of the CrLn (Ln=Nd, Eu,
Yb, Lu) and RuLn (Ln= Eu, Lu) helicates demonstrates
that the heterobimetallic triple-helical complexes are rigid
enough for providing comparable molecular structures for
the d–f pairs, but flexible enough to tune the wrapping of
the strands around metal ions of slightly different sizes. Al-
though the long M···Ln distance (d�9.0 �) is only slightly
affected by variation in the ionic radii of the host cations, it
significantly depends on the intermetallic electrostatic repul-
sion, and it increases by about 0.25 � on going from
[RuLnL3]


5+ to [CrLnL3]
6+ . Since the solution structures


closely resemble those found in the solid state, we conclude
that these discrete molecular objects are ideally suited for
unravelling electrostatic multipolar interactions responsible
for intramolecular intermetallic communication by nd!4f
energy transfer, ultimately providing directional visible!
NIR light-converters. In this context, the d-block-centered
deactivation rate constants in the absence of an acceptor
(kM


Lum), which differ by three orders of magnitude between
Cr(2E) (millisecond range) and Ru(3MLCT) (microsecond
range), are strictly mirrored in the rate of the nd!4f energy
transfer process (kM,Ln


ET ) with Ln= Nd, Er, Yb (Table 6). This
somewhat unexpected behavior is responsible for the detec-
tion of significant, but incomplete intermetallic energy trans-
fer when CrIII or RuII are used as sensitizers. Moreover,
these data suggest that both d-block-centered luminescence
and energy transfer to the 4f acceptors are controlled by vi-
bronic processes (i.e., phonon-assisted), which are more effi-
cient for Ru(3MLCT) than for Cr(2E). Finally, the critical
radii RM,Ln


0 , calculated for each d–f pair, allow the prediction
of the distance dM,Ln


switch, at which kM,Ln
ET =kLn


Lum [Eq. (11)].


dM,Ln
switch ¼ RM,Ln


0 � 6


ffiffiffiffiffiffiffiffiffi


kM
Lum


kLn
Lum


s


ð11Þ


In other words, dM,Ln
switch corresponds to the intermetallic sep-


aration for which the kinetic regime switches between NIR


Figure 11. Illustration of the time-dependent concentrations [M*(t)]
(dotted lines) and [Ln*(t)] (full lines) for the deactivation of d-block-
and f-block-centered excited levels in a) HHH-[RuYbL3]


5+ and b) HHH-
[CrYbL3]


6+ (solid-state, 10 K). The expansions highlight the two-order
magnitude change in the apparent decay of the Yb(2F5/2) level when RuII


or CrIII are used as sensitizers.
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emission reflecting the intrinsic lifetime of the Ln-centered
excited state (kM,Ln


ET >kLn
Lum, which translates into RDA<dM,Ln


switch),
and NIR luminescence decay driven by the population rate
of the Ln excited level, that is, equal to the observed decay
of the d-block sensitizer (kM,Ln


ET <kLn
Lum, therefore RDA>dM,Ln


switch).
For [CrLnL3]


6+ (Ln=Nd, Yb), dCr, Ln
switch �3.5–4.7 � (Table 6)


implies that apparent expansion of the NIR emission decay
time is a common feature when a [CrIII(a,a’-diimine)3] chro-
mophore is used as a sensitizer for Ln=Nd and Yb in poly-
metallic assemblies. However, a similar behavior with the
[RuII (a,a’-diimine)3] chromophore requires larger separa-
tions (dRu, Ln


switch �6–14 �), which may be a limiting factor for
apparent Ln lifetime lengthening in RuLn bimetallic edifi-
ces. This controlled intermetallic communication offers
promising perspectives for the design of novel homogeneous
fluoroimmunoassays[1b] using time-resolved NIR lumines-
cence, in which one monoclonal antibody is labelled with
the d-block donor and the other one with the f-block accept-
or.[31] Increased sensitivity is expected upon reaction with
the specific target antigen and crucial structural information
about the distance between the recognition sites becomes si-
multaneously accessible. This could also develop into a new
tool for assessing distances between targeted sites in large
biomolecules.


Experimental Section


Syntheses, solvents and starting mate-
rials : These were purchased from
Fluka AG (Buchs, Switzerland) and
used without further purification
unless otherwise stated. Acetonitrile
was distilled from CaH2. The com-
plexes [CrLnL3](CF3SO3)6·x H2O (Ln=


Gd, Nd: x=6; Ln=Yb: x=4),[17]


[RuLnL3](CF3SO3)5·xH2O·yCH3OH
(Ln=Nd: x =10, y =1; Ln=Eu: x =2,
y= 2; Ln=Gd: Er, Yb: x=6, y=1)[19]


and [ZnLnL3](CF3SO3)5·3H2O (Ln=


Nd, Yb)[21] were prepared according to
previously described procedures.


Crystal structure of
[CrNdL3](CF3SO3)6(CH3CN)4(H2O)
(5), [CrYbL3](CF3SO3)6(CH3CN)4 (7),
and [RuEuL3](CF3SO3)5(-
CH3OH)1.5(H2O) (9): Summary of
crystal data, intensity measurements,
and structure refinements are collect-
ed in Table 7. All crystals were mount-
ed on quartz fibers with protection oil.
Cell dimensions and intensities were
measured at 200 K on a Stoe IPDS dif-
fractometer with graphite-monochro-
mated MoKa radiation (l=0.71073 �).
Data were corrected for Lorentz and
polarization effects and for absorption.
The structures were solved by direct
methods (SIR97),[32] all other calcula-
tions were performed with XTAL[33]


system and ORTEP[34] programs.
CCDC-220050 (5), CCDC-220051 (7),
and CCDC-253390 (9) contain the


supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


Complexes 5 and 7 are isostructural with [CrLnL3](CF3SO3)6(CH3CN)4


(Ln=Eu, 6 ; Ln=Lu, 8).[17] The hydrogen atoms of the methyl groups
were refined with restraints on bond lengths and angles, and blocked
during the last cycles. The atomic positions of the other hydrogen atoms
were calculated. In 5, the ethyl group C29b–C30b, the water molecule,
and the triflate anions g and h are disordered and were refined on two
sites with population parameters 0.5/0.5 for the ethyl and water molecule
and 0.6/0.4 for each triflate anion.


The complex 9 is isostructural with [RuLuL3](CF3SO3)4.5Cl0.5(CH3OH)2.5


(10).[19] The metric of the unit cell was not reduced (c<b) to allow the
same description of both isostructural structures. The ethyl group C29b–
C30b, and the triflate anions f, g, and h were disordered and refined on
two sites with population parameters 0.7/0.3 (ethyl, triflates f and g) and
0.75/0.25 (triflate h).


Spectroscopic and analytical measurements : IR spectra were obtained
from KBr pellets with a Perkin–Elmer 883 spectrometer. Electronic spec-
tra in the UV/Vis range were recorded at 20 8C from acetonitrile solu-
tions with a Perkin–Elmer Lambda 900 spectrometer using quartz cells
of 0.1 and 1 cm path length. 1H NMR spectra were recorded at 25 8C on
Bruker Avance 400 MHz and Bruker DRX-500 MHz spectrometers.
Chemical shifts are given in ppm with respect to TMS. Pneumatically as-
sisted electrospray (ESI-MS) mass spectra were recorded from
10�4 mol dm�3 solutions on a Finnigan SSQ7000 instrument. The equip-
ment and experimental procedures for luminescence measurements in
the visible range have been published previously.[35] Excitation of the
finely powdered samples was achieved by a 450-W xenon high-pressure
lamp coupled with a monochromator or a Coherent Innova Argon laser.
The emitted light was analyzed at 908 with a Spex 1404 double mono-
chromator with holographic gratings (band-path used 0.01–0.2 nm). Light
intensity was measured by a RCA 31034 photomultiplier with a cooled S-


Table 7. Summary of crystal data, intensity measurement, and structure refinement for
[CrNdL3](CF3SO3)6(CH3CN)4(H2O) (5), [CrYbL3](CF3SO3)6(CH3CN)4 (7), and [RuEuL3](CF3SO3)5-
(CH3OH)1.5(H2O) (9).


Compound 5 7 9


formula C113H113CrNdN25O22F18S6 C113H111CrYbN25O21F18S6 C105.5H107RuEuN21O20.5F15S5


Mr 2904.1 2914.19 2695.7
crystal system monoclinic monoclinic triclinic
space group P21/n P21/n P1̄
a [�] 22.2394(11) 22.2714(10) 17.8840(13)
b [�] 22.9564(9) 22.8851(12) 19.2523(13)
c [�] 24.6976(13) 24.3983(11) 19.0845(14)
a [8] 75.483(8)
b [8] 92.002(6) 92.156(5) 79.772(9)
g [8] 69.999(8)
V [�3] 12 601(1) 12 427(1) 5947.0(8)
Z 4 4 2
crystal size [mm] 0.15 � 0.22 � 0.29 0.11 � 0.17 � 0.22 0.07 � 0.16 � 0.18
1calcd [Mg m�3] 1.531 1.558 1.505
m (MoKa) [mm�1] 0.697 1.041 0.84
Tmin, Tmax 0.8325, 0.9359 0.8211, 0.9108 0.8428, 0.9396
2qmax [8] 51.8 53.8 51.7
no. of reflns collected 100 172 109 590 62633
no. of independent reflns 24 506 25 870 21561
no. of obsd [a] (used [b])
reflns


12 492 (13 365) 11 648 (12 887) 8874 (9605)


no. of variables 1841 1666 1554
weighting scheme p [c] 0.0002 0.0002 0.00015
Max and min D1 [e ��3] 1.03, �1.16 1.12, �1.01 1.58, �1.44
GOF (F) [d] (all data) 1.17(1) 1.11(1) 0.96(1)
R [e] , wR [f] 0.047, 0.046 0.038, 0.037 0.048, 0.046


[a] jFo j>4s(Fo). [b] Used in the refinements (including reflns with jFo j�4s(Fo) if jFc j> jFo j ). [c] w =1/
[s2(Fo) + p(Fo)


2]. [d] S= [�{((Fo�Fc)/s(Fo))2}/(Nref�Nvar)]1/2. [e] R=� j jFo j� jFc j j /� jFo j . [f] wR = [�(w jFo j
� jFc j )2/� w jFo j 2]1/2.
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20 photocathode (�20 8C), coupled to a Lecroy linear amplifier
(500 MHz) and a Stanford Research SR-400 double photon counter. For
the emission in the NIR, light intensity was measured with a Jobin Yvon
DSS-IGA020 L solid-state InGaAs detector cooled to 77 K, in a LN2
housing including an elliptical mirror (908 beam path, range 800–
1600 nm) and coupled to a Jobin Yvon SpectrAcq2 data acquisition
system. The emission spectra were corrected for the instrumental func-
tion. The excitation spectra were corrected for the emission of the Xenon
lamp. Luminescent lifetimes were measured by using excitation provided
by a Quantum Brillant Nd:YAG laser equipped with frequency doubler,
tripler and quadrupler as well as with an OPOTEK MagicPrism OPO
crystal. The output signal of the photomultiplier was fed into a Standford
Research SR-430 multichannel scaler and transferred to a PC. Lifetimes
are averages of three independent determinations. To confirm that the
measured lifetimes of the NdIII and YbIII emission are not biased by
those of a residual emission of CrIII or RuII, the CrEu and RuLu com-
plexes were used as blanks. Quantum yields were determined by using a
Spex Fluorolog 3–22 fluorimeter; for the ions emitting in the near infra-
red the spectrometer was fitted with an additional single grating mono-
chromator FL-1004 equipped with a InGaAs detector cooled at 77 K.
The quantum yields have been calculated by using Equation (12), where
x refers to the sample and r to the reference; A is the absorbance (with
Ar =Ax = 0.45�0.01 (RuII and CrIII) or 0.16�0.01 (NdIII, YbIII, and
ErIII)), ñ the excitation wavenumber used, I the intensity of the excitation
light at this energy, n the refractive index and D the integrated emitted
intensity. [CrEuL3]


6+ (F= 0.13 %)[17] and [RuLuL3]
5+ (F =1.0%)[19] were


used as reference in acetonitrile for ions emitting in the visible region
and Yb(TTA)3 in toluene (F=0.35 %; TTA = thenoyltrifluoroacetylacet-
onate)[37] for the NIR emitting ions (estimated error �10%). Quartz Su-
prasil cells with 0.2 cm path length were used for these measurements. El-
emental analyses were performed by Dr. H. Eder from the Microchemi-
cal Laboratory of the University of Geneva.


Fx


Fr
¼ Arð~nÞIrð~nÞnx


2Dx


Axð~nÞIxð~nÞnr
2Dr


ð12Þ
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Introduction


The aggregation behavior of urea has been studied exten-
sively.[1,2] It is known to form inclusion complexes with n-al-
kanes (�7 carbon atoms)[3–6] and some functionalized long-
chain molecules.[3,7–11] In these complexes, the urea mole-
cules self-assemble through intermolecular hydrogen bonds
and orient in a helical lattice into which the guest molecules
fit. Thiourea, in a similar way, combines with several sub-
strates to form non-stoichiometric complexes analogous to
the urea inclusion complexes.[3–6,12] By contrast, we are un-
aware of inclusion complexes in which N-alkyl or N,N’-di-


alkyl ureas serve as the hosts. However, N,N’-disubstituted
ureas, in which the substituents are more complex than an
n-alkyl chain, can form a-networks (i.e., with one degree of
translational symmetry[13]),[14, 15] and some of these have been
shown to lead to gels[16,17] with organic liquids and
water.[18–29] Among the latter, few contain only one urea
moiety.[18,19, 23] In addition, supramolecular two-dimensional
arrays can be driven by the self-assembly of molecules con-
taining urea and similar groups capable of donating and ac-
cepting intermolecular hydrogen bonds.[15,30–33]


Some bisurea derivatives possessing aliphatic[22,24,34–37] or
aromatic[38–44] groups have been shown to be efficient gela-
tors as well.[45] Most of these LMOGs contain functional
groups in addition to ureas. LMOGs containing more than
two urea groups have been reported recently,[29,46, 47] and a
few thiourea derivatives are also known to gelate organic
liquids.[34,48] Finally, many structurally more complex
LMOGs than those investigated here have been demonstrat-
ed to derive their modes of aggregation or solid-state pack-
ing in large part from intermolecular hydrogen bonding of
urea and thiourea groups.[38,39, 45,49–50]


As part of our ongoing effort to design structurally simple
LMOGs that are n-alkanes with one inserted heterofunc-
tionality, we report here the gelation properties of some
very low molecular mass and structurally simple N-alkyl,
N,N’-dialkyl, and N,N-dialkyl ureas and thioureas


Abstract: The properties of a series of
organogels consisting of a urea or thio-
urea derivative with one or two n-alkyl
substitutuents at the nitrogen atoms (a
low molecular-mass organogelator
(LMOG)) and an organic liquid are de-
scribed. They include N,N’-dimethylur-
ea, the LMOG of lowest molecular
mass (MW 88) we are aware of. The ef-
ficiencies of the LMOGs, based the di-
versity of liquids gelated, the minimum
amount required for gelation of a
liquid at room temperature, and the


temporal and thermal stabilities of the
gels formed, have been investigated as
a function of the number, length, and
substitution pattern of their n-alkyl
chains. The gels are thermally reversi-
ble and require generally very low con-
centrations (<2 wt %) of an LMOG.
Some of the LMOGs with shorter
chains are more efficient than their


longer chained analogues. The structur-
al and thermodynamic properties of
the gels have been examined by IR,
DSC, and X-ray diffraction techniques.
Polarizing optical microscopic analyses
of the gels show that the nature of ge-
lator aggregates depends mainly on the
alkyl chain length. Changes in the ag-
gregation ability have been examined
systematically by perturbing the molec-
ular structure.Keywords: gels · hydrogen bonds ·


ureas
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(Scheme 1) with a wide variety of organic liquids. The urea
or thiourea functional group has been inserted at a chain
end (i.e., N-alkylureas) or in the chain center (i.e., N,N’- or
N,N-dialkylureas depending on the mode of insertion). In
addition, the urea 1 a (MW 88) is the lowest molecular mass
organogelator known to us. Urea 1 a and some of its short-
chained homologues are more efficient gelators than the
longer-chained ureas and thioureas. The results indicate that
the fibrillar networks needed for immobilization of the
liquid components in organogels need not have significant
London dispersion interactions when the stronger hydrogen
bonding forces can be directed to promote requisite inter-
molecular contacts.


Results and Discussion


Gelation studies : Several general observations can be made
from the data in Tables 1 and 2 with respect to the gelation
properties of LMOGs 1–3. Perhaps, as a consequence of the
stronger hydrogen bonding of ureas than thioureas, the ge-
lation abilities of short-chain urea derivatives are significant-
ly better than those of the corresponding thioureas. Urea
and thiourea form ribbon and chain structures by intermo-
lecular hydrogen bonding interactions.[51,52] For urea, the cal-
culated energies for hydrogen-bonding interactions are
37.30 kJ mol�1 for the ribbon structure and 44.80 kJ mol�1


for the chain structure. For thiourea, the values are 36.55
and 32.62 kJ mol�1, respectively.[52] In longer-chained ureas
and thioureas, this distinction is muddled somewhat by the
increased importance of London dispersion forces that also
stabilize intermolecular interactions. London dispersion
forces can become the dominant interaction when the
length of the alkyl chains is �10 methylene units and neigh-
boring chains are extended and parallel since the attractive
dispersion energy is about 8 kJ mol�1 per methylene unit for
n-alkanes in their crystalline state.[53]


All of the LMOGs listed in Scheme 1 except 2 a were able
to gelate silicone oil and, in most cases, the Tg values of the
gels were far above room temperature. As the chain length
of the alkyl groups of the N,N’-dialkylureas increased from
1 a (dimethyl) to 1 c (dipropyl), the gelation efficiency in-
creases, and then decreases as the chain length becomes


longer (i.e. , 1 d, dibutyl). However, 1 f–h (i.e., ureas with the
longest alkyl chains) are able to gelate a much wider variety
of liquids than 1 a–c. In 1 h, the presence of both a primary
amido group (which can be involved more efficiently in in-
termolecular hydrogen bonding than the secondary amido
group) and the long alkyl chain of the secondary amido
group combine to make it a slightly better LMOG than the
somewhat analogous N,N’-disubstituted ureas, 1 f and g.


Another interesting comparison is among the three much
shorter ureas, the isomeric N,N’- and N,N-diethylureas (1 b
and 3) and the nearly isomeric N-propylurea (1 e). Again,
the N,N’-dialkylated urea, 1 b, is a slightly better gelator em-
pirically than both 1 e and 3 (Table 1). Although the primary
amide groups in 1 e and 3 should offer more efficient inter-
molecular hydrogen-bonding interactions than a secondary
one, it appears that the stability of the aggregates formed
depends on the substitution on the nitrogen atoms. For
LMOG 3, the steric factors associated with the tertiary
amide may also destabilize its gelator aggregates. The de-
creased relative importance of London dispersion forces in
the packing of these gelators is probably responsible for the
observed order of efficiencies; packing within the solid
phases and intermolecular hydrogen-bonding interactions
may be accommodated best when the urea group is at the
end of the “alkane chain”, allowing its N�H bonds to be di-
rected toward the C=O bond of a neighboring molecule and
its alkyl chain to interact with that of the same or a different
neighboring molecule at one extremum.


As emphasized above, one can view 1 f–h as long n-alka-
nes with a substituent placed at one chain end (1 h) or in-
serted in the middle (1 f, g). In other studies, where a simpler
amino group is the substituent “inserted” on an end of octa-
decane (C18H38; in analogy with 1 h) or in the middle of hex-
atriacontane (C36H74; in analogy with 1 g), the more efficient
LMOG was found to be the symmetrical secondary amine
rather than the terminal primary amine.[54] Similar results
have been observed for alkylammonium alkylcarbamate
salts in which the ionic moieties can be considered to be in-
serted in the middle of an alkane chain. The ammonium car-
bamates with n-alkyl groups are much more efficient gela-
tors than their parent primary amines as a result of the
stronger ionic interactions of the charged species.[55,58] Inser-
tion of a urea moiety into a long n-alkane induces greater
attractive forces than does an amino functionality due to the
presence of both dipolar and hydrogen-bonding interactions
(involving N-H and C=O groups) in the latter. It also re-
quires greater intermolecular specificity for the energetic
stabilization from these interactions to be realized, and we
believe that it is the need for specificity that determines the
order of gelator efficiencies within the group of long-
chained ureas.


The observation that 1 a, the lowest molecular mass orga-
nogelator of which we are aware, can gelate silicone oil and
carbon tetrachloride at concentrations as low as 2 wt % indi-
cates that a gel network can be stabilized predominantly by
intermolecular hydrogen bonding; most organogels have a
different balance between London dispersion and hydrogen-


Scheme 1. Structures of the urea and thiourea derivatives.
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bonding interactions in their networks,[16] and very few rely
exclusively upon London dispersion forces.[17] As noted
above, the substitution pattern of the alkyl group also plays
a crucial role in the gelation properties of urea derivatives.


N,N’-Dialkylthioureas with shorter alkyl chains (2 a–c) are
poorer organogelators than their longer-chained homologues
(Table 2) or their urea analogues (Table 1). Whereas 2 wt %
of 1 a gelates two of the liquids investigated, the same con-
centration of 2 a did not gelate any of them. However, 2 e,
the thiourea with the longest alkyl chains, gelates several
liquids in Table 2 with remarkable thermal and temporal sta-
bilities. These results and those with 1 indicate that although
gelation can be effected when the LMOG fibrillar network
is stabilized primarily by intermolecular hydrogen-bonding


interactions, London dispersion forces can certainly help
when they are oriented correctly within a structural matrix.


Dependence of gelator concentration on gel stability : The
properties of gels of 1 a, c and 2 c in silicone oil and CCl4 (1 a
only) were compared at different LMOG concentrations
(Table S2 in the Supporting Information). Those with sili-
cone oil are displayed in Figure 1. At concentrations as low
as 0.5 wt % of 1 a in silicone oil, turbid gels with high ther-
mal (Tg 65 8C) and temporal (two months) stabilities are
produced. However, a turbid gel is formed in CCl4 only at
concentrations �2 wt % of 1 a. Although both 1 c and 2 c
gelate also silicone oil at low concentrations, the Tg values
of the 1 c gels are much higher and they plateau at concen-


Table 1. Gelation properties of urea derivatives 1 a–h and 3 in different liquids. Melting points of neat gelators and Tg values of the gels [8C] are given in
parentheses.[a]


Liquid 1 a 1 b 1c 1d 1e
(103.1–104.0) (108.7–109.8) (107.3–107.9) (74.1–74.9) (110.9–111.9)


2 wt % 5 wt % 2 wt % 5 wt % 2 wt % 5 wt % 2 wt % 5 wt % 2 wt % 5 wt %


hexane P P P TG[e] PG[c] TG[e] P P P P
(55–60) (20–22) (60)


n-octane P P P P PG[g] TG[e] P P P P
(20–22) (68)


silicone oil TG[b] TG[b] TG[e] TG[e] TG[h] TG[e] TG[c] TG[j] TG[k] TG[k]


(87) (85–90) (74) (80) (71) (75) (34) (40) (60–71) (76–82)
ethanol S S S S S S S S S S
1-butanol S S S S S S S S S S
1-octanol S S S S S S S S S S
benzyl alcohol S S S S S S S S S S
toluene P PG[c] PG[f] PG[f] TG[c] TG[i] S S TG[c] TG[c]


(26) (20–25) (28) (23–26) (30) (68–73) (68)
DMSO S S S S S S S S S S
CCl4 TG[c] TG[d] S S S S S S P P


(41) (47)
water S S S S P P P P S S


Liquid 1 f 1g 1 h 3
(97.4–98.0) (111.4–113.6) (109.6–110.7) (73.5–74.4)


2 wt % 5 wt % 2 wt % 5 wt % 2 wt % 5 wt % 2 wt % 5 wt %


hexane P P P P P OG[n] P P
(48)


n-octane P P jelly OG[l] jelly OG[l,m] P P
(75) (52)


silicone oil TG[j] TG[l] TG[l] TG[l] OG[l] OG[l] TG[c] TG[k]


(67) (72) (89) (>95) (64) (72) (40) (47)
ethanol P OG[g,m] jelly OG[l,m] P OG[l,m] S S


(42) (84) (29)
1-butanol P P P OG[l,m] P OG[l,m] S S


(68) (35)
1-octanol P P P OG[l] P OG[l] S S


(67) (38)
benzyl alcohol P TG[l] TG[l] TG[l] jelly TG[l] S S


(38) (72) (79) (60)
toluene P P P P P jelly S P
DMSO TG[l] jelly TG[l] OG[c,m] OG[c] S S


(25) (68) (41) (70) (72–76)
CCl4 P P P OG[l] jelly OG[l] S P


(35–42) (43)
water I I I I I I S S


[a] P: precipitate, S: solution, I: insoluble, TG: turbid gel, PG: partial gel. [b] Stable for >23 months, syneresis after three weeks. [c] Stable for one
week. [d] Stable for five months, syneresis after one week. [e] Stable for >23 months. [f] stable for two weeks. [g] Stable for two months. [h] stable for
>23 months, syneresis after six months. [i] Stable for >23 months, syneresis after one week. [j] stable for 13 months. [k] stable for two weeks. [l] stable
for >eight months. [m] syneresis. [n] stable for >eight months, syneresis after 2 months.
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trations >3 wt % (Figure 1). The Tg values of the corre-
sponding 2 c gels increase linearly with concentration in the
1.0–5.0 wt % range and then become independent of concen-
tration up to at least 9 wt %. The nature of the changes in
Figure 1 are commonly observed for organogels.[16] Plots of
these data for 1 c and 2 c according to the Ferry–Eldridge
equation (i.e., log[LMOG] versus 1/T)[56,80] gave nearly
straight lines, whereas 1 a exhibited an upward concavity in
the <2 wt % concentration region (Figure S1 in the Sup-
porting Information). This nonlinearity may be attributed to
the formation of junction zones having low heats of interac-
tion between the gelator molecules,[80] to some of the gelator
molecules remaining outside the solid network, or to the
non-ideality of the sol phase obtained at T > Tg. The heats
of gelation calculated from the linear plots, 0.012 Jg�1 for 1 c
and 0.019 Jg�1 for 2 c, are much lower than the heats of
melting of the neat gelators, 98.9 and 118.9 Jg�1, respective-
ly, as determined by DSC measurements. The much lower
heats of gelation indicate that the networks dissolve directly
into the liquid component rather than melting and then dis-
solving.


The dependence of LMOG concentration on gel proper-
ties of the ureas with two (1 g) or one (1 h) n-octadecyl
chain and the thiourea with two n-octadecyl chains (2 e) was
examined in silicone oil, 1-butanol, benzyl alcohol, and
DMSO (Table 3 and Table S3 in the Supporting Informa-
tion). In each liquid, LMOG 1 g is a slightly better gelator
than the monosubstituted 1 h, and both are more efficient
than the thiourea.


Thermal properties of gels : Differential scanning calorime-
try (DSC) thermograms of silicone oil gels have been ob-


tained at different concentrations of selected LMOGs. Rep-
resentative sets of thermograms with 1 c and 2 c as the
LMOGs are shown in Figure 2; Figure S2 in the Supporting
Information contains thermograms for gels with 2 e. Unlike
the “falling drop” measurements of Tg, that are determined
by a partial loss of strength of the gel networks,[80] the transi-
tion temperatures observed by DSC measure the melting of
the crystalline fibrils of the gelator networks. Here, they are
almost independent of concentration. In other work, we
have observed a more marked dependence of DSC-deter-
mined transition temperatures on both LMOG concentra-
tion and the cooling protocol for preparation of the gel from
its sol.[54] The lack of a clear urea or thiourea concentration
dependence on these transition temperatures strongly sug-
gests that solubilization of the gelators by the liquids has a
very pronounced temperature dependence; virtually all of


Table 2. Gelation properties of thiourea derivatives 2a–e in different liquids. Melting points of neat gelators and Tg values of the gels [8C] are given in
parentheses.[a]


Liquid 2 a (61.3–62.1) 2 b (76.6–77.6) 2 c (70.6–71.3) 2 d (67.3–67.9) 2 e (95.1–95.8)
2 wt % 5 wt % 2 wt % 5 wt % 2 wt % 5 wt % 2 wt % 5 wt % 2 wt % 5 wt %


hexane P P P P P P P P P P
n-octane P P P P P P P OG[b] P P


(30–35)
n-decane P P P P P P P OG[c] P P


(50)
silicone oil P P TG[b] TG[b] TG[b] TG[c] TG[d] TG[d] TG[d] TG[d]


(51–53) (58) (47) (55) (52) (56) (50) (82)
ethanol S S S S S S P P P OG[d]


(69)
1-butanol S S S S S S S P OG[d] OG[d]


(56) (61)
1-octanol S S S S S S S P OG[c] OG[d]


(48) (60)
benzyl alcohol S S S S S S S P TG[d] TG[d]


(64–66) (69)
toluene S S S P S P P P P P
DMSO S S S S S S P OG[e] OG[c] OG[c]


(30) (68) (70–74)
CCl4 P P S PG[b] S S P P P P


(20–22)
water S S S S P P I I I I


[a] P: precipitate, S: solution, I: insoluble, TG: turbid gel, PG: partial gel. [b] Stable for one week; [c] Stable for three months. [d] Stable for
>23 months, syneresis after one week. [e] Stable for two months, syneresis after one week.


Figure 1. Tg values [8C] of 1a (&), 1 c (^), and 2 c (~) gels in silicone oil
as a function of gelator concentration.
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the gelator molecules must be incorporated within the fibril
network below Tg, and they remain there up to Tg. Note
also that these temperatures are significantly lower than the
melting temperatures of the neat gelators. Regardless, the
strength of a network is dependent on the number and
strength of fibers as well as the strength of junction zones
where individual fibrils intersect to form a three-dimension-
al network.[16] Clearly, the DSC data reflect the melting of fi-
brils and provide little or no information concerning the re-
tention of junction zones. However, in most cases, the Tg


from “falling drop” experiments and DSC measurements
follow the same trend.[54–59]


Polarizing optical microscopy (POM) studies : Pertinent op-
tical micrographs (OMs) of gels containing the LMOGs


listed in Scheme 1 are shown in
Figures 3–6 and Figures S3–7 in
the Supporting Information.
The nature of the aggregates
depends on the type of gelator,
its alkyl chain length, and the
cooling protocol. From theoret-
ical studies that emphasize dif-
ferences in intermolecular hy-
drogen-bonding energies, elon-
gated aggregates are favored by
urea and ribbons are favored
by thiourea.[51,52] Three different
cooling protocols were used to
prepare the gels for POM stud-
ies (see Experimental Section
for details) because the nature
of the aggregates depended on
the cooling rate from the so-
lution/sol phase. For instance,
elongated and strandlike aggre-
gates are seen in the image of
the 2 wt % gel of 1 a prepared
by slowly cooling its hot CCl4


solution, and shorter objects
are observed when the gel was
prepared by fast- or moderate-
cooling rates. Temperature-in-
duced transitions from spheru-
litic to rod-like growth patterns
of gels have been observed in
other systems as well.[60, 61]


The lengths of the aggregated
objects are also reduced consid-
erably when the alkyl chain
lengths of the gelator substitu-
ents are increased. For example,
elongated fibrils of 1 c, 2 c and 3
are found in silicone oil gels
(Figure 4), but highly dispersed,
small aggregates are present in
the silicone oil gels of 1 f–h


(Figure 5) and 2 e (Figure 6). Some plate-like microcrystals
were evident in a 5 wt % 3 in silicone oil gel (Figure S7 in
the Supporting Information); microcrystals were not detect-
ed in any of the other gels at LMOG concentrations up to
5 wt %. Although the best distinction between a gel network
and an aggregation of microcrystals (i.e., Figures 3c and 4a,
bottom row) is based on rheological measurements, our
visual observations of how the samples “melt” during the
“falling drop” experiments indicate that our assignments are
correct.


Regardless of the cooling protocol employed, the three-
dimensionality of the gel networks appears to be due to a
combination of extensive branching, leading to intertwining
of colloid-like objects (as in Figure 3a) or physical junction
zones in which long rod-like objects intersect with each


Figure 2. DSC thermograms of the first heating and cooling cycle of i) 1c and ii) 2c neat solids (a) and their
gels in silicone oil at b) 1 wt %, c) 2 wt %, d) 3 wt %, e) 4 wt %, and f) 5 wt % concentrations. Arrows indicate
the direction of temperature change. The gels wee prepared from their hot sol phases by the fast cooling pro-
tocol (see Experimental Section).


Table 3. Gelation properties of 1g and 1 h in silicone oil, 1-butanol, benzyl alcohol, and DMSO as a function
of gelator concentration. The Tg values [8C] are given in parentheses.[a]


wt % Silicone oil 1-Butanol Benzyl alcohol DMSO
1 g 1 h 1 g 1h 1g 1h 1g 1 h


0.50 TG[b] (69) jelly P P P S P P
1.0 TG[b] (85) TG[b] (67) P P jelly S P P
2.0 TG[c] (95) TG[c] (77) P jelly TG[c] (70) TG[d] (26) jelly jelly
3.0 TG[c] (97) TG[c] (80) P TG[c] (33) TG[c] (77) TG[d] (42) TG[e] (31) TG[c] (56)
4.0 TG[c] (>97) TG[c] (82) TG[c] (46) OG[c] (38) TG[c] (80) TG[c] (44) TG[e] (35) TG[c] (60)
5.0 TG[c] (>97) TG[c] (85) OG[c] (67) OG[c] (43) TG[c] (80) TG[c] (47) TG[c] (41) TG[c] (63)


[a] P: precipitate, S: solution, TG: turbid gel. [b] Stable for three weeks. [c] Stable for > three months.
[d] Stable for two weeks. [e] Stable for one week.
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other (as in Figure 3c). The na-
tures of these junction zones
have been discussed previous-
ly.[16] They probably are pro-
duced during the nucleation
and growth steps as sols are re-
duced to temperatures below Tg


and objects increase in length
along specific trajectories (de-
fined by their long axes) until
they collide with another rod-
like object.


Although the optical micro-
graphs of several of these gels
are very dependent on the pro-
tocols used to cool their solu-
tions/sols, the transition temper-
atures (temperatures of maxi-
mum heat flow on heating)
from DSC analyses are not.
Figure 7 contains DSC thermo-
grams of gels of 2 wt% 1 c or
2 c in silicone oil from the fast
and moderate cooling methods.
The heat flow maxima occur in
the same temperature ranges
for gels with each LMOG. As
mentioned previously, the tran-
sition temperatures of other
gels whose LMOGs have some-
what related structures do
depend markedly on the proto-
col for gel preparation.[54]


Atomic force microscopic
(AFM) studies : An AFM
image of a gel of 2 wt% 1 c in
isooctane that was allowed to
dry (i.e., a xerogel; see Experi-
mental Section) is shown in
Figure 8. Domains of fibrils
stacked on top of each other
are clearly visible. An optical
micrograph of the same xerogel
sample (Figure S8a in the Sup-
porting Information) and that
of the gel (Figure S8b in the
Supporting Information) appear
to have the same morphology
of fibrils. On this basis, we be-
lieve that the fibrils of the gel
maintain their structural identi-
ty in the xerogel; the AFM
images represent the network
structure of the gel.


The topography of the
sample from the 2 wt % 1 c in


Figure 4. Polarizing optical micrographs (room temperature) of gels comprised of 2 wt % 1c (top row), 5 wt %
2c (middle row), and 2 wt % 3 (bottom row) in silicone oil. Protocols: a) fast cooling, b) moderate cooling,
and c) slow cooling. Black space bars are 200 mm.


Figure 5. Polarizing optical micrographs (room temperature) of silicone oil gels. a) 2 wt % 1 f, b) 2 wt % 1g,
and c) 5 wt % 1 h. The gels were made by the fast cooling protocol. Black space bars are 200 mm.


Figure 3. Polarizing optical micrographs (room temperature) of gels of 2 wt % 1a in CCl4: a) fast cooling, b)
moderate cooling, and c) slow cooling. Black space bars are 200 mm.
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isooctane gel suggests that the aggregates consist of flat
sheets of varying thickness that are stacked on top of one
another (Figure 8). The sheets are formed from bundled,
long fibrils, each of thickness less than 10 nm. Since the di-
ameter of 1 c is about 3.7 � (as calculated from the volume,
154.2 �3,[62] and length, 14.1 �,[63] of a fully extended mole-
cule), each fibril has about 27 1 c molecules stacked along its
shortest axis. The stacked sheets project out of the plane
with height about 50 nm for aggregate A and about 100 nm


for D (indicated by arrows). A
slight dip in the middle of the
structure (region C) is clearly
visible in the image.


Scanning electron microscopy
(SEM) studies : Scanning elec-
tron micrographs of xerogels
prepared from gels of 2 wt%
1 a in CCl4 and 2 wt % 1 c in n-
octane are shown in Figure 9.
Fibrils of about 2–5 mm thick-
ness are present in the 1 a
sample and thicker fibrils are


seen for 1 c. Close inspection of these micrographs and infor-
mation gleaned from the AFM images strongly indicate that
much narrower fibers are bundled to make these objects.
Stacks of layers are clearly visible in the SEM image of 1 c.


IR spectral studies : The modes of stabilization of aggregates
of several urea derivatives have been studied extensively.
Comparison of IR spectra of their neat, solution, and gel
phases indicate the importance of intermolecular hydrogen
bonding.[34–37,64–67] The same conclusion is reached here. The


NH and CO or CS group absorbances of IR spectra of
LMOGs as neat solids and in their silicone oil gels appear at
the same frequencies; see for example, Figures 10 and 11,
and Figures S9 and S10 in the Supporting Information. From
this observation, we infer that the nature of the intermolecu-
lar hydrogen bonding is the same in the solid and gel. How-
ever, because the NH stretching bands in the gel spectra are
slightly broader than those of the solid, there must be some-
what more disorder in the gel fibrils. The broadness may
arise from the relatively large populations of gelator mole-
cules at the surfaces of the fibrils and at junction zones.


X-ray diffraction (XRD) studies : Diffraction peaks of the
gel network assemblies of 1–3 were obtained by subtracting


Figure 6. Polarizing optical micrographs (room temperature) of gels of 2 wt % 2e in silicone oil. a) Fast cool-
ing, b) moderate cooling, and c) slow cooling. Black space bars are 200 mm.


Figure 7. DSC thermograms (first heating and cooling cycles) of silicone
oil gels containing 2 wt % of i) 1 c and ii) 2c prepared by a) fast and b)
moderate cooling protocols. Arrows indicate the direction of temperature
change.


Figure 8. i) Amplitude AFM image of a xerogel prepared from a gel of
2 wt % 1 c in isooctane and ii) a 3D view of the topography of the same
surface used in i). The full scale is 2.5 micron � 2.5 micron.


Figure 9. SEM images of xerogels prepared from gels of a) 2 wt % 1 a in
CCl4 and b) 2 wt % 1 c in octane. Black space bars are 20 mm in a) and
50 mm in b).
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the “amorphous scatter” of the liquid components from the
total diffractograms of the gels.[68] The subtracted diffracto-
grams were then compared with diffraction patterns of the
solid LMOGs (Figures 12–14 and Figures S11–S15 in the
Supporting Information) to determine whether the molecu-
lar packing arrangements in the two are the same. This anal-
ysis is possible because the gelator networks of these
LMOGs are crystalline in nature; not all LMOG networks
are.[16] However, the low concentrations of the LMOGs and
the (sometimes) intrinsically weak diffracting power of the


fibrils can make these determinations difficult. Despite the
weakness of some of the peaks from gels of 1–3, in most
cases they coincide with peaks of the solid LMOGs (Figur-
es S16–S18 in the Supporting Information); the molecular
packing arrangements within the gel assemblies and the
bulk crystals are the same. In fact, it is more common for
the gel and bulk solid morphs of LMOGs to differ.[68]


The presence of a low-angle peak in diffractograms of
neat powders and gels whose LMOGs contain long alkyl
chains is consistent with lamellar organizations. The Bragg
distances (d) of the low-angle peaks, representing the thick-
nesses of the layers and the calculated van der Waals lengths
(l) of the fully extended urea and thiourea molecules[63] are
collected in Table 4.


For the N,N’-dialkylureas, the values of l vary from much
longer to slightly longer than those of d. The values of l and
d of the thioureas with two long alkyl chains (2 d, e) are
equal within the limit of experimental error. From this cor-
respondence, 2 d, e must adopt extended conformations and
their long axes must be orthogonal to the lamellar planes
(Figure 15a). This cannot be the case for the other dialkylat-
ed LMOGs in Table 4. They must be in bent conformations,
their long axes must be tilted with respect to the layer
planes, or they must be interdigitated (Figure 15b). The
same possibilities apply to the monoalkylated ureas 1 e and
1 h ; a potential interdigitated arrangement is shown in Fig-
ure 15c.


Figure 10. IR spectra of a) neat 1c, b) a gel of 5 wt % 1c in silicone oil,
and c) silicone oil. The approximate contributions from the silicone oil
have been subtracted from the spectrum in b).


Figure 11. IR spectra of a) solid 2 c, b) a gel of 5 wt % 2 c in silicone oil,
and c) silicone oil. The approximate contributions from the silicone oil
have been subtracted from the spectrum in b).


Figure 12. X-ray diffraction patterns at room temperature of 1 a : a)
powder, b) gel, 2 wt % in silicone oil, c) silicone oil, and d) diffractogram
b subtracted from diffractogram c).


Figure 13. X-ray diffraction patterns at room temperature of 1 c : a)
powder, b) gel, 2 wt % in silicone oil, c) silicone oil, and d) diffractogram
b subtracted from diffractogram c).


Figure 14. X-ray diffraction patterns at room temperature of 2 e : a)
powder, b) gel, 5 wt % in silicone oil, c) silicone oil, and d) diffractogram
b) subtracted from diffractogram c).
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We have generated powder
diffraction patterns for 1 a and
2 b, the two LMOGs whose
single crystal X-ray data[69] are
reported in the literature
(Figure 16 and Figure S19 in
the Supporting Informa-
tion).[70,71] The complete super-
position of the experimental
and generated diffraction peaks
demonstrates that molecular
packing within the gel aggre-
gates is the same as in the bulk
(single) crystals prepared from
non-gelated solvents. The latter
for 1 a contains three-centered
intermolecular hydrogen bonds
that form infinite rows;[70] 2 b
exists as a dimer due to NH···S
hydrogen bonding that links
molecules to form zigzag chains
and two-dimensionally knitted
layers (Figure 17).[71]


Conclusion


As part of our ongoing effort to
design structurally simple
LMOGs that are n-alkanes with
an inserted hetero-functionality,
we have investigated the gelat-
ing properties of molecules in
which the length of the
“alkane” has been changed and
a urea or thiourea functional
group has been inserted at a
chain end (i.e., N-alkylureas) or
in a chain center (i.e., N,N’- or
N,N-dialkylureas depending on
the mode of insertion). These
ureas and thioureas are more


efficient gelators than their parent n-alkanes, the structurally
simplest class of LMOGs.[54,57] Whereas London dispersion
forces alone are responsible for the stabilization of the n-
alkane LMOG networks, and only long n-alkanes are suc-
cessful gelators at room temperature, introduction of one
heteroatom (e.g., a sulfur or nitrogen atom) along slightly
shorter n-alkane chain provides LMOGs capable of gelating
a variety of organic liquids because the London dispersion
forces are augmented by intermolecular H-bonding and di-
polar forces.[54,58]


In the present study, attachment of urea or thiourea
groups to the end or their insertion in the middle of an n-
alkane as short as ethane (1 a) has resulted in LMOGs! In
fact, 1 a is the lowest molecular mass organogelator known


Figure 15. Three possible packing arrangements for LMOGs 1 and 2 in their gel fibrils and bulk solid states.


Table 4. Lamellar spacings (d) from the lowest angle peaks in X-ray dif-
fraction patterns of powders and gels of 1 and 2 and calculated van der
Waals extended molecular lengths (l).[63] All distances are in �.


LMOG 1 2
l d l d


a 9.0 5.0 8.9 [a]


b 11.6 8.8 11.6 9.0
c 14.1 9.9 13.8 11.2
d 16.6 13.4 27.8 27.7
e 10.3 9.5 45.1 46.3
f 28.3 25.3
g 45.1 36.9
h 28.4 40.8


[a] Not determined.
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(MW 88) to the best of our knowledge and some of these
very small and structurally simple N-alkyl and N,N’-dialkyl
substituted ureas and thioureas are efficient gelators of a va-
riety of organic liquids. Different contributions by hydrogen
bonding and London dispersion interactions are responsible
for our observation of three types of molecular packing ar-
rangements within the gel fibrils, including lamellar ones.
Primarily as a result of their stronger hydrogen-bonding
abilities, ureas are more efficient gelators than their thiourea
analogues.[51,52]


In future work, we intend to explore an additional pertur-
bation on the structures of these molecules by placing a
center of chirality along one or both of the alkyl chains.
Chiral fibrils have been observed in the strands of several
optically-active LMOGs with complex structures.[72–76] With
the exception of the tartrate gelators explored by Oda and
co-workers,[77] it is difficult to pinpoint the relationship be-
tween molecular and strand asymmetry.[73,74] By using a
series of alkylated ureas and thioureas with only one center
of chirality and in which that center can be moved systemat-
ically along the alkyl chain, it should be possible to deter-
mine the relationship between molecular and aggregate chir-
alities.


Experimental Section


Instrumentation : Melting point determinations (corrected) of neat gela-
tors and polarized optical microscopy (POM) of gels were performed on
a Leitz 585 SM-LUX-POL microscope equipped with crossed polars, a
Leitz 350 heating stage, a Photometrics CCD camera interfaced to a
computer, and an Omega HH503 microprocessor thermometer connected
to a J-K-T thermocouple. IR spectra were obtained on a Perkin-Elmer
Spectrum One FT-IR spectrometer interfaced to a PC. NMR spectra
were recorded on a Varian 300 MHz spectrometer interfaced to a Sparc
UNIX computer using Mercury software and were referenced to internal
TMS (1H) or internal CDCl3 (13C). Differential scanning calorimetry
(DSC) was performed on a TA 2910 differential scanning calorimeter in-
terfaced to a TA Thermal Analyst 3100 controller. All DSC data are re-
ported at temperatures of maximum heat flow. Heating rates were
5 8C min�1; cooling rates were variable and depended on the difference
between the cellblock and ambient temperatures. X-ray diffraction
(XRD) of samples in thin, sealed capillaries (0.5 mm 1; W. M�ller,
Schçnwalde, FRG) was performed on a Rigaku R-AXIS image plate
system with Cu Ka X-rays (l =1.54056 �) generated with a Rigaku gen-
erator operating at 46 kV and 46 mA. Data processing and analyses were
performed using Materials Data JADE (version 5.0.35) XRD pattern
processing software.[78] Molecular calculations of lowest energy conforma-
tions and molecular dimensions were performed with the semiempirical
Parametric Method 3 (PM3)[63a] of the HYPERCHEM package (release
5.1 Pro for Windows from Hypercube, Inc.).


Materials : Silicone oil (Dow silicone oil 704; tetramethyltetraphenylsilox-
ane) was purchased from Dow Chemical Company and used as received.
Other solvents used for the preparation of gels were reagent grade (Al-
drich) and used as received. 1-Decylamine (95 %), urea (98 %), N,N’-di-
methylurea (1 a, 99%), N,N’-dimethylthiourea (2a, 99 %), N,N’-diethyl-
thiourea, (2 b, 98%), and N,N’-di-n-propylurea (1 c, 97%) from Aldrich
and N,N’-diethylurea (1b, 97 %), N,N-diethylurea (3, 97 %), N-n-propyl-
urea (1 e, 95%) and N,N’-di-n-butylurea (1 d, 98 %) from Lancaster were
used as received. 1-Octadecylamine (Aldrich) was distilled twice under
vacuum prior to use. N,N’-di-n-propylthiourea (2c), N,N’-di-n-decyl-
thiourea (2d), and N,N’-di-n-octadecylthiourea (2e) were prepared as de-
scribed in the literature.[48] N-n-octadecylurea (1h), N,N’-di-n-decylurea
(1 f) and N,N’-di-n-octadecylurea (1 g) were prepared by modification of
a reported procedure.[79] Melting points and spectroscopic and analytical
data for the compounds prepared are collected in Table S1 in the Sup-
porting Information.


Preparation of gels and determination of gelation temperatures : Weighed
amounts of a liquid and a solid were placed in a glass tube (5 mm i.d.)
that was usually flame-sealed (to avoid evaporation). Gel samples for
POM analyses were prepared in closed Pyrex flattened capillary cells
(2 mm pathlength). The tubes were heated in a water bath (until all solid
dissolved) and cooled rapidly in an ice-water mixture twice to ensure ho-
mogeneity. Three different cooling protocols were used to make gels for
polarized optical microscopy studies: a hot solution/sol was cooled rapid-
ly by dipping its tube in an ice-water mixture (fast cooling); a hot so-
lution/sol was cooled by leaving the tube in the air at room temperature
(moderate cooling); the tube containing a hot solution/sol was left in a
hot water bath that was cooled slowly to room temperature in the air
(slow cooling).


Gelation temperatures (Tg) were determined by the inverse flow
method.[80] A gel in a sealed glass tube was inverted, strapped to a ther-
mometer near the bulb, and immersed in a stirred water bath at room
temperature. The temperature of the bath was raised slowly and the
range of Tg was taken from the point at which the first part of the gel
was observed to fall to the point at which all had fallen under the influ-
ence of gravity.


AFM studies : Gels from 1 c (ca. 2 wt %) for AFM imaging were prepared
in isooctane. The mixture was heated and cooled 3� prior to casting the
gel onto a mica disc placed in a petri dish. The sample was left open to
the atmosphere for one day (to allow a large portion of the isooctane to
evaporate) before making AFM images. Tapping mode AFM imaging
(MAC mode imaging) was performed under ambient conditions on a Pi-


Figure 17. Representation of intermolecular H-bonds indicated by the
crystal structures of a) 1 a and b) 2b. See refs. [70] and [71] for details.


Figure 16. X-ray diffraction of 1a powder at room temperature (solid
line) and generated theoretically from the single crystal parameters
(dotted line).[70]
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coSPM (Molecular Imaging) instrument by using Type II MAC levers
(silicone cantilevers). The tip has the shape of a pyramid and polygon at
the base. Its macroscopic cone angle is 40–508 when viewed along the di-
rection of the cantilever axis and 50–608 when viewed from the side. The
angle is reduced to less than 208 at the apex of the tip. The tip radius was
typically less than 10 nm and its height was 10–15 micron. Typical force
constants of 1.2–5.5 nN nm�1 were used. Images were acquired with the
cantilevers operated at their fundamental resonance frequencies of 60–
100 kHz. The tip vibrational frequency was set on the low frequency side
of the resonance peak, corresponding to a free air tip amplitude of 70 %
of the resonance peak height amplitude. Topography, amplitude and
phase images were collected at scan rates ranging from 0.4–2 lines s�1


and at a scan angle of 08.


SEM analyses : SEM pictures were obtained on a ZEISS DIGITAL
DSM960 scanning electron microscope equipped with an ATI TV capture
card. Samples were attached to an Al holder by conductive adhesive tape
and dried under high vacuum (ca. 10�6 Torr) for ca. 2 h at room tempera-
ture prior to analyses.
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Oxygen Atom Transfer in Models for Molybdenum Enzymes: Isolation and
Structural, Spectroscopic, and Computational Studies of Intermediates in
Oxygen Atom Transfer from Molybdenum(vi) to Phosphorus(iii)


Andrew J. Millar,[a] Christian J. Doonan,[a] Paul D. Smith,[a] Victor N. Nemykin,[b]


Partha Basu,*[b] and Charles G. Young*[a]


Introduction


Molybdenum enzymes are widely distributed in nature, are
essential in key metabolic processes, and are active agents in
the global biogeochemical cycles of elements such as
carbon, nitrogen, and sulfur.[1] The pterin-containing en-
zymes feature mononuclear oxomolybdenum active states
and generally catalyze net oxygen atom transfer (OAT) re-


actions. Net OAT is also a defining reaction in synthetic
oxomolybdenum chemistry.[2–6]


The mechanisms of enzymes from the sulfite oxidase and
dimethyl sulfoxide (DMSO) reductase families are thought
to involve direct OAT between the substrate and the Mo
center.[1] Evidence for this has been garnered through (inter
alia) protein structural,[7] spectroscopic,[8] kinetics,[9,10] and
theoretical[11] studies. Sulfite oxidases and assimilatory ni-
trate reductases effect substrate transformations through in-
terconversion of MoVIO[O] ([O] =active oxygen) and
MoIVO centers, while members of the DMSO reductase
family exploit MoVI[O] and MoIV centers in their catalytic
cycles. An intermediate in the oxidation of dimethylsulfide
(DMS) by Rhodobacter capsulatus DMSO reductase has
been isolated and structurally characterized by McAlpine
et al.[7c]


Model systems containing dithiolene, trispyrazolylborate,
and NS-/NO-donor coligands emulate enzymatic OAT reac-
tions, with the stoichiometric or catalytic oxidation of terti-
ary phosphines being an archetypal OAT reaction.[2–6] Reac-
tions of this type are generally second order, with rate con-
stants in the range 2 �10�6–22 m


�1 s�1, depending on the


Abstract: Intermediates in the oxygen
atom transfer from MoVI to PIII,
[TpiPrMoOX(OPR3)] (TpiPr =hydrot-
ris(3-isopropylpyrazol-1-yl)borate; X =


Cl� , phenolates, thiolates), have been
isolated from the reactions of [TpiPr-
MoO2X] with phosphines (PEt3,
PMePh2, PPh3). The green, diamagnetic
oxomolybdenum(iv) complexes possess
local C1 symmetry (by NMR spectro-
scopy) and exhibit IR bands assigned
to n(Mo=O) (approximately 950 cm�1)
and n(P=O) (1140–1083 cm�1) vibra-
tions. The X-ray crystal structures of


[TpiPrMoOX(OPEt3)] (X=OC6H4-2-
sBu, SnBu), [TpiPrMoO(OPh)-
(OPMePh2)], and [TpiPrMoOCl-
(OPPh3)] have been determined. The
monomeric complexes exhibit distorted
octahedral geometries, with coordina-
tion spheres composed of tridentate
fac-TpiPr and mutually cis monodentate


terminal oxo, phosphoryl (phosphine
oxide), and monoanionic X ligands.
The electronic structures and stabilities
of the complexes have been probed by
computational methods, with the three-
dimensional energy surfaces confirming
the existence of a low-energy steric
pocket that restricts the conformational
freedom of the phosphoryl ligand and
inhibits complete oxygen atom transfer.
The reactivity of the complexes is also
briefly described.
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ligands
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nature of the coligands.[4] Kinetics data are consistent with
associative reaction mechanisms initiated by nucleophilic
attack of the phosphine lone pair on a p* Mo=O orbital
producing a phosphine oxide intermediate that rapidly
transforms into product. Oxidation of the MoIV by-product
by, for example, DMSO, permits the development of catalyt-
ic systems based on direct, bidirectional OAT.[2–6] The dem-
onstration by Schultz et al. that Rhodobacter sphaeroides
DMSO reductase catalyzes OAT from DMSO to a water-
soluble phosphine underscores the potential for model stud-
ies to inform about enzyme structure and reactivity.[10] How-
ever, apart from results from our laboratories,[12–14] there
have been no reports of the interception or isolation of in-
termediates in Mo-mediated OAT reactions, including those
of enzyme models.


The reactions of [Tp*MoO2X] (Tp* =hydrotris(3,5-dime-
thylpyrazol-1-yl)borate; X= monoanion, especially SPh�)
with PPh3 yield OPPh3 and oxomolybdenum(iv) complexes
by direct OAT.[15] These complexes are components of a
broad-based model for the combined (catalytic) OAT and
coupled electron–proton transfer (CEPT) reactions envis-
aged for enzymes.[16] Phosphine oxidation in this system has
been probed by a number of computational studies.[17] In the
first step of the reaction between sterically unencumbered
[MoO2(SH)2(NH3)2] and PMe3, nucleophilic attack of PMe3


on a p* Mo=O orbital perpendicular to the MoO2 unit and
at an Mo�O···P angle of approximately 1308 takes place.
This results in a transition state with a weakened Mo�O
bond (1.83 �), an O�P interaction (2.43 �), and an O=Mo-
O-P torsion angle of 89.78 ; the remaining Mo=O bond be-
comes stronger, consistent with a “spectator oxo” func-
tion.[18] The OPMe3 ligand then rotates about the Mo�O
bond, thereby breaking the Mo�O p interaction to generate
an intermediate with Mo=O, Mo�O, and O�P distances of
1.67, 2.18, and 1.53 �, respectively, and an O=Mo�O�P tor-
sion angle of 0.58. The intermediate is 288 kJ mol�1 lower in
energy than the reactants. At this stage, displacement of
OPMe3 by water is predicted to take place by an associative
mechanism, the loss of OPMe3 being assisted by the absence
of p interactions in the intermediate. Our isolation of oxo-
(phosphoryl) OAT intermediates[12,13] confirms their exis-
tence and provides a unique opportunity to experimentally
evaluate the factors influencing their stability and reactivity.


Here, we report the isolation and characterization of the
oxo(phosphoryl)molybdenum(iv) complexes, [TpiPrMoOX-
(OPR3)] (TpiPr = hydrotris(3-isopropylpyrazol-1-yl)borate),
generated by treating cis-dioxomolybdenum(vi) complexes
with tertiary phosphines. Since complete OAT to phosphine
is arrested in these MoIV�O=PV complexes, they represent
important intermediates along the reaction coordinate for
OAT from MoVI to PIII. The structural, spectroscopic, and
theoretical interrogation of intermediates of this type is es-
sential for a complete understanding of Mo-mediated OAT
reactions. Chemical, structural, and theoretical studies of the
complexes are consistent with the stabilization of the com-
plexes through stereoelectronic influences. Complexes 1–13
are described herein; preliminary results relating to complex


2 have appeared in a communication.[12] Complexes 2, 6, 7,
9, and 12 have been structurally characterized. Complex 13
is a computational model.


½TpiPrMoOClðOPEt3Þ� 1


½TpiPrMoOðOPhÞðOPEt3Þ� 2½12�


½TpiPrMoOðOC6H4-3-MeÞðOPEt3Þ� 3


½TpiPrMoOðOC6H4-3-tBuÞðOPEt3Þ� 4


½TpiPrMoOðOC6H3-3,5-tBu2ÞðOPEt3Þ� 5


½TpiPrMoOðOC6H4-2-sBuÞðOPEt3Þ� 6


½TpiPrMoOðSnBuÞðOPEt3Þ� 7


½TpiPrMoOðSsBuÞðOPEt3Þ� 8


½TpiPrMoOðOPhÞðOPMePh2Þ� 9


½TpiPrMoOðOC6H4-3-MeÞðOPMePh2Þ� 10


½TpiPrMoOðOC6H4-4-BrÞðOPnBu3Þ� 11


½TpiPrMoOClðOPPh3Þ� 12


½TpiPrMoOðOPhÞðOPPh3Þ� 13


Results and Discussion


Syntheses : The reactions of [TpiPrMoO2X] complexes with
1.5 equivalents of tertiary phosphines in noncoordinating
solvents such as benzene or toluene resulted in incomplete
OAT and the generation of oxo(phosphoryl)molybdenu-
m(iv) species according to Equation (1). When the reactions
were performed in coordinating solvents (solv) such as ace-
tonitrile or N,N-dimethylformamide (DMF), complete OAT
occurred and the equilibrium in Equation (2) was establish-
ed. (In related work, we have demonstrated that these phos-
phine oxide displacement reactions from 2 and 9 proceed by
a dissociative interchange mechanism.[19]) Reaction times
varied from minutes for the thiolate derivatives to approxi-
mately 12–24 h for the phenolate derivatives. Isolation of
the complexes was achieved by solvent removal, dissolution
of the green (NCMe) or brown (benzene, toluene) residues
in dry hexane, and cooling to induce crystallization. The po-
sition of the equilibrium in Equation (2) is solvent, concen-
tration, and coligand dependent; only phosphoryl complexes
were isolated by using the specified workup of the phenolate
derivatives. However, their dissolution in acetonitrile led to
in situ formation of [TpiPrMoO(OAr)(NCMe)] and free
OPR3, as evidenced by 1H NMR spectroscopy (Ar=aryl).
Slight modification of the workup allowed the isolation of
either [TpiPrMoOX(OPR3)] or [TpiPrMoOX(solv)] when X
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was a thiolate; conversion of the latter to the former upon
addition of OPR3 and suitable work up facilitated the prepa-
ration of isotopically labeled complexes such as [TpiPrMoO-
(SnBu)(18OPEt3)].


½TpiPrMoO2X�þPR3 ! ½TpiPrMoOðOPR3ÞX� ð1Þ


½TpiPrMoOðOPR3ÞX�þsolvÐ½TpiPrMoOXðsolvÞ�þOPR3 ð2Þ


The disparate outcomes of the reactions of [TpiPrMoO2Cl]
with PIII compounds underscore the versatility of this
system. Thus, the reaction of [TpiPrMoO2Cl] with phosphines
or P(OiPr)3 in NCMe yields light green-blue colored
[TpiPrMoOCl(NCMe)], while the reaction of [TpiPrMoO2Cl]
with phosphines in benzene affords the phosphoryl com-
plexes 1 and 12. However, the reaction of [TpiPrMoO2Cl]
with P(OiPr)3 in toluene leads to the formation of the un-
usual dinuclear species [(TpiPrMoOCl)(m-O){TpiPr-
MoO(OH)}].[20] Synthetic observations are consistent with
the following qualitative ligand affinities: for the phenolate
systems, OPR3>MeCN @TpiPrMoO2 (comproportionation);
for the thiolate systems, MeCN, DMF�OPR3 @ TpiPrMoO2;
when X= Cl, MeCN>OPR3 @ TpiPrMoO2. (Note: mixtures
of [TpiPrMoOX(OPEt3)] and [TpiPrMoO2X] (1:1) are stable
with respect to comproportionation.) The reactions are
quite general and a variety of other derivatives have been
synthesized.[21,22]


The isolation of phosphoryl complexes of TpiPr contrasts
with the complete OAT generally observed between
[Tp*MoO2X] and tertiary phosphines. In reactions involving
PEt3, PPh3, and PnBu3, dissociation of OPR3 leads to the
formation of solvent-bound or chelated oxomolybdenum(iv)
complexes; subsequent solvent or comproportionation reac-
tions can lead to mononuclear or dinuclear oxomolybde-
num(v) complexes.[15, 20] Interestingly, one Tp* complex,
namely, [Tp*MoOCl(OPMe3)], has now been isolated.[13]


The enhanced stability of TpiPr complexes over most Tp* an-
alogues appears to be stereoelectronic in origin (see below).


The green- (OPEt3 and OPnBu3) or gold-colored
(OPMePh2) phosphoryl complexes were moderately air-
stable as solids but were stored under an inert atmosphere.
However, they were extremely air-sensitive in solution and
unstable in chlorinated solvents (see below). The complexes
were soluble and stable in dried, deoxygenated toluene and
benzene, but dissolution in coordinating solvents generated
[TpiPrMoOX(solv)] species. They reacted with oxygen atom
donors such as pyridine N-oxide, cyclohexene oxide, and
DMSO to form the corresponding cis-dioxo complexes
[TpiPrMoO2X]. By analogy, reactions with propylene sulfide
yielded red [TpiPrMoOSX], isolated either as monomeric or
dimeric species.[21,23] Chlorinated solvents induced decompo-
sition with the formation of the paramagnetic, EPR-active
complexes [TpiPrMoOClX]; purple-brown [TpiPrMoO-
Cl(OC6H3-3,5-tBu2)] was isolated and identified by IR
(n(Mo=O)= 966 cm�1, n(BH) =2494 cm�1) and EPR (giso =


1.948, AMo =47.11 � 10�4 cm�1) spectroscopy. The phenolate
complexes were rapidly chlorinated (within minutes), where-


as the thiolate complexes reacted slowly. Indeed, autoxida-
tion of the thiolates was competitive with chlorination under
aerobic conditions. Previous studies found that electrochem-
ically produced oxomolybdenum(iv) thiolate complexes
were more stable than their olate counterparts; this observa-
tion was ascribed to the greater stabilization of the soft
MoIV center by thiolate donors.[24]


We were unable to obtain any evidence for the reversibili-
ty of Equation (1). Thus, mixtures of [TpiPrMoOCl(OPPh3)]
and [D15]PPh3 in [D6]benzene monitored by 31P NMR spec-
troscopy showed no growth of resonances attributable to
PPh3 or [D15]OPPh3. Only slow dissociation of OPPh3 and
the formation of unidentified Mo complexes were observed
upon standing. Similar results were reported by Seymore
and Brown for a related Re system.[25] Furthermore, there
was no IR evidence for significant isotope scrambling during
the synthesis, isolation, and manipulation of [TpiPrMo16O-
(SnBu)(18OPEt3)] from a mixture of [TpiPrMo16O(SnBu)-
(NCMe)] and 18OPEt3. As stated above, the phosphoryl
ligand is labile and is readily displaced by other ligands and
coordinating solvents.


Phosphoryl complexes are well known and examples from
group 6 chemistry span all common oxidation states and a
wide range of coligands. Examples include [MO2X2-
(OPPh3)2], [MOCl3(OPPh3)2] (M=Mo, W), [Mo2O4I2-
(OPPh3)3], [Mo(NO)Cl3(OPPh3)], [CpMo(Me)X-
(OPPh3)(NO)] (Cp= cyclopentadienyl, X=Cl, Br), cis-
[Mo(CO)4(OPR3)2], and fac-[Mo(CO)3(OPPh3)3]; these and
related species have been comprehensively reviewed.[26,27]


Generally, they are prepared by treating a suitable precursor
with the phosphine oxide; the title compounds are represen-
tive of the very few complexes that have been generated by
direct attack of phosphines on oxo-Mo complexes.[12–14]


Characterization of the complexes : The oxo(phosphoryl)
complexes were characterized by microanalytical, spectro-
scopic, mass spectrometric, and crystallographic techniques.
Spectroscopic and mass spectrometric data are summarized
in Table 1; full details may be found in the Supporting Infor-
mation.


Infrared spectra exhibited conspicuous bands assignable
to TpiPr (n(BH)�2470 cm�1 and n(CN)�1510 cm�1), termi-
nal oxo (n(Mo=O)= 966–943 cm�1), and phosphoryl ligands
(n(P=O) =1140–1083 cm�1), as well as distinctive bands
from the various coligands (for example, n(C�O)
�1590 cm�1 for phenolates). The n(Mo=O) bands are in the
region expected for monomeric oxomolybdenum(iv) spe-
cies.[2,3] The n(PO) band in the thiolate complexes was evi-
dent from spectral comparisons with the corresponding ni-
trile complexes and the observed shift from n=1096 cm�1 in
[TpiPrMoO(SnBu)(OPEt3)] to n=1069 cm�1 in isotopically
labeled [TpiPrMoO(SnBu)(18OPEt3)]. The n(PO) bands of
the triethylphosphine oxide complexes were 70–80 cm�1


lower in energy than the corresponding band of the free
ligand (n=1166 cm�1),[28] in line with previously reported
shifts of 10–100 cm�1 upon complexation.[26, 29,30] It should be
noted that some of the n(PO) bands were broader than ex-
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pected or split to some extent by solid-
state effects, which made assignments
difficult ; similar observations have been
reported by Cotton et al.[31] Complex 11
exhibited a n(PO) band at 1096 cm�1,
which is 73 cm�1 lower in energy than
the corresponding band of OPnBu3 (n=


1169 cm�1).[32] This is comparable to the
70 cm�1 spectral shift reported for
[MoO(O2)2(OPnBu3)2].[33] The n(PO)
bands of the OPMePh2 and OPPh3 com-
plexes were approximately 60 cm�1


lower in energy than the free ligands (n


�1193 cm�1),[34] in keeping with previous
results.[29]


1H NMR data (Table 1) confirmed the
local C1 symmetry of all species. For ex-
ample, the spectrum of 3, which is typi-
cal of these complexes, exhibited six
doublet and three septet resonances as-
signed to the isopropyl groups of TpiPr,
with the methine resonance at d=


2.65 ppm being significantly shielded rel-
ative to others (d>4.16 ppm). Signals
due to the ring protons of TpiPr were ob-
served as two sets of three doublets. Sin-
glet methyl and doublet (2 � 1 H) and
triplet (2 � 1 H) aromatic resonances con-
firmed the presence of the 3-cresolate
ligand. Complex resonances, distinctly
different from those of free triethylphos-
phine oxide, characterized the coordinat-
ed phosphine oxide under local C1 sym-
metry. For 3, the diastereotopic methyl-
ene protons of the OPEt3 were observed
as two distinct doublet of doublet of
quartet resonances at d= 1.70 and
1.97 ppm (each 3 H); an isopropyl
methyl doublet partially obscured the
d= 1.70 ppm resonance in all but one of
the complexes. Finally, a doublet of trip-
lets at d=0.95 ppm was observed for the
methyl protons of OPEt3.


The NMR spectra obtained for com-
plexes containing a chiral coligand were
complicated by the presence of diaster-
eomers, that is, (R,R)/(S,S) and (R,S)/
(S,R) complexes, leading to an apparent
duplication of resonances. Overlap in
the 1H NMR spectra prevented reliable
integration but an accurate assessment
of the isomer ratio was obtained from
the well-separated 31P NMR resonances
of the enantiomeric pairs (see below).
Variable-temperature NMR spectrosco-
py of 5 indicated the presence of restrict-
ed rotation about the phenolate O�CTa
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bond in this sterically encumbered derivative, with broad
room-temperature resonances transformed into sharper sig-
nals at higher temperatures.


13C{1H} NMR spectra were collected for the more stable
triethylphosphine oxide derivatives (see the Supporting In-
formation). These exhibited doublet methyl (d�6.3 ppm,
2JC,P�4.5 Hz) and methylene (d�19.0 ppm, 1JC,P�65 Hz)
phosphoryl resonances. The number of TpiPr and coligand
resonances was concordant with expectations based on C1


symmetry; for example, six methyl and three methine TpiPr


resonances were observed.
31P{1H} NMR spectra (Table 1) were consistent with the


absence of phosphine oxide exchange in benzene on the
NMR timescale. A single, sharp resonance was observed for
all complexes except 6 and 8, which exhibit two resonances
ascribed to (R,R)/(S,S) and (R,S)/(S,R) enantiomeric pairs.
Diastereomer ratios of 50:50 and 70:30 for 6 and 8 were de-
termined by integration, although specific assignments were
not persued. There was a clear chemical-shift dependence
on the phosphine oxide, such that shielding increased in the
order: PEt3<PBu3<PMePh2<PPh3. The OPEt3 complexes
displayed resonances at d=78.0�1.5 ppm, deshielded by
approximately 26 ppm relative to free OPEt3 (d= 52.2 ppm
in C6D6), in line with literature reports.[26] 31P chemical shifts
were insensitive to the phenolate ligand and showed no cor-
relation with coligand Hammett parameters. The resonances
for 9/10, 11, and 12 were deshielded by 23–28 ppm relative
to the free phosphine oxides (in CDCl3, d(OPMePh2)= 28.7,
d(OPnBu3)=46.9, and d(OPPh3)= 29.3 ppm[35]).


The spectroscopic properties of the acetonitrile and DMF
complexes accorded with their formulations (see the Sup-
porting Information). The IR spectra of the complexes ex-
hibited bands due to TpiPr (n(BH) = 2533–2481 cm�1) and
terminal oxo (n(Mo=O) = 966–946 cm�1) ligands. A nitrile
n(CN) mode was not observed but these are typically weak
in intensity.[30] Coordinated DMF was revealed by a n(C=O)
band at 1645 cm�1 (compared with n=1671 cm�1 for free
DMF).[30] The 1H NMR spectrum of freshly prepared solu-
tions revealed resonances consistent with C1 symmetry and
the presence of acetonitrile (d= 3.06 ppm) or DMF (d= 2.95
and 2.80 ppm (methyl groups), d= 8.03 ppm (C(O)H)) li-
gands. Exchange of the coordinated and deuterated solvents
was evident with time. Mass spectrometry of the complexes
dissolved in acetonitrile confirmed the mononuclear formu-
lation. For [TpiPrMoO(SnBu)(DMF)], a parent ion for
[TpiPrMoO(SnBu)(NCMe)] (m/z 583.2) was observed due to
rapid ligand exchange in the sample.


Crystallographic studies : The crystal structures of com-
pounds 6, 7, 9, and 12 were determined by X-ray diffraction.
The molecular structures are displayed in Figures 1–4, and
selected metrical data are presented in Table 2. These struc-
tures complement the published structure of 2,[12] the data
for which are included for comparison and completeness in
Table 2 and the following discussion. All five complexes ex-
hibit distorted octahedral Mo centers complexed by a tri-


dentate fac-TpiPr ligand and mutually cis terminal oxo, phos-
phine oxide, and phenolate or thiolate ligands.


We begin our discussion with the triethylphosphine oxide
complexes. Here, the Mo=O bond lengths lie in the range
1.682(2)–1.6913(15) �, in the region typical of oxomolyb-
denum(iv) species.[36,37] The Mo�O3 and Mo�S1 distances
of approximately 2.034 and 2.3930(6) � are within the
ranges expected for phenolate and thiolate ligands to
Mo.[37] The Mo�OP and O�P distances fall in the ranges
2.157(3)–2.1706(14) and 1.511(2)–1.5189(15) �, respectively;
the former are typical of Mo�OPR3 complexes.[37] The P�O
distances are not significantly different from those observed
for lattice OPEt3 in [Mo3(m3-S)(m-S)3Cl4(PEt3)3(H2O)2]·OPEt3


(1.511(7) �)[38] and [PtI(OPEt3){P(OH)Et2}2]·OPEt3


Figure 1. Molecular structure of 6. The numbering schemes for the pyra-
zole rings containing N11 and N21 follow that shown for the ring con-
taining N31. The TpiPr isopropyl groups and hydrogen atoms have been
removed for clarity and probability ellipsoids are shown at the 30%
level.


Figure 2. Molecular structure of 7. See the legend of Figure 1 for further
details.
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(1.499(4) �),[39] consistent with the presence of multiple
bonding. The P�O bond lengths are substantially shorter
than a P�O single bond (1.60 �), as is present in P4O10,
etc.[40] The complexes are very similar in their triethylphos-
phine oxide and coligand (X) conformations, as dictated by
the steric constraints of the TpiPr ligand (see below). When
the Mo(=O)N3 portions of the three molecules are superim-
posed, the Mo�O�P fragments are closely coincident with
spatial separations of less than 0.21 and 0.47 � for the O
and P atoms, respectively (see Figure 5 for superposition of
all structures except (for clarity) 12). There is considerable
congruence of the Mo-O-P angles (130.9(2)–135.57(9)8) and
O=Mo-O-P torsion angles (52.6(4)8–57.5(3)8); the smallest
Mo-O-P and largest O=Mo-O-P angles are associated with
the least hindered of the complexes (2). The bent Mo-O-P


units are consistent with the use of p electron density in the
bonding of the phosphine oxide to the metal. The ethyl sub-
stituents also occupy similar regions, the Mo-O-P-C torsion
angles spanning a range of only 108. The phenolate rings in
2 and 6 lie in the same plane, with a small displacement
(max. 0.39 �) due to a difference in the Mo-O3-C angles. In
all cases, the coligand substituent projects away from the
TpiPr ligand, with the sec-butyl group in 6 being directed
away from the sterically restricted cleft between the TpiPr


pyrazolyl groups. The steric clash of the sec-butyl and ethyl
groups on neighboring ligands appears to be responsible for
observed differences. The butyl substituent of 7 zigzags
through the same region of space occupied by the phenolate
rings in the other structures.


The Mo�N(n1) (n=1–3) distances are in accord with ex-
pectations based on the trans influence of the various coli-
gands, that is, =O>X>OPEt3. In each case, the Mo atom
sits out of the equatorial plane defined by N21, N31, O2,
and O3/S1, toward the terminal oxo ligand, by approximate-
ly 0.28 �. The greatest angular deviations from ideal octahe-
dral geometry are seen in the O1-Mo-O2, O1-Mo-E (E=O,
S), and O1-Mo-N11 angles, which lie in the ranges 97.3(1)–
98.54(7)8, 104.67(6)–108.89(10)8, and 164.8(1)–166.66(7)8, re-
spectively.


Very few triethylphosphine oxide complexes have been
structurally characterized. Previous examples from molybde-
num chemistry are limited to the dinuclear species [Mo2-
(S2CPEt3)(O2CCH3)3(OPEt3)]BF4 (Mo�O 2.348(5) �, P�O
1.502(5) �, Mo�O�P 1458)[41] and [MoCl(NO)2(OPEt3)]2(m-
Cl) (Mo�O 2.091(2) �, P�O 1.517(2) �, Mo�O�P
145.3(1)8).[42] The source of the phosphine oxide in both
compounds remains unclear. The present complexes repre-
sent the first structurally characterized examples of mono-
meric oxo(triethylphosphine oxide)molybdenum complexes
and the first complexes of this type to be generated by in-
complete OAT.


For 9, the terminal oxo ligand is bound at a distance of
1.684(3) �, while the phenolate exhibits an Mo�O bond
length (2.027(3) �) typical of Mo�OAr bonds. The phospho-
ryl ligand is coordinated at an Mo�O2 distance of
2.172(3) �, with an O�P bond length of 1.512(3) �. These
compare to the analogous distances of 2.100 � (av Mo�O)
and 1.495 � (av O�P) in [MoOCl3(OPMePh2)2]·C6H6, the
only other structurally characterized OPMePh2 complex of
Mo.[43] The O=Mo-O-P torsion angle of 46.8(3)8 is slightly
smaller than in the other structures. The orientations and
conformations of the ligands are generally similar to the
triethylphosphine oxide complexes above, with the superpo-
sitions of 2 and 9 indicating displacements of only 0.18 and
0.24 � for the O(P) and P atoms, respectively (see Figure 5).
The steric interaction of phenyl groups on the OPMePh2


and OPh ligands results in a small tilting of the OPh group
of 9 away from the position occupied in 2 (a dihedral angle
of approximately 88 relates the two phenyl planes, hinged at
a common O�Ar site (DO= 0.07 �). The Mo-O-P and O=


Mo-O-P torsion angles are 131.91(19)8 and 46.8(3)8, respec-
tively.


Figure 3. Molecular structure of 9. See the legend of Figure 1 for further
details.


Figure 4. Molecular structure of 12. See the legend of Figure 1 for further
details.
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In 12, the steric bulk of the triphenylphosphine oxide re-
sults in a considerably greater displacement of 0.66 � be-
tween P atom sites of superimposed molecules of 2 and 12 ;
the corresponding displacement in the O(P) sites remains
small (0.17 �). The Mo-O-P angle of 146.7(3)8 is considera-
bly opened relative to the other derivatives and the O=Mo-
O-P torsion angle of 33.1(5)8 is the smallest observed for
the series of structurally characterized compounds. The P�O
distance of 1.498(4) � is not significantly different from the
values determined for orthorhombic (1.491 �) and mono-
clinic (1.494 �) forms of OPPh3 at 100 K.[44] Nevertheless,
the phenyl substituents adopt the broad conformations ob-


served for the earlier com-
plexes. The chloride ligand is
sited close to the midpoint of
the O�C(Ar) bond of the su-
perimposed molecule 2, with
the Mo�Cl1 distance being
2.397(2) �.


Electronic structures : The elec-
tronic structures of the crystal-
lographically characterized
complexes were probed by
using density functional theory
(DFT). The atomic orbital con-
tributions of selected molecular
orbitals are summarized in
Table 3. As expected, the ligand
field was dominated by the ter-
minal oxo ligand and the metal
orbital manifolds were organ-
ized accordingly (Figure 6). In
each case, the molybdenum 4dxy


orbital was the major contribu-
tor to the highest occupied mo-
lecular orbital (HOMO; see,
for example, Figure 7 and
Table 3). Interestingly, the ener-
gies of the HOMOs were


nearly invariant to the nature of the equatorial phosphoryl
ligands, the energy range of the HOMOs being 0.171 eV
(Table 3) and the ligand orbital contributions practically
constant. However, the contribution from the equatorial
ligand X to the HOMO (primarily through a pseudo-p
bonding interaction) varied from 4.8 % in 9 to 8.8 % in 7.
The nature of the donor atom alone cannot explain this dif-
ference. For instance, the contributions of X to the HOMOs
of 2 and 6 (4.9 and 7.5 %, respectively) differ significantly
despite the phenolate character of both X groups. However,
at a qualitative level, these differences can be explained on
the basis of the O=Mo-E-C torsion angles. It has been pro-
posed that for [MoO2(SMe)(S2C2Me2)]� , the O-Mo-S-C tor-
sion angle can modulate the percent contribution from the
equatorial SMe ligand to the lowest unoccupied molecular
orbital (LUMO; predominantly dxy) in a sinusoidal
manner.[45] In the title complexes the overall behavior is sim-
ilar: the larger the O=Mo-E-C torsion angle, the larger the
contribution of the ER equatorial ligand to the predomi-
nantly dxy molecular orbital. In all cases, except 9 and 12,
the LUMO and LUMO+1 orbitals predominantly consist
of the dxz and dyz metal-centered atomic orbitals, respective-
ly. In the case of complex 12, the dyz orbital was delocalized
between the LUMO+ 1 and the LUMO + 2 orbitals
(Table 3). On the other hand, two molecular orbitals, pri-
marily composed of phenyl p* orbitals of the OPPh2Me
ligand, were located in between the HOMO and the dxz or-
bital of 9 (see the Supporting Information). The calculated
dxy to dxz energy difference for 12 was 2.725 eV, but this dif-


Table 2. Metrical parameters.


Parameter[a] 2[b] 6 7 9 12


Mo�O1 1.684(3) 1.682(2) 1.6913(15) 1.684(3) 1.748(5)
Mo�O2 2.157(3) 2.168(2) 2.1706(14) 2.172(3) 2.159(4)
Mo�E 2.031(3) 2.036(2) 2.3930(6) 2.027(3) 2.397(2)
Mo�N11 2.430(4) 2.377(2) 2.4554(17) 2.412(4) 2.411(6)
Mo�N21 2.155(4) 2.150(3) 2.1786(17) 2.147(4) 2.161(6)
Mo�N31 2.212(4) 2.199(2) 2.2421(18) 2.193(4) 2.205(6)
O2�P1 1.516(3) 1.511(2) 1.5189(15) 1.512(3) 1.498(4)
O1-Mo-O2 97.3(1) 98.08(9) 98.54(7) 99.00(14) 98.5(2)
O1-Mo-E 108.0(2) 108.89(10) 104.67(6) 105.14(15) 102.07(17)
O1-Mo-N11 164.8(1) 165.21(9) 166.66(7) 168.35(15) 169.7(2)
O1-Mo-N21 91.3(2) 92.95(10) 90.27(7) 93.58(16) 93.2(2)
O1-Mo-N31 90.0(2) 90.02(10) 91.91(7) 90.92(15) 92.2(2)
O2-Mo-E 79.1(1) 81.72(8) 85.78(4) 80.07(12) 85.69(13)
O2-Mo-N11 91.7(1) 87.25(8) 87.86(6) 85.57(13) 86.91(18)
O2-Mo-N21 171.2(1) 168.97(8) 170.10(6) 167.42(14) 168.2(2)
O2-Mo-N31 93.7(1) 91.42(8) 88.77(6) 92.84(13) 93.4(2)
E-Mo-N11 85.7(1) 85.47(8) 87.39(4) 86.15(13) 86.96(5)
E-Mo-N21 96.8(1) 94.93(9) 96.39(5) 96.72(14) 91.18(18)
E-Mo-N31 161.2(1) 160.55(9) 163.14(5) 163.23(14) 165.96(17)
N11-Mo-N21 80.2(1) 82.00(9) 82.61(6) 82.07(15) 81.6(2)
N11-Mo-N31 77.2(1) 76.00(9) 76.46(6) 78.11(14) 78.7(2)
N21-Mo-N31 87.9(1) 88.36(10) 86.42(7) 86.91(14) 86.8(2)
Mo-O2-P1 130.9(2) 133.52(12) 135.57(9) 131.91(19) 146.7(3)
O1-Mo-O2-P1 �57.5(3) �53.5(2) �52.6(4) �46.8(3) �33.1(5)
O1-Mo-E-C �103.4(4) �108.9(3) �111.5(4) �99.1(4) –


[a] E=O3 for 6 and 9, S1 for 7, and Cl1 for 12. [b] Data for 2 were taken from reference [12]. A modified
numbering scheme has been adopted to make the data directly comparable, that is, atom numbers O2/O3 and
N21/N31 in ref. [12] have been exchanged.


Figure 5. Superposition of the structures of 2, 6, 7, and 9 showing congru-
ence of the TpiPr isopropyl, OPR3, and X groups.
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ference was slightly higher and nearly constant for the other
complexes (3.011–3.082 eV). Again, the energy differences
between the dxz and dyz orbitals (with the exception of 12)
were nearly constant (0.327–0.493 eV; Table 3). Consistent
with this description of the energy levels, a low-energy band
at �890 nm, attributed to the dxy!dxz transition, was ob-
served. A shoulder, presumably due to the dxy!dyz transi-


tion, could also be located in
the higher energy region in the
optical spectra of 2 and 9.[19]


The differences in energy be-
tween these two bands were
�0.402 and 0.441 eV, respec-
tively, with the computed
values being 0.449 and
0.357 eV.


The dx2�y2 and dz2 metal-cen-
tered orbitals are highly delo-
calized over a few molecular or-
bitals (Tables S1–S5 in the Sup-
porting Information). In gener-
al, the relative order of the mo-
lecular orbitals was
approximately the same:
OPR3(p)<TpiPr(p)�ER(p)<
dxy(HOMO)<dxz<dyz<TpiPr,
OPR3 (p*). In all cases the low-


lying p-acceptor orbitals were found to be located on the
tris(pyrazolyl)borate[46,47] and OPR3 ligands.


Stability of the complexes : The computational study of steri-
cally unencumbered [MoO(OPMe3)(SH)2(NH3)2] by Hall
and co-workers determined an O=Mo-O-P torsion angle
close to 08 for the complex.[17] In contrast, the O=Mo-O-P
torsion angles of the title complexes lie in the range 47–598.
To understand the underlying reasons for this difference, we
have calculated 3D energy surfaces at the PM3(tm) semiem-
pirical level for all of the structurally characterized com-
plexes. The results are summarized in Figure 8 and in Figur-
es S1 and S2 (see the Supporting Information). The figures
show that the energy of a specific conformer is primarily
controlled by the steric interactions between the equatorial
phosphine oxide and the TpiPr and X ligands. The shape of
the steric binding pocket is dominated by the conformation-
al flexibility of the OPR3 ligand. For example, in the OPEt3


Table 3. Calculated energies and compositions of selected molecular orbitals.


Orbital Compound OPR3 X E [eV] Orbital composition [%]
Mo Ot X OPR3 TpiPr


dxy 2 OPEt3 OPh �4.247 83.6 0.3 4.9 3.7 7.4
6 OPEt3 OC6H4sBu �4.193 81.5 0.4 7.5 3.2 7.4
7 OPEt3 SnBu �4.269 80.0 0.6 8.8 3.1 7.4
9 OPMePh2 OPh �4.167 82.8 0.3 4.8 4.6 7.5
12 OPPh3 Cl �4.338 80.4 0.3 6.8 5.1 7.3


dxz 2 OPEt3 OPh �1.199 62.8 13.7 3.3 9.3 13.7
6 OPEt3 OC6H4sBu �1.182 60.7 10.9 3.0 9.3 16.2
7 OPEt3 SnBu �1.187 65.5 11.4 1.0 9.1 12.9
9 OPMePh2 OPh �1.115 51.7 9.1 1.9 24.8 12.5
12 OPPh3 Cl �1.613 51.7 8.7 0.5 31.1 8.0


dyz 2 OPEt3 OPh �0.750 62.8 10.0 6.7 1.8 18.7
6 OPEt3 OC6H4sBu �0.689 60.3 9.5 7.0 1.9 21.4
7 OPEt3 SnBu �0.860 61.7 9.5 9.3 2.0 17.6
9 OPMePh2 OPh �0.758 61.7 9.9 7.2 2.4 18.7
12[a] OPPh3 Cl �1.443 34.4 5.4 2.1 50.8 7.4
12[a] OPPh3 Cl �1.395 48.6 7.9 2.8 30.0 10.7


[a] The dyz orbital of 12 is delocalized between the LUMO and LUMO + 1 orbitals.


Figure 6. Molecular orbital diagrams for selected compounds. Details of
the DFT calculations can be found in the text.


Figure 7. Model of the HOMO for 9. The calculated HOMOs for all
complexes are very similar to the example presented.


Figure 8. Three-dimensional energy surface of 7 as a function of phos-
phine conformation, as calculated by semiempirical methods. See the text
for details.
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complexes the shape of the binding pocket is nearly sym-
metrical, while the shapes of those of the OPPh2Me and
OPPh3 complexes are not. A closer look at the surfaces sug-
gests that at room temperature (298 K), where the thermal
energy, kT (k=Boltzmann constant, T=absolute tempera-
ture), is equivalent to approximately 2.5 kJ mol�1, the rota-
tional freedom of the phosphoryl ligand is constrained to a
small range of Mo-O-P and O=Mo-O-P torsion angles. This
smaller area results in a more restricted rotation for the aryl
phosphoryl ligands.


It is interesting to compare the area (designated as the ro-
tation area) where the phosphine oxide can rotate freely at
room temperature for the different complexes. Qualitatively,
the rotation area of 2 is about 1.7 times larger than that of
6, a fact suggesting that the sec-butyl group contributes to
the restricted rotation of the phosphoryl ligand. Similarly,
the rotation area of 9 is significantly smaller (�5 times)
than that of 2. This is consistent with the kinetic experi-
ments conducted in our laboratories, in which 9 decays ap-
proximately five times faster than 2 at 5 8C. Although details
of the mechanistic studies will be presented elsewhere,[19] a
few important aspects are worthy of discussion here. There
are two major contributions to the molybdenum–phosphine
oxide interaction in these complexes, electronic and steric.
The basicity of the tertiary phosphine oxides is lower com-
pared to related amine oxides. For instance, the pKb value
for Me3N=O is 9.3,[48] while pKb values for trialkylphosphine
oxides approach 15.5.[49] Moreover, the basicities of the
phosphine oxides fall in a very narrow range: �15.5 for tri-
alkylphosphine oxides, 16.4 for OPMe2Ph, and 17.0 for
OPPh3.


[48,49] This behavior is significantly different from that
of tertiary phosphines, where large differences in basicity
lead to a large difference in the metal–phosphine interac-
tions. Thus, in a first approximation, the electronic contribu-
tion to the Mo�OPR3 interaction is nearly constant. The
steric contribution to the metal–phosphine interaction, as
defined by Tolman,[50] has been discussed extensively in the
literature. In the case of the complexes under discussion, it
is the phosphine oxides that coordinate to Mo rather than
the terminal oxo group to the phosphine (based on observed
Mo�O and O=P distances). The net effect is that the steric
interactions in these complexes originate from the cone
angle of the OPR3 ligand and the steric properties of the
TpiPr and X ligands. By using the crystallographic approach
of Miller and Mingos,[51] the following cone angles have
been determined for the phosphoryl ligands in the title com-
plexes: For OPEt3, 119.18 (2), 114.68 (6), 114.18 (7); for
OPMePh2, 122.78 (9); and for OPPh3, 122.78 (12). In the
case of the X ligands, the steric influence follows the order:
OC6H4-2-sBu>OPh�SnBu>Cl. On the other hand, the
steric influence for the tripodal TpiPr ligand (defined as a
plane between three CH protons of the iPr groups) is nearly
constant for all complexes (minimal area is 7.59 �2 for 6
and maximum area is 8.06 �2 for 7). When all this informa-
tion is taken into consideration, it is expected that the “kT”
area should follow the order 7�2>6>9, which is in excel-
lent agreement with the PM3(tm)-generated 3D surfaces


(Figure 8 and Figures S1 and S2 in the Supporting Informa-
tion). Despite a larger estimated cone angle for OPPh3 than
OPEt3, the calculated “kT” area for 12 is larger than that
for 2 and 7. This unexpected observation can be attributed
to a difference in the steric properties of the OPh and SnBu
equatorial ligands in 2 and 7, respectively, as compared to
the Cl ligand in 12. To test this hypothesis, we have calculat-
ed the 3D potential surface of a hypothetical complex,
[TpiPrMoO(OPh)(OPPh3)] (13), the geometry of which was
constructed by using the known geometries of 2 and 9, but
with OPPh3 as the phosphine oxide. Based on the estimated
cone angles of OPR3 ligands, the expected “kT” areas
follow the order 2>9�13, but the calculated “kT” areas
follow the order 2>13>9. Such a deviation can be ex-
plained only if the conformational flexibility of the PR3 frag-
ment in the OPR3 ligand is taken into consideration. De-
tailed analysis of all of the available crystal structures with
PR3 ligands suggests that the conformational flexibility of
the PR3 ligands decreases in the order: PPh3 (39.38)>PEt3


(35.88)>PMePh2 (32.38).[51] It was suggested that the large
conformational flexibility of the PPh3 ligand can also modu-
late the M-P-C angle and the dihedral angle between the
phenyl plane and the M-P-C plane.[51] Such rotational free-
dom of the phenyl ring is restricted in the OPMePh2 ligand
by the rigid methyl group. When this information is taken
together, the expected “kT” area should follow the order
2>13>9, which is in excellent agreement with the
PM3(tm)-generated 3D potential surfaces.


Another interesting observation is that the minimum
energy for each O=Mo-O-P torsion angle has a different
Mo-O-P angle. In other words, the energy of [TpiPrMoOX-
(OPR3)] complexes depends not only on the O=Mo-O-P tor-
sion angle but also on the Mo-O-P angle. When the relative
energies of the lowest energy conformers were plotted
against the O=Mo-O-P torsion angle, a nonsymmetric (with
respect to the torsion angle) behavior was observed
(Figure 9). All traces went through a minimum of approxi-
mately 558, in agreement with experimental data. The left
side of the graph, with dihedral angles of 10–558, represents
the steric interaction between the phosphoryl and trispyra-
zolylborate ligands, while the right side with dihedral angles


Figure 9. Calculated energy response as a function of the O=Mo-O-P tor-
sion angle. Data points have been removed for clarity.
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of 55–908 represents the steric interaction between the phos-
phoryl, TpiPr, and X ligands. The interaction between the
phosphoryl and TpiPr ligands follows a similar pattern in all
complexes except for 9 and 12, a fact lending support to the
idea that, in this region, the dominating interaction is the in-
teraction between the phosphoryl and TpiPr ligands. Such in-
teractions can only be increased with bulkier groups in the
trispyrazolylborate fragment or in the OPR3 ligand as seen
in 9. On the other hand, conformational flexibility of the
PPh3 group leads to a reduction of these steric interactions.


As mentioned, for O=Mo-O-P torsion angles greater than
558, the iPr group of TpiPr and X interact with the OPR3


group and, as a result, the energy profiles are quite different
for different compounds (Figure 9). Thus, the energy profile
of 6 deviates significantly, by 8–16 kJ mol�1, from those of
the sterically less crowded 2 and 7. The low-energy barrier
for 12 originates from the smaller equatorial chloro ligand,
while the hypothetical 13 shows an energy profile that is
similar to complexes 2 and 7. Interestingly, the steric inter-
actions caused by the OPMePh2 ligand are quite comparable
to those of the sec-butyl group in the coligand of 6. Finally,
we note that the calculated 3D surfaces of the complexes
agree well with X-ray data. Thus, the PM3(tm) method pro-
vides reliable relative energies of transition-metal com-
plexes, as noted by others. In the earlier, simplified compu-
tational model,[17] the small steric requirement can lead to
an energetically favorable conformation with an O=Mo-O-P
torsion angle close to 08.


In the crystal structures of several mononuclear molybde-
num enzymes, for example, sulfite oxidase and DMSO re-
ductases, the Mo center was found to be deeply buried
inside the protein matrix, often at the bottom of a cavity or
crevice, with the catalytic pockets tightly defined by the
nearby amino acid residues and the cofactor.[52] While the
“energy-controlled pockets” discussed here may differ in
their exact nature, the pocket may play a role in defining
the mechanism of the product dissociation. Thus, it is provo-
cative to speculate as to how steric interactions can influ-
ence the mechanism of the product dissociation in this
system. Due to the restrictive nature of the energy-control-
led pockets, the formation of a solvated product with higher
coordination number can be inhibited, thereby favoring the
dissociation of the coordinated phosphine oxide first.
Indeed, on-going studies in our laboratories suggest that dis-
sociation of phosphine oxide from 2 and 9 proceeds through
a dissociative interchange mechanism; results from these
studies will be communicated in a forthcoming paper.[19]


Summary


Reaction of dioxomolybdenum(vi) complexes with phos-
phines leads to the formation of the oxo(phosphoryl)molyb-
denum(iv) complexes [TpiPrMoIVOX(OPR3)] by incomplete
OAT from MoVI to PIII. The complexes, which are intermedi-
ates along the OAT reaction coordinate, represent rare ex-
amples of “substrate-bound” species isolated in molybde-


num-enzyme model studies. Their isolation and structural,
theoretical, and kinetic[19] evaluation constitute significant
advances in the study of metal-mediated OAT reactions by
high-valent oxo transition-metal complexes.


A comparison of structure parameters obtained by X-ray
crystallography and theoretical studies (reference [17] and
herein) reveals good agreement between experiment and
theory. However, the intermediate identified in an earlier
computational study examining OAT from [MoO2(SH)2-
(NH3)2] with PMe3, that is, [MoO(SH)2(NH3)2(OPMe3)], ex-
hibits a markedly different O=Mo-O-P torsion angle (ap-
proximately 08) to those of the title complexes (approxi-
mately 508). Eclipse of the oxo and phosphoryl multiple
bonds of [Mo(=O)(SH)2(NH3)2(O=PMe3)] is proposed to
cause complete disruption of Mo�OP p bonding, thereby fa-
cilitating solvent-assisted dissociation of phosphine oxide.
The torsion angles observed in the title complexes are dic-
tated by steric interactions between the TpiPr, coligand X,
and phosphine substituents R, with the PR3 group residing
in an energy-controlled binding pocket that induces a tor-
sion angle of 508. Restricted rotation about the Mo�O bond
appears to maintain sufficient Mo�O p bonding to confer
stability and isolability on the title complexes. Detailed ki-
netics studies of the reactions of [TpiPrMoO2(OPh)] with
PEt3 and PMePh2 and the solvent-assisted decomplexation
of phosphine oxide from 2 and 9, along with a complete the-
oretical assessment of these reactions will appear in a forth-
coming paper.[19]


Experimental Section


Materials and methods : The precursor compounds, [TpiPrMoO2X], were
prepared by literature methods.[20] All reactions and workup procedures
were performed under an atmosphere of pure dinitrogen by employing
standard Schlenk techniques. All solvents were carefully dried and de-
oxygenated before use. Samples of 18OPEt3 (n(18O=P) =1106 cm�1 (com-
pare with n =1139 cm�1 in 16OPEt3), d(31P)=52.2 ppm in benzene (com-
pare with d(31P)=48.3 ppm for 16OPEt3 in CS2)


[53]) were prepared by
adapting the method described for the preparation of 18OPPh3 by Mayer
and co-workers.[54]


Infrared spectra were recorded on a Biorad FTS 165 FTIR spectropho-
tometer as pressed KBr disks. NMR spectra were obtained by using
Varian FT Unity 300 or INOVA400WB spectrometers and were refer-
enced to tetramethylsilane or external H3PO4 (d =0 ppm). UV/Vis spec-
tra were recorded on Hitachi 150–20 or Shimadzu UV-2401PC spectro-
photometers. X-Band EPR spectra were recorded at ambient tempera-
ture on a Bruker ECS 106 EPR spectrometer using 1,2-diphenyl-2-picryl-
hydrazyl as reference. Mass spectra were conducted with a Bruker BioA-
pex 47e FTMS spectrometer fitted with an Analytica electrospray source
operating with capillary voltages between 50–120 V; compounds were di-
luted with CH2Cl2 or MeCN and run immediately. Microanalyses were
obtained from Atlantic Microlab, Inc., GA, USA. Spectroscopic and
mass spectrometric data are summarized in Table 1. Full listings of ana-
lytical and spectroscopic data are included in the Supporting Informa-
tion.


Preparation of [TpiPrMoOCl(OPR3)] complexes : A yellow solution of
[TpiPrMoO2Cl] (200 mg, 0.4 mmol) in dry benzene (10 mL) was treated
with PR3 (1.5 equivalents) and the resultant green (R=Et) or brown
(R= Ph) solution was stirred for 5 h. The solvent was removed in vacuo
and dry hexane (10 mL) was added to the residue. Cooling to �4 8C pro-
duced green (R=Et) or beige (R=Ph) crystals, which were collected by
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filtration, washed with hexane, and dried in vacuo. Yields were typically
50–60 %.


Preparation of [TpiPrMoO(OAr)(OPEt3)] complexes: The synthesis of 3
described here is typical. A solution of [TpiPrMoO2(OC6H4-3-Me)]
(288 mg, 0.5 mmol) in dry benzene, toluene, or MeCN (10 mL) was treat-
ed with PEt3 (110 mL, 0.75 mmol) and then stirred at room temperature
for 24 h. During this time the solution darkened to a golden-brown (tolu-
ene, benzene) or emerald-green (MeCN) color. The solvent was removed
in vacuo and the residue was triturated with dry hexane (10 mL); this
process was repeated in order to remove all MeCN. Cooling to �4 8C
produced green crystals, which were collected by filtration, washed with
hexane, and dried in vacuo. The yield was 230 mg (70 %) for 3 and was
typically in the range 50–75 % for other derivatives.


Preparation of [TpiPrMoO(SR)(OPEt3)] (R =nBu, sBu) complexes :


Method A : A solution of [TpiPrMoO2(SR)] (212 mg, 0.38 mmol) in dry
MeCN (10 mL) was treated with PEt3 (84 mL, 0.57 mmol) and stirred for
24 h. The solvent was evaporated and the residue was treated with dry
hexane (15 mL) and stirred for 1 h to produce a light-blue suspension.
The evaporation and hexane treatment
above were repeated two more times.
The final green solution was filtered
and the filtrate was reduced in volume
(to approximately 5–10 mL) and
cooled to �4 8C. The resulting green
crystals were filtered in air, washed
with small amounts of cold hexane,
and dried in vacuo. The yields were
approximately 105 mg (40 %).


Method B : A solution of [TpiPr-
MoO2(SR)] (212 mg, 0.38 mmol) in
dry benzene or toluene (10 mL) was
treated with PEt3 (84 mL, 0.57 mmol)
and the solution was stirred for 24 h.
The solvent was evaporated and the
residue was treated with dry hexane
(10 mL) with stirring. Cooling of the
solution to �4 8C produced green crys-
tals, which were filtered, washed with
hexane, and dried in vacuo. The yields
were approximately 210 mg (80 %).


Method C : A solution of
[TpiPrMoO(SR)(MeCN)] (150 mg, 0.26 mmol) in dry acetonitrile or
hexane (10 mL) was immediately treated with OPEt3 (57 mL, 0.39 mmol)
and the solution was stirred for 1 h. The workup procedure in Method A
was followed to yield a green solid. The yields were 30–50 %.


Preparation of [TpiPrMoO(OAr)(OPMePh2)] complexes : The procedure
described here for 9 is generally applicable. A solution of [TpiPrMoO2-
(OPh)] (252 mg, 0.45 mmol) in dry benzene, toluene, or MeCN (10 mL)
was treated with PMePh2 (142 mL, 0.76 mmol) and stirred for 24 h. The
solvent was evaporated from the golden-brown (toluene, benzene) or
emerald-green (MeCN) solution and then the residue was treated with
dry hexane (10 mL). Cooling to �4 8C produced a light-brown product,
which was filtered, washed with hexane (1 mL) and ice-cold methanol
(1 mL), and dried in vacuo. The yield was 174 mg (51 %). Analytically
pure compound may be obtained by recrystallization from dry benzene/
hexane.


Preparation of solvent complexes :


[TpiPrMoOCl(NCMe)]: A sample of [TpiPrMoO2Cl] (220 mg, 0.44 mmol)
was dissolved in dry MeCN (15 mL) and treated with an excess of P-
(OiPr)3 (162 mL, 0.66 mmol) under argon. The stirred solution became
green over 20 min. After 12 h of stirring, the solvent was evaporated and
the residue was treated with hexane and cooled to �4 8C. The green crys-
tals were filtered, washed with hexane, and dried in vacuo. The yield was
165 mg (72 %).


[TpiPrMoO(SR)(NCMe)] (R=nBu, sBu): These compounds were synthe-
sized by slight modification of Method A above for [TpiPrMoO(SR)-
(OPEt3)]. Thus, the light-blue solid precipitated in the first treatment


with hexane (10 mL) was immediately filtered, washed with hexane (2 �
2 mL), and dried in vacuo. The yields were 50–60 %.


[TpiPrMoO(SnBu)(DMF)]: A solution of [TpiPrMoO2(SnBu)] (218 mg,
0.39 mmol) in dry DMF (20 mL) was treated with PEt3 (80 mL,
0.54 mmol) and stirred for 1–2 h. The solution was then evaporated to
dryness and the residue was treated with dry hexane. A light-green/blue
solid precipitated immediately and was filtered, washed with cold hexane
(5 mL), and dried in vacuo. The yield was 120 g (43 %).


[TpiPrMoO(OAr)(NCMe)]: These complexes were formed in situ when a
sample of [TpiPrMoO(OAr)(OPR3)] was dissolved in dry MeCN and stir-
red for 1 h under anaerobic conditions. NMR spectra were recorded on
samples prepared in [D3]MeCN.


X-ray crystallography : Green crystals of 6 and 7 were grown by slow dif-
fusion of hexane into a benzene solution of the compound at 4 8C.
Golden crystals of 9 and 12·0.5 C6H6·0.5 C6H14 were grown by the same
method. Crystallographic data for all complexes are collected in Table 4
and selected metrical parameters are listed in Table 2. Unit cell parame-
ters were obtained by a least-squares procedures from the angular set-


tings of 25 reflections. Crystallographic data were collected on an Enraf
Nonius CAD4f diffractometer by employing the w:2q scan method. Re-
flections were measured over the range 48�2q�508 at 293(2) K by using
MoKa radiation with a wavelength of 0.71069 �. The structures were
solved by direct methods and refined by using full-matrix least-squares
methods on F2 (SHELXL-97).[55] The sec-butyl and n-butyl moieties of
structures 6 and 7, respectively, were disordered. Carbon atoms of these
groups were located in difference maps and, where possible, refined with
partial occupancies. For the structure of 12, the Mo�Cl and Mo�O1 bond
lengths were marginally outside their expected ranges.[37] This was ascri-
bed to a degree of disorder between the chloro and oxo ligands. Howev-
er, a disordered model did not improve statistical measures of accuracy
and thus was not adopted. Hydrogen atoms were included in idealized
positions with the exception of the disordered sec-butyl group of 6 and
atoms C8, C9, and C10 of the disordered n-butyl moiety of 7. The atomic
scattering factors used were those incorporated in the SHELXL-97 pro-
gram.[55] The molecular diagrams in Figures 1–4 were generated by using
the program ORTEP-3.[56]


CCDC-257484 (6), CCDC-257485 (7), CCDC-257486 (9), and CCDC-
257487 (solvate of 12) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.


Theoretical calculations : All the computations were carried out by using
the Gaussian 98W or 03W[57] and HyperChem 6.03[58] software packages.
For the electronic structure calculations, the starting geometries were ob-


Table 4. Crystallographic data.


Compound 6 7 9 12[a]


formula C33H56BMoN6O3P C28H52BMoN6O2PS C37H46BMoN6O3P C42H53BClMoN6O2P
formula mass 722.6 674.5 760.52 847.07
crystal system monoclinic monoclinic monoclinic triclinic
space group P21/c P21/n P21/n P1̄
a [�] 12.320(4) 10.4345(7) 11.7697(13) 11.122(3)
b [�] 16.919(4) 18.7269(15) 17.707(2) 11.297(6)
c [�] 18.854(3) 18.457(2) 18.065(4) 19.830(7)
a [8] 90 90 90 97.97(3)
b [8] 103.926(16) 103.080(7) 90.463(13) 99.74(3)
g [8] 90 90 90 112.09(15)
V [�3] 3814.5(16) 3513.0(5) 3764.7(10) 2218.9(15)
Z 4 4 4 2
1calcd [gcm�3] 1.258 1.275 1.342 1.266
R 0.036 0.027 0.056 0.078
Rw 0.091 0.058 0.1318 0.1291


[a] Data for the 0.5C6H6·0.5 C6H14 mixed solvate.
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tained from the X-ray crystal structures and used without any truncation.
Becke�s three-parameter hybrid exchange functional[59] and the Lee–
Yang–Parr nonlocal correlation functional (B3LYP)[60] were used with
the DZVP basis set on molybdenum[61] and the 6-311G(d)[62] basis sets
for all other atoms. The percentage of atomic orbital contributions to
their respective molecular orbitals was calculated by using the VMOdes
program.[63] The results of the molecular orbital calculations are included
in the Supporting Information (Tables S1–S5).


The rotational energy barriers of all complexes were calculated, starting
from the X-ray crystal structures, as the energy difference between the
most stable conformer and all other conformers obtained under changes
in the O=Mo-O-P torsion (��408) or Mo-O-P (��208) angles with 58
increments. To reduce the steric interactions between alkyl or phenyl
groups of the coordinated PR3 ligand and isopropyl groups of pyrazole
rings, these atom positions were optimized by molecular mechanics with
the MM+ force field, implemented in the HyperChem package.[58] After
completion of the molecular mechanics calculations, all single-point cal-
culations were performed by using the semiempirical PM3(tm) method[64]


incorporated into the HyperChem package.[58]
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Stereocontrol in Alkyne Cyclocarbonylation Reactions Promoted by a
Bioxazoline Palladium(ii) Complex


Carla Carfagna,*[a] Giuseppe Gatti,[a] Luca Mosca,[a] Paola Paoli,[b] and Annalisa Guerri[b]


Introduction


Palladium-catalyzed carbonylation of unsaturated com-
pounds is a powerful methodology which allows direct prep-
aration of linear and cyclic compounds such as acids, esters,
lactones, and lactams.[1] In particular, cyclocarbonylation of
alkynes in the presence of palladium(ii) species represents a
well-established pathway for the synthesis of g-lactones.[2]


We have recently demonstrated, through isolation of the re-
action intermediates, that the elementary steps involved in
this process are the acylpalladation of alkyne, followed by
insertion of CO and cyclization to yield a complex in which
the lactone moiety is coordinated in an h3-allylic fashion.[3]


Lactone functionality is present in many biologically active
compounds and natural products, including insect phero-
mones, cardenolides, and flavor components.[4] The activity
of these substances often depends on their optical purity
and absolute configuration. Although, several methodolo-


gies for the synthesis of chiral butenolides, obtained with
different degrees of enantiomeric purity, have been de-
scribed,[5] to our knowledge, a synthetic pathway that starts
from an alkyne and carbon monoxide and utilizes an asym-
metric metal catalyst has never been reported. To explore
this possibility we decided to employ a palladium complex
that contains a chiral bioxazoline ligand. This type of ligand
has been used in several organic asymmetric syntheses cata-
lyzed by transition metals; simple modification of the chiral
centers located near to the donor nitrogen atoms allows
high enantioselectivities to be achieved in many processes.[6]


In previous studies we used the complex [Pd(CH3)(CO)-
(BIOX)]+ [BAr’4]


� (1), where BIOX= (4S,4’S)-(�)-4,4’,5,5’-
tetrahydro-4,4’-bis(1-methylethyl)-2,2’-bioxazole and Ar’=
3,5-(CF3)2C6H3, as catalyst in the isotactic CO/styrene co-
polymerization reaction; the stereocontrol dictated by the
metal center was evidenced in an investigation of the first
steps of the copolymerization process.[7]


The purpose of the work described herein was to study,
by NMR spectroscopy and DFT calculations, the intermedi-
ates deriving from sequential insertions of alkynes and
carbon monoxide into complex 1 with the aim of under-
standing how the presence of the chiral ligand could lead to
asymmetric induction in the cyclocarbonylation process. The
knowledge acquired can be applied to the catalytic synthesis
of enantiomerically pure butenolides.


Abstract: Insertion of 1,2-disubstituted
alkynes into [Pd(CH3)(CO)(BIOX)]+


[B{3,5-(CF3)2C6H3}4]
� (1), where


BIOX= (4S,4’S)-(�)-4,4’,5,5’-tetrahy-
dro-4,4’-bis(1-methylethyl)-2,2’-biox-
azole, leads to the formation of five-
membered palladacycles, which, by re-
action with carbon monoxide, produce
a mixture of two diastereomeric forms
of a palladium complex containing an


h3-allylic g-lactone ligand. On leaving
the mixture in solution, one isomer was
converted into the other, reaching a di-
astereomeric excess of up to 94 %. The


steric and electronic factors responsible
for the epimerization process were in-
vestigated by theoretical methods.
Cleavage of the h3-allyl�palladium
bond by nucleophiles allowed highly
substituted chiral butenolides to be
synthesized in good enantiomeric
excess.


Keywords: bioxazoline ligands ·
cyclocarbonylation · density
functional calculations · diastereo-
selectivity · palladium
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Results and Discussion


Alkyne insertions into complex 1: Although the insertion of
acetylenes into the palladium�carbon bond is a key step in
many catalytic reactions,[1a] there is little information con-
cerning the mechanism of this process.[8] Recently, we[3] and
others[8a] reported the synthesis of five-membered palladacy-
cles derived from stoichiometric insertion of alkynes into
the palladium�acetyl bond. We found that while the reac-
tion of complex [Pd(CH3)(CO)(iPrDAB)]+ [BAr’4]


�


(iPrDAB =1,4-diisopropyl-1,4-diaza-1,3-butadiene) with
phenylacetylene produced an homopolymer, with 1,2-disub-
stituted acetylenes, it was possible to isolate stoichiometric
insertion products.[3] An analogous investigation into the re-
activity of the chiral complex 1 towards alkynes has been
carried out. By using terminal alkynes such as methyl pro-
piolate and 1-hexyne, the complexity of the NMR spectra of
the reaction mixtures suggested the formation of multiple
insertion products; moreover, with phenylacetylene an ho-
mopolymer with a cis-transoidal structure was obtained.[9]


However, the reactions of 1-phenyl-1-propyne, 2-butyne, 1-
phenyl-1-butyne, 3-hexyne, and 2-pentyne with 1 in di-
chloromethane afforded the five-membered palladacycles 2–
7 (Scheme 1).


The structures of these palladacycles are in agreement
with both their 1H and 13C NMR spectra in which the signals
of the -C(R)=C(R’)- fragment, together with the resonances
of the bioxazoline ligand, can be identified and assigned.
Moreover, in all the complexes the methyl resonance at
around dH = 2.30 ppm and dC = 26 ppm provides evidence of
the acetyl group. In the 13C NMR spectra, the signals due to
the ring carbon atoms were observed in the ranges d=


223.3–220.9, 204.1–191.3, and 150.1–141.8 ppm. The reso-
nance at around d=198 ppm has been attributed to the ole-
finic carbon atom linked to the palladium atom, which is
strongly deshielded because of conjugation with the elec-


tron-withdrawing carbonyl group. For the same reason, the
IR spectra of all the compounds show a C=O stretching
band at 1570 cm�1, a value lower by ~40 cm�1 than that of
the analogous alkene-insertion products.[7a, 10] The 1H NMR
spectra of compounds 2 and 4 also show the different shield-
ing of the two CH�N nitrogen ligand signals (d= 2.48 versus
4.37 and 2.35 versus 4.44 ppm): the protons with signals at
around d=2.4 ppm are evidently in the shielding cone of
the phenyl ring, which has an average conformation perpen-
dicular to the palladium coordination plane.


Note that the insertion reactions of the unsymmetrical al-
kynes, 1-phenyl-1-propyne and 1-phenyl-1-butyne, are com-
pletely regioselective since only complexes 2 and 4, with the
phenyl group in the a position to the palladium atom, were
obtained. In contrast, by using 2-pentyne, both regioisomers
6 and 7 were formed (Scheme 1). The slight excess of 6
could be explained by considering that the less bulky methyl
group is preferred in the a position to the palladium atom
in order to minimize steric repulsions with the ligand. How-
ever the regioselective insertion of alkynes bearing a phenyl
group cannot be rationalized on the basis of steric factors.
With the aim of providing some insight into this matter, mo-
lecular orbital calculations on simplified complexes of 6, 7,
2, and its regioisomer 2’ (the latter having the phenyl group
in the b position to the palladium atom), in which the BIOX
ligand was modeled by L (vide infra), were performed. All
the optimized complexes have a very similar molecular ge-
ometry around the metal ion, that is, a square-planar ar-
rangement. The phenyl ring is almost perpendicular to the
coordination plane in the models of 2’ and 2 ; in the latter
the CH�N hydrogen atom actually points towards the
phenyl group. While the model compounds of 6 and 7 have
comparable energies (they differ by ca. 2 kJ mol�1), complex
2 is about 8 kJ mol�1 more stable than its corresponding re-
gioisomer 2’. Thus the selective insertion, which leads only
to products in which the phenyl-substituted carbon atom is
attached to the metal ion, appears to correlate with the en-
hanced energy difference. At the moment, from our data we
can only suggest that this regioselectivity must be controlled
by electronic factors, because, for example, of the ability of
the phenyl group to delocalize electron density and/or to in-
teract with the palladium atom during the insertion reaction,
thus lowering the activation energy.[11]


Reaction of palladacycles 2–7 with CO : To check whether
the reaction with CO resulted in a cyclocarbonylation proc-
ess, complex 2 was dissolved at �30 8C in CD2Cl2 previously
saturated with carbon monoxide and the solution was imme-
diately transferred to a precooled NMR probe. Analysis of
the 1H and 13C NMR spectra revealed the formation of a
mixture of two products. For both species, the NMR and IR
data are in agreement with a structure that contains an h3-al-
lylic g-lactone moiety.[3] In particular, the two 13C peaks at
d= 165 ppm and the IR stretching bands at around
1800 cm�1 demonstrate the presence of the lactone C=O
group; the six 13C signals between d=70 and 120 ppm pro-
vide evidence for the h3-allyl fragments. The double pattern


Scheme 1.
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of resonances observed was attributed to the formation of
the diastereomers 8 a/8 b (a ratio of 55:45 was measured
from the 1H NMR spectrum), which correspond to the coor-
dination of either one face or the other of the lactone ring
to the palladium atom. Analogous behavior was observed
for the reactions of 3–7 with CO (Scheme 2), with only


slight differences in the ratio of the two products a/b (vary-
ing from 56:44 for 11 a/11 b to 40:60 for 9 a/9 b). With com-
plexes 6 and 7, the reaction was carried out by using the
mixture of the two palladacycles to produce compounds
12 a/12 b together with 13 a/13 b. The tentative assignment of
the configuration of complexes 8 a–13 a and 8 b–13 b, as de-
picted in Scheme 2, is based on the calculations reported in
the next section.


Note that by allowing the mixtures of 8–13 to stand in di-
chloromethane solution at 20 8C, isomers a convert into iso-
mers b, finally reaching an equilibrium state that corre-
sponds to a diastereomeric excess (de) of between 86 and
94 % depending on the complex.[12] We assume that the epi-
merization takes place through an intermediate h1 complex
that contains a palladium�oxygen s bond (Scheme 3). A
similar mechanism had been proposed by Trost and Toste to


explain the enantioselectivity observed in nucleophilic sub-
stitutions of racemic 5-acyloxy-2(5H)-furanones catalyzed
by a chiral palladium complex.[5b] As far as we know, the
present data constitute the first experimental observation of
the previously postulated type a and b intermediates[5b] and
of their epimerization.


It appears that the chiral bioxazoline ligand is responsible
for the discrimination between the two faces of the lactone,
producing an asymmetric induction with fairly good de.
However the induction is not achieved during the cyclocar-
bonylation reaction, but rather through the subsequent con-
version of a into b. On the basis of this consideration, we ex-
amined some thermodynamic and kinetic aspects of the isom-
erization process. The equilibrium constants for the epimer-
ization reactions, determined by measuring the steady-state
concentrations of the diastereomers at 20 8C, were in the
range of 13.3 (for 12 a/12 b) to 32.3 (for 8 a/8 b and 10 a/10 b),
which corresponds to a DGA value of between �6.3 and
�8.5 kJ mol�1. For complexes 8 a/8 b we carried out a series
of experiments to study the kinetics of the approach to the
equilibrium in order to determine the effect of temperature,
solvent, and addition of coordinating ligands such as CO or
acetonitrile.[13] Starting from the mixture (ratio 55:45) ob-
tained at �30 8C, we monitored the variations of the concen-
trations of the two species with time by NMR spectroscopy
and, as detailed in the Experimental Section, determined
the rate constants for the forward reaction (kf) under differ-
ent conditions (Table 1).


Experiments (1) and (2) show that the rate constant in-
creases remarkably with temperature. Moreover, compari-
son of experiments (3) with (1) and (4) indicates that the
presence of a coordinating agent such as CO or acetonitrile
produces a slight increase in the reaction rate: this effect
could be attributed to the fact that these molecules stabilize
the s intermediate shown in Scheme 3, thereby lowering the
activation energy. Finally, changing the reaction solvent
from dichloromethane to acetone [experiment (5)] did not
have a significant effect on the rate constant. These observa-
tions can be very useful since a fast epimerization is crucial
for an efficient catalytic synthesis of optically active lac-
tones.[5b]


The assignment of the stereochemistry of complexes 8–13
by using NMR techniques was not possible. However, as is
evident from the data in Table 2, the differences observed
between the chemical shifts of the allylic 13C resonances for
isomers b and a show a definite trend: in going from a to b,
a deshielding of C3 and a shielding of C1 are observed. This
finding suggests that each complex in the series 8 a–13 a has
the same configuration (and accordingly each complex
within the series 8 b–13 b is the corresponding epimer). This
hypothesis is confirmed for compounds 8 and 9 by the theo-
retical studies reported in the next section.


Computational studies on simplified models of complexes 8
and 9 : To understand the factors responsible for the epimer-
ization process, to assign the configurations of compounds
8 a/8 b and 9 a/9 b, and to estimate their relative energies, we


Scheme 2.


Scheme 3. Possible intermediate in the epimerization reaction of diaste-
reomers a/b.
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used a combination of different computational approaches.
Our starting hypothesis was that the relative disposition of
the isopropyl groups with respect to the N�Pd�N plane
should be crucial in determining the coordination geometry
of the g-lactone ring. We then focused our attention on the
steric interactions between the two isopropyl moieties of the
bioxazoline ligand and the substituents on the allylic carbon
atoms C1 and C3, considering that, in the metal complexes
8 and 9, these groups would be almost facing each other. In
addition, there is no doubt that repulsive interactions will be
more effective in the metal complexes 8 a/8 b than in 9 a/9 b
given the presence, in the former couple, of the bulky
phenyl group. A rough estimation of the relative steric
strain of the bioxazoline ligand and the g-lactone ring was
obtained by molecular modeling studies on ad hoc simpli-
fied model compounds of the two possible diastereomers of
8. From these calculations it was possible to deduce that the
less crowded complex 8 b, in which the phenyl ring and the
nearest isopropyl group are above and below the Pd coordi-
nation plane, respectively, is energetically favored over 8 a.
Given that the substituents on the allylic carbon atoms C1
and C3 are the same an analogous approach cannot be ap-
plied to assign the stereochemistry of the 9 a/9 b couple.


Thus, to account for the 9 a/9 b equilibrium ratio observed,
electronic effects must be considered. Hence DFT calcula-
tions were performed on the four models 8 a’, 8 b’, 9 a’, and
9 b’ sketched in Scheme 4. To save computational time, a
simplified nitrogen ligand (L), which preserves the steric
feature of the bioxazoline, was used.


The optimized structures are shown in Figure 1, and
Table 3 reports the corresponding geometrical parameters
together with several experimental bond distances and
angles of the analogous compound 14 that contains the a-
diimine ligand, 1,4-diisopropyl-1,4-diaza-1,3-butadiene
(Figure 2), whose X-ray structure has been described in a
previous paper.[3] The results of the calculations show that
models 8 b’ and 9 b’ are more stable than their corresponding
isomers, the energy difference being E8b’�E8a’=


�11.7 kJ mol�1 and E9b’�E9a’=�8.3 kJ mol�1. Note that such
differences are comparable to the order of magnitude of
DGA obtained from the value of Keq determined at 20 8C.


To assess the reliability of the optimized model com-
pounds, some geometrical features can be considered. The
position of the g-lactone ring with respect to the coordina-
tion plane, described by the tilt angle a, is similar to that in
the solid-state structure of 14 (no solid-state structures of
Pd�g-lactone complexes have been found in CSD version
5.24).[14] Moreover, in the model 8 b’ and in the structure of
14, the orientations of the phenyl group with respect to the
g-lactone ring (as evidenced by the dihedral angle b) are
comparable (Table 3). Therefore we can assume that the
adopted theoretical model adequately describes the steric
interactions between the substituents on the palladium li-
gands. However the bond lengths of the metal coordination
sphere were longer than those observed in the crystal struc-
ture of 14. For models 8 a’ and 8 b’, we calculated the distan-
ces of the hydrogen HA atom (Figure 1) of the nitrogen
ligand from the geometrical center of the phenyl group and
from the plane defined by the same ring. These distances,
reported in Table 3, were used to evaluate the anisotropic
effect of the aromatic ring on HA by the Haigh–Maillon
method:[15] from this estimation the HA atom should be


Table 1. Rate constants for the forward reaction 8a!8b.


Experiment 1 2 3 4 5
Solvent CD2Cl2 sat. with CO CD2Cl2 sat. with CO CD2Cl2 CD2Cl2 + CD3CN (CD3CN/Pd =10:1) [D6]acetone


T [8C] 20 35 20 20 20
kf [ � 10�3 min�1] 17.88 240.0 8.44 13.45 8.28


Table 2. 13C chemical shifts for the allylic carbon atoms.[a]


d [ppm]
Compound C1 C2 C3


8a 79.2 112.4 114.9
8b 74.3 111.7 119.2
d8b�d8a �4.9 �0.7 +4.3
9a 76.6 113.8 116.3
9b 70.6 113.2 120.3
d9b�d9a �6.0 �0.6 +4.0
10a 79.4 117.6 112.9
10b 73.9 116.4 118.6
d10b�d10a �5.5 �1.2 +5.7
11a 82.0 120.5 113.8
11b 75.4 116.5 121.0
d11b�d11a �6.6 �4.0 +7.2
12a 75.7 119.7 114.9
12b 69.7 116.6 121.0
d12b�d12a �6.0 �3.1 +6.1
13a 76.6 112.6 121.5
13b 75.7 111.0 122.4
d13b�d13a �0.9 �1.6 +0.9


[a] For atom labeling refer to Figure 1.


Scheme 4. Sketches of models 8 a’, 8 b’, 9 a’, and 9 b’ used as a basis for
the DFT calculations.
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0.14 ppm more shielded in model 8 b’ than in 8 a’. In fact, in
their 1H NMR spectrum (measured at �80 8C in order to
prevent the broadening of ligand signals due to fast ex-
change on the NMR time scale) the chemical shift of the HA


atom is at d=3.47 ppm in the more stable isomer and at d=


3.78 ppm in the less stable one: this is fairly good evidence
in favor of the assignment of the configurations for 8 a and
8 b.


Interestingly, the effect of the
optimization procedure on the
dihedral angle t is considerably
different in the four models.
Indeed, in 8 b’ and 9 b’ an anti-
clockwise rotation of the lac-
tone ring (with respect to the
starting geometry, where t= 08)
occurred, resulting in t values
of 18.0 and 19.58, respectively.
The rotation was anticlockwise
also in 8 a’, although it was sig-
nificantly less marked (t=3.08).
Note that a twist of 12.28 in the
same direction has been ob-
served in the X-ray solid-state
structure of the less hindered
compound 14. Finally, in 9 a’ a
tilting angle of 24.88 in the
clockwise direction was ob-
served.


To rationalize the rotation of
the g-lactone produced by the
minimization process, additional
DFT calculations were per-


formed on the model compounds I–IV (Scheme 5) that have
different steric and electronic features.


The optimization procedure did not generate any twisting
of the allyl group in model I, as expected on the basis of the
p electron distribution of the allyl anion. In fact the four p


electrons are spread all over the three carbon atoms
(Figure 3). In particular, they are distributed in an all-in-
phase (second HOMO) and in an out-of-phase combination
(HOMO), the latter involving the end carbon atoms. As a
result, the best interaction between the s-metal orbital and
the second HOMO orbital, as well as the dp-metal orbital
and the HOMO, is reached when there is no twisting of the
allyl anion, that is, when it acts as a trihapto ligand. A Walsh
diagram for the L-Pd-allyl system obtained with CACAO[16]


Figure 1. DFT-optimized structures of model compounds 8 a’, 8b’, 9 a’, and 9 b’. Curled arrows indicate the ro-
tation undergone by the g-lactone ring during the minimization procedure.


Table 3. Most significant geometrical features of the optimized models
and comparison with the X-ray structure of 14.


Geometrical parameter[a] 8a’ 8b’ 9a’ 9 b’ 14[b]


Pd�N1 [�] 2.21 2.20 2.18 2.20 2.107(5)
Pd�N2 [�] 2.20 2.18 2.21 2.18 2.132(5)
Pd�C1 [�] 2.33 2.22 2.18 2.21 2.171(6)
Pd�C2 [�] 2.21 2.21 2.21 2.20 2.152(6)
Pd�C3 [�] 2.22 2.33 2.47 2.35 2.199(6)
N2�Pd�N1 [8] 76.5 76.8 76.7 79.6 78.6(2)
C1�Pd�C3 [8] 59.7 59.5 57.8 59.2 61.9(2)
t[c] [8] 3.0 18.0 �24.8 19.5 12.2(3)
a[d] [8] 93.6 91.9 91.3 92.2 96.2(2)
b[e] [8] �15.2 �47.9 �45(1)
HA�PhCg


[f] [�] 3.66 3.29
HA�Phpp[g] [�] 2.74 2.80


[a] For atom labeling refer to Figure 1. [b] For atom labeling refer to
Figure 2. [c] t is the dihedral angle, defined as N1-N2-C3-C1 in models
8a’ and 9 a’ and as N1-N2-C1-C3 in models 8 b’, 9b’, and in complex 14.
[d] a is the angle between the mean plane described by the g-lactone ring
and the N1-Pd-N2 plane. [e] b is the dihedral angle, defined as C2-C1-
C5-C6. [f] The distance between the hydrogen HA atom and the geomet-
rical center of the phenyl ring. [g] The distance between the hydrogen HA


atom and the plane defined by the aromatic ring.


Figure 2. X-ray structure of complex 14.
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and based on EHMO calculations[17] highlights the existence
of an energy barrier to the rotation of the allyl anion and
confirms that the energy minimum corresponds to t=08.


In the more crowded model IIa (Scheme 5), the allyl
group rotates in an anticlockwise direction upon energy
minimization (t�68). Therefore in this case the intermolec-
ular repulsions must overcome the electronic requirements
and drive the rearrangement of the allyl ligand with the
result that the methyl groups on the C1 and C3 atoms and
the isopropyl groups are no longer facing (model IIb). Note
that a similar rotation of the allyl moiety has been observed
in the crystal structure of several complexes in order to min-
imize the steric interactions.[18]


In contrast, we can suppose that in IIIa and IVa
(Scheme 5) the orientation of the g-lactone ligand is mainly
driven by electronic effects. As is evident in Figure 3, the
-O(C=O)- group significantly changes the p-electron distri-
bution of the allyl system. In fact in the g-lactone ring the
electron density is mostly localized on the C1�C2 bond in
the second HOMO. Instead in the HOMO the main contri-
butions arise from the p clouds on C2�C3 and C1�C4. Thus
the overlap between the metal and the lactone orbitals is
optimized when twisting of the ring takes place (model IIIb
and IVb) as also revealed by the corresponding L-Pd-g-lac-
tone Walsh diagram which shows an energy minimum when
the lactone ring is rotated about 208 out of the L�Pd plane.
In particular, in IIIa a clockwise rotation is demanded, while
in IVa the best overlap requires an anticlockwise twisting.


In conclusion, on the basis of these results the higher sta-
bility of the model compounds 8 b’ and 9 b’ can be attributed
to the fact that in these isomers steric and electronic effects
work in the same direction producing the observed (ca. 198)
anticlockwise rotation of the lactone ring. As a consequence
of this twist the coordination of the g-lactone to the palladi-
um ion is intermediate between two limiting situations: a tri-
hapto- (t=08) and dihapto-bound olefinic system (t�308).
In 8 a’ the two effects, steric and electronic, are working in
opposite directions, with the steric contribution prevailing
on the electronic one, as seen from the very small anticlock-
wise rotation observed (t= 3.08). Finally, in the less hindered
9 a’ complex the g-lactone rotates in a clockwise direction of
about 258, therefore it behaves almost as a dihapto ligand.
In fact, in this case the electronic contribution significantly
predominates over the steric one.


Nucleophilic attack on the h3-allyl lactone moiety and asym-
metric synthesis of lactones : It is well known that h3-allyl
palladium complexes undergo nucleophilic attack by carbon,
nitrogen, oxygen, or sulfur donor molecules.[19] An appropri-
ate choice of chiral ligand can lead to asymmetric induction
in such processes.[20] In particular, bioxazoline[21] and the
phosphine-oxazoline[22] mixed ligand have been employed
with good results in palladium-catalyzed asymmetric allylic
alkylation reactions. We were interested to see whether the
reaction of the allylic lactone complexes (after equilibration
of the diastereomeric mixture at 20 8C) with nucleophiles re-
sulted in the formation of optically active butenolides. Ac-
tually, by dissolving 8 in methanol, compound 15 was
formed quantitatively; moreover, the reaction of 8 with
isopropylamine in dichloromethane gave the g-lactone 16 in
high yield (Scheme 6). With regards the regioselectivity of
the reaction, in both cases the nucleophilic attack takes
place exclusively on the h3-allylic carbon atom next to the
oxygen atom, which has the lowest electron density.[5b, 23] Nu-
cleophilic addition to this carbon atom is also favored since
an h2-olefinic Pd0 intermediate with a better p-acceptor
olefin is produced. Both compounds 15 and 16 have an ee of
90 % [as determined from their 1H NMR spectra with the
use of the shift reagent Eu(hfc)3]; this value reflects the dia-
stereomeric excess of the starting palladium complex. By


Scheme 5.


Figure 3. The p molecular orbitals of the allyl anion (left) and the g-lac-
tone anion (right) as obtained with CACAO.
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considering an exo attack by the nucleophiles, the expected
chirality of the major enantiomer is R. The reactivity of
complex 9 (after equilibration at 20 8C) was tested by using
benzylamine as the nucleophilic reagent. The 1H NMR spec-
trum of the mixture formed shows the presence of two prod-
ucts in a 9:1 ratio with a similar pattern of signals. Com-
pound 17 was the major component and for the minor one
we suppose the structure 18. In this case the attack by the
nucleophile seems not to be regioselective, addition taking
place at both the C3 (preferred) and C1 atoms of the allyl
system. In addition, the presence of two C=O stretching
bands at 1742 (strong) and 1774 cm�1 (weak) is in agreement
with a conjugated (17) and a nonconjugated (18) carbonyl
group.


Conclusions


In summary, we have characterized the intermediates that
result from the insertion of alkynes and CO into a methyl
carbonyl palladium complex bearing a chiral bioxazoline
ligand. We have shown that the resulting products were mix-
tures of two diastereomeric palladium compounds that con-
tain an h3-allylic g-lactone ligand. We then observed an epi-
merization process that leads to a de of up to 94 % due to
the presence of the chiral ligand, which is responsible for
the discrimination between the two possible coordinated
faces of the lactone. Theoretical calculations have allowed
us to rationalize this finding and to assign the stereochemis-
try of the products. Finally, through selective nucleophilic at-
tacks on the h3-allylic lactone complexes, highly substituted
chiral butenolides were synthesized with good ee. We are
planning further investigations in this area with the aim of
developing a catalytic system for the asymmetric synthesis
of these products starting from alkynes and carbon monox-
ide.


Experimental Section


All manipulations were carried out under nitrogen by using Schlenk tech-
niques. Solvents were dried by standard methods and freshly distilled
under nitrogen. Deuteriated solvents were degassed and stored over 3 �
molecular sieves. Complex [Pd(CH3)(CO)(BIOX)]+ [BAr’4]


� (1)
[BIOX= (4S,4’S)-(�)-4,4’,5,5’-tetrahydro-4,4’-bis(1-methylethyl)-2,2’-biox-
azole; Ar’=3,5-(CF3)2C6H3] was synthesized as previously reported in
the literature.[7a] 1-Phenyl-1-propyne, 2-butyne, 3-hexyne, 1-phenyl-1-
butyne, and 2-pentyne were purchased from Aldrich and used after distil-
lation over calcium hydride. Carbon monoxide (Cp grade 99.99 %) was
supplied by Air Liquide. Elemental analyses (C, H, N) were carried out
with a Fisons Instruments 1108 CHNS-O Elemental Analyzer. Infrared
spectra were measured in the range of 4000–600 cm�1 on a Nicolet FT-IR
Avatar 360 spectrometer. NMR spectra were measured on a Bruker
AC200 spectrometer with a multinuclear 5 mm probe head. 1H and 13C
NMR chemical shifts are given relative to TMS and were measured by
using the residual proton or carbon resonance of the deuteriated solvents.
Assignments of 13C NMR spectra were made on the basis of DEPT,
HMQC, and HMBC experiments.


In compounds 2–13 the counterion [BAr’4]
� gives a pattern of NMR sig-


nals with the following typical chemical shifts : 1H NMR (200.13 MHz,
CDCl3, 20 8C): d=7.71 (s, 8H; Ar’-Ho), 7.54 ppm (s, 4 H; Ar’-Hp); 13C
NMR (50.32 MHz, CDCl3, 20 8C): d=161.7 (q, 1J(C,B) =49.3 Hz, Ar’-Ci),
134.8 (Ar’-Co), 128.8 (q, 2J(C,F)=31.2 Hz, Ar’-Cm), 124.6 (q, 1J(C,F)=


270.8 Hz, CF3), 117.5 ppm (Ar’-Cp).


General procedure for the synthesis of complexes 2–5 : The appropriate
alkyne was added at �30 8C to a solution of 1 in dichloromethane
(2 mL). The reaction mixture was warmed to 0 8C over 2 h. After filtra-
tion through Celite, the solvent was removed by evaporation and the re-
sulting solid was washed with hexane (4 � 4 mL) to give the yellow com-
pounds 2–5.


[Pd{C(Ph)=C(CH3)C(O)CH3}(BIOX)]+[BAr’4]
� (2): 1-Phenyl-1-pro-


pyne: 18.5 mL (0.148 mmol); 1: 183.0 mg (0.148 mmol). Yield: 194.1 mg
(0.143 mmol, 97%) of 2. IR (Nujol): ñ =1638, 1609 (C=N), 1573 cm�1


(C=O); 1H NMR (200.13 MHz, CDCl3, 20 8C): d= 7.42–7.33 (m, 3H; Ph-
Hm, Ph-Hp), 7.28–7.18 (br m, 2H; Ph-Ho), 4.74 (dd, 2J(H,H) =9.4, 3J-
(H,H) =10.4 Hz, 1 H; CH2-O), 4.62 (dd, 2J(H,H) =9.4, 3J(H,H) =7.4 Hz,
1H; CH2-O), 4.45 (dd, 2J(H,H) =9.6, 3J(H,H) =4.0 Hz, 1 H; CH2-O), 4.37
(ddd, 3J(H,H) = 10.4, 7.4, 3.1 Hz, 1H; CH-N), 4.30 (dd, 2J(H,H) =9.6, 3J-
(H,H) =9.3 Hz, 1H; CH2-O), 2.48 (ddd, 3J(H,H) =9.3, 4.0, 3.1 Hz, 1H;
CH-N), 2.34 (s, 3H; C(O)(CH3)), 2.32–2.16, 1.40–1.24 (m, 1 H each, CH-
(CH3)2), 1.68 (s, 3 H; C(Ph)=C(CH3)), 1.00, 0.99, 0.57, 0.34 ppm (d, 3J-
(H,H) =6.9 Hz, 3H each, CH(CH3)2); 13C NMR (50.32 MHz, CDCl3,
20 8C): d =223.1 (C(O)), 191.3 (PdC(Ph)=C(CH3)), 159.7, 158.7 (C=N),
143.6 (PdC(Ph)=C(CH3)), 142.3 (Ph-Ci), 129.0, 124.9 (Ph-Cm, Ph-Co),
128.8 (Ph-Cp), 74.6, 72.4 (CH2O), 69.5, 65.2 (CHN), 30.3, 29.6 (CH-
(CH3)2), 26.4 (C(O)(CH3)), 18.1, 17.6 15.9, 13.2 (CH(CH3)2), 14.4 ppm
(C(Ph)=C(CH3)); elemental analysis calcd (%) for C55H43BF24N2O3Pd
(1353.1): C 48.82, H 3.20, N 2.07; found: C 49.10, H 3.00, N 2.15.


[Pd{C(CH3)=C(CH3)C(O)CH3}(BIOX)]+[BAr’4]
� (3): 2-Butyne: 11.0 mL


(0.141 mmol); 1: 97.6 mg (0.079 mmol). Yield: 89.3 mg (0.069 mmol,
88%) of 3. IR (Nujol): ñ=1638, 1611 (C=N), 1572 cm�1 (C=O); 1H NMR
(200.13 MHz, CDCl3, 20 8C): d =4.79 (dd, 2J(H,H) =10.0, 3J(H,H) =


4.1 Hz, 1 H; CH2-O), 4.73 (dd, 2J(H,H) =10.0, 3J(H,H) =9.2 Hz, 1H;
CH2-O), 4.65 (dd, 2J(H,H) = 10.0, 3J(H,H) =10.0 Hz, 1 H; CH2-O), 4.59
(dd, 2J(H,H) =10.0, 3J(H,H) =7.4 Hz, 1H; CH2-O), 4.34 (ddd, 3J(H,H) =


10.0, 7.4, 4.4 Hz, 1 H; CH-N), 4.26 (ddd, 3J(H,H) =9.2, 4.1, 3.1 Hz, 1 H;
CH-N), 2.22 (s, 3H; C(O)(CH3)), 2.30–2.14, 2.08–1.92 (m, 1 H each, CH-
(CH3)2), 1.91 (q, 5J(H,H) =1.0 Hz, 3 H; C(CH3)=C(CH3)), 1.74 (q, 5J-
(H,H) =1.0 Hz, 3 H; C(CH3)=C(CH3)), 0.94 (d, 3J(H,H) =6.9 Hz, 3 H;
CH(CH3)2), 0.93 (d, 3J(H,H) =6.9 Hz, 6H; CH(CH3)2), 0.80 ppm (d, 3J-
(H,H) =6.9 Hz, 3H; CH(CH3)2); 13C NMR (50.32 MHz, CD2Cl2, �30 8C):
d=221.1 (C(O)), 197.9 (PdC(CH3)=C(CH3)), 160.4, 158.5 (C=N), 143.3
(PdC(CH3)=C(CH3)), 74.7, 73.1 (CH2O), 69.3, 66.9 (CHN), 30.2, 30.1
(CH(CH3)2), 26.5 (C(O)(CH3)), 25.9 (PdC(CH3)=C(CH3)), 18.2, 18.1,
15.5, 13.5 (CH(CH3)2), 13.0 ppm (PdC(CH3)=C(CH3)); elemental analysis


Scheme 6.
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calcd (%) for C50H41BF24N2O3Pd (1291.1): C 46.52, H 3.20, N 2.17; found:
C 46.15, H 3.15, N 2.03.


[Pd{C(Ph)=C(CH2CH3)C(O)CH3}(BIOX)]+ [BAr’4]
� (4): 1-Phenyl-1-


butyne: 5.2 mL (36.6 mmol); 1: 45.4 mg (36.7 mmol). Yield: 45.7 mg
(33.4 mmol, 91%) of 4. IR (Nujol): ñ =1639, 1610 (C=N), 1568 cm�1 (C=


O); 1H NMR (200.13 MHz, CD2Cl2, �30 8C): d =7.43–7.33 (m, 3 H; Ph-
Hm, Ph-Hp), 7.20–7.12 (br m, 2H; Ph-Ho), 4.80 (dd, 2J(H,H) =9.4, 3J-
(H,H) =10.4 Hz, 1 H; CH2-O), 4.69 (dd, 2J(H,H) =9.4, 3J(H,H) =7.4 Hz,
1H; CH2-O), 4.51 (dd, 2J(H,H) =9.6, 3J(H,H) =4.0 Hz, 1 H; CH2-O), 4.42
(ddd, 3J(H,H) = 10.4, 7.4, 3.3 Hz, 1H; CH-N), 4.38 (dd, 2J(H,H) =9.6, 3J-
(H,H) =9.4 Hz, 1 H; CH2-O), 2.42–2.24 (m, 2 H; CH-N and CH(CH3)2),
2.39 (s, 3 H; C(O)(CH3)), 1.40–1.24 (m, 1 H; CH(CH3)2), 2.06 (dq, 2J-
(H,H) =14.5 Hz, 3J(H,H) =7.5 Hz, 1H; C(Ph)=C(CH2CH3)), 1.93 (dq, 2J-
(H,H) =14.5 Hz, 3J(H,H) =7.5 Hz, 1H; C(Ph)=C(CH2CH3)), 0.99, 0.97,
0.57, 0.34 (d, 3J(H,H) =6.9 Hz, 3 H each, CH(CH3)2), 0.90 ppm (t, 3J-
(H,H) =7.5 Hz, 3H; C(Ph)=C(CH2CH3)); 13C NMR (50.32 MHz, CD2Cl2,
�30 8C): d= 223.3 (C(O)), 192.4 (PdC(Ph)=C(CH2CH3)), 159.6, 158.5
(C=N), 150.1 (PdC(Ph)=C(CH2CH3)), 142.4 (Ph-Ci), 129.1, 128.3, 125.2,
124.0 (Ph-Cm, Ph-Co), 128.9 (Ph-Cp), 74.5, 72.8 (CH2O), 69.1, 64.9 (CHN),
30.0, 29.6 (CH(CH3)2), 26.3 (C(O)(CH3)), 22.0 (C(Ph)=C(CH2CH3)),
18.2, 17.6 15.5, 13.1 (CH(CH3)2), 14.5 ppm (C(Ph)=C(CH2CH3)); elemen-
tal analysis calcd (%) for C56H45BF24N2O3Pd (1367.2): C 49.20, H 3.32, N
2.05; found: C 48.85, H 3.20, N 1.99.


[Pd{C(CH2CH3)=C(CH2CH3)C(O)CH3}(BIOX)]+ [BAr’4]
� (5): 3-


Hexyne: 15.5 mL (136.6 mmol); 1: 84.3 mg (68.1 mmol). Yield: 66.7 mg
(50.5 mmol, 75%) of 5. IR (Nujol): ñ =1634, 1612 (C=N), 1565 cm�1 (C=


O); 1H NMR (200.13 MHz, CD2Cl2, �30 8C): d =4.91–4.65 (m, 4 H; CH2-
O), 4.47–4.36, 4.13–4.05 (m, 1H each, CH-N), 2.29 (s, 3 H; C(O)(CH3)),
2.28–1.90 (m, 2H; CH(CH3)2), 2.17 (q, 3J(H,H) =7.5 Hz, 2H; PdC-
(CH2CH3)=C(CH2CH3)), 2.07–1.86 (m, 2 H; PdC(CH2CH3)=C(CH2CH3)),
1.14 (t, 3J(H,H) =7.5 Hz, 3 H; PdC(CH2CH3)=C(CH2CH3)), 0.99 (t, 3J-
(H,H) =7.5 Hz, 3 H; PdC(CH2CH3)=C(CH2CH3)), 0.94 (d, 3J(H,H) =


6.9 Hz, 9H; CH(CH3)2), 0.80 ppm (d, 3J(H,H) = 6.9 Hz, 3 H; CH(CH3)2);
13C NMR (50.32 MHz, CD2Cl2, �30 8C): d=221.7 (C(O)), 204.1 (PdC-
(CH2CH3)=C(CH2CH3)), 160.4, 158.1 (C=N), 148.4 (PdC(CH2CH3)=C-
(CH2CH3)), 74.3, 72.8 (CH2O), 69.1, 66.5 (CHN), 30.5, 29.8 (CH(CH3)2),
30.0 (PdC(CH2CH3)=C(CH2CH3)), 25.8 (C(O)(CH3)), 20.7 (PdC-
(CH2CH3)=C(CH2CH3)), 18.1, 17.9, 15.3, 13.4 (CH(CH3)2), 14.5 (PdC-
(CH2CH3)=C(CH2CH3)), 12.6 ppm (PdC(CH2CH3)=C(CH2CH3)); ele-
mental analysis calcd (%) for C52H45BF24N2O3Pd (1319.1): C 47.35, H
3.44, N 2.12; found: C 46.97, H 3.30, N 2.01.


[Pd{C(CH3)=C(CH2CH3)C(O)CH3}(BIOX)]+ [BAr’4]
� (6) and [Pd{C-


(CH2CH3)=C(CH3)C(O)CH3}(BIOX)]+ [BAr’4]
� (7): 2-Pentyne (14 mL,


0.147 mmol) was added to a solution of 1 (89.0 mg, 0.072 mmol) in di-
chloromethane (2 mL) at �30 8C. The reaction mixture was warmed to
0 8C over 2 h. After filtration through Celite, the solvent was evaporated
and the resulting solid was washed with hexane to give 92.7 mg
(0.071 mmol, 98 %) of a yellow powder, which was a 60:40 mixture of the
two regioisomers 6/7. IR (Nujol): ñ= 1632, 1611 (C=N), 1567 cm�1 (C=


O). Complex 6 : 1H NMR (200.13 MHz, CD2Cl2, �30 8C): d=4.89–4.63
(m, 4 H; CH2-O), 4.45–4.35, 4.37–4.28 (m, 1 H each, CH-N), 2.26 (s, 3H;
C(O)(CH3)), 2.36–2.18, 2.12–1.94 (m, 1H each, CH(CH3)2), 2.16 (q, 3J-
(H,H) =7.5 Hz, 2H; PdC(CH3)=C(CH2CH3)), 0.96 (t, 3J(H,H) =7.5 Hz,
3H; PdC(CH3)=C(CH2CH3)), 0.94 (d, 3J(H,H) = 6.9 Hz, 3H; CH(CH3)2),
0.92 (d, 3J(H,H) =6.9 Hz, 6H; CH(CH3)2), 0.80 ppm (d, 3J(H,H) =6.9 Hz,
3H; CH(CH3)2); 13C NMR (50.32 MHz, CD2Cl2, �30 8C): d=220.9
(C(O)), 198.5 (PdC(CH3)=C(CH2CH3)), 160.5, 158.2 (C=N), 149.8 (PdC-
(CH3)=C(CH2CH3)), 74.4, 72.9 (CH2O), 69.1, 66.8 (CHN), 30.0, 29.9
(CH(CH3)2), 25.7 (C(O)(CH3)), 25.3 (PdC(CH3)=C(CH2CH3)), 20.8
(PdC(CH3)=C(CH2CH3)), 18.0, 17.9, 15.3, 13.3 (CH(CH3)2), 13.6 ppm
(PdC(CH3)=C(CH2CH3)). Complex 7: 1H NMR (200.13 MHz, CD2Cl2,
�30 8C): d =4.91–4.65 (m, 4 H; CH2-O), 4.46–4.36, 4.15–4.07 (m, 1 H
each, CH-N), 2.24 (s, 3 H; C(O)(CH3)), 2.28–2.10, 2.12–1.94 (m, 1 H each,
CH(CH3)2), 2.06–1.86 (m, 2 H; PdC(CH2CH3)=C(CH3)), 1.08 (t, 3J-
(H,H) =7.5 Hz, 3 H; PdC(CH2CH3)=C(CH3)), 0.94 (d, 3J(H,H) =6.9 Hz,
3H; CH(CH3)2), 0.92 (d, 3J(H,H) =6.9 Hz, 6 H; CH(CH3)2), 0.80 ppm (d,
3J(H,H) =6.9 Hz, 3H; CH(CH3)2); 13C NMR (50.32 MHz, CD2Cl2,
�30 8C): d=221.8 (C(O)), 203.1 (PdC(CH2CH3)=C(CH3)), 160.3, 158.2


(C=N), 141.8 (PdC(CH2CH3)=C(CH3)), 74.4, 72.9 (CH2O), 69.1, 66.5
(CHN), 30.4 (PdC(CH2CH3)=C(CH3)), 30.0, 29.9 (CH(CH3)2), 26.3
(C(O)(CH3)), 18.0, 17.9, 15.2, 13.4 (CH(CH3)2), 12.5 (PdC(CH2CH3)=C-
(CH3)), 11.5 ppm (PdC(CH2CH3)=C(CH3)); elemental analysis calcd (%)
for C51H43BF24N2O3Pd (1305.1): C 46.94, H 3.32, N 2.15; found: C 46.50,
H 3.06, N 2.31.


General procedure for the synthesis of complexes 8–11: In an NMR tube
complexes 2–5 were dissolved at �30 8C in CD2Cl2 (0.5 mL) previously
saturated with CO. The solution was immediately transferred to the
NMR probe, previously cooled to �30 8C; the 1H and 13C NMR spectra
showed the formation of two diastereomers a/b in a ratio dependent on
the starting complex. The mixture was then allowed to stand at 20 8C
until the equilibrium ratio was reached (incidentally the same ratio was
obtained on measuring the spectra again at �30 8C). The solvent was re-
moved by evaporation and the resulting solid was washed with hexane
(4 � 4 mL) to give compounds 8–11. The assignment of the NMR signals
to diastereomers a was confirmed by subtraction of the spectra of diaste-
reomers b from those of the initial mixtures.


[Pd{h3-C(Ph)C(CH3)C(CH3)OC(O)}(BIOX)]+ [BAr’4]
� (8 a and 8 b):


Complex 2 (60.0 mg, 0.044 mmol) was dissolved at �30 8C in CD2Cl2


(0.5 mL) saturated with CO. Initial ratio 8 a/8b : 55:45 (calculated from
the integration of the C(Ph)C(CH3) peaks in the 1H NMR spectrum).
Final equilibrium ratio (after 4 h at 20 8C): 3:97. Yield: 57.3 mg
(0.041 mmol, 94 %). IR (initial mixture) (CD2Cl2): n=1803, 1786 (C=O),
1640, 1610 cm�1 (C=N); IR (powder) (Nujol): ñ =1806 (C=O), 1641,
1610 cm�1 (C=N). Complex 8a : 1H NMR (200.13 MHz, CD2Cl2, �30 8C):
d=7.79–7.74 (m, 2H; Ph-Ho), 7.46–7.35 (m, 3H; Ph-Hm, Ph-Hp), 4.75–
4.39 (br m, 4H; CH2-O), 4.25–3.75 (br m, 2 H; CH-N), 2.20–2.00 (br m,
1H; CH(CH3)2), 2.54 (s, 3H; C(Ph)C(CH3)), 1.65 (s, 3 H; C(CH3)O),
1.00–0.70, 0.45–0.15 ppm (br m, 12H; CH(CH3)2 and 1 H; CH(CH3)2));
13C NMR (50.32 MHz, CD2Cl2, �30 8C): d=165.5 (OC(O)), 160.4, 159.2
(C=N), 130.8 (Ph-Cp), 129.9, 128.6 (Ph-Cm, Ph-Co), 129.2 (Ph-Ci), 114.9
(C(Ph)C(CH3)C(CH3)), 112.4 (C(Ph)C(CH3)C(CH3)), 79.2 (C(Ph)C-
(CH3)C(CH3)), 74.1 (CH2O), 68.6 (CHN), 31.4, 28.5 (CH(CH3)2), 18.8,
18.1, 14.7, 14.1 (CH(CH3)2), 14.9 (C(CH3)C(CH3)O), 13.0 ppm (C-
(CH3)C(CH3)O). Complex 8b : 1H NMR (200.13 MHz, CD2Cl2, �30 8C):
d=7.79–7.74 (m, 2 H; Ph-Ho), 7.45–7.33 (m, 3H; Ph-Hm, Ph-Hp), 4.76
(dd, 2J(H,H) =9.8, 3J(H,H) =9.8 Hz, 1 H; CH2-O), 4.69 (dd, 2J(H,H) =9.8,
3J(H,H) =6.8 Hz, 1H; CH2-O), 4.57 (dd, 2J(H,H) =9.8, 3J(H,H) =10.7 Hz,
1H; CH2-O), 4.45 (dd, 2J(H,H) =9.8, 3J(H,H) =7.8 Hz, 1 H; CH2-O), 4.21
(ddd, 3J(H,H) =9.8, 6.8, 3.8 Hz, 1 H; CH-N), 3.48 (ddd, 3J(H,H) =10.7,
7.8, 3.5 Hz, 1 H; CH-N), 2.34 (s, 3H; C(Ph)C(CH3)), 180–1.62 (m, 1 H;
CH(CH3)2), 1.71 (s, 3 H; C(CH3)O), 1.20–1.02 (m, 1 H; CH(CH3)2), 0.86,
0.70, 0.53, 0.28 ppm (d, 3J(H,H) = 7.0 Hz, 3H each, CH(CH3)2); 13C NMR
(50.32 MHz, CD2Cl2, �30 8C): d=164.4 (OC(O)), 160.2, 159.9 (C=N),
130.3 (Ph-Cp), 129.6, 129.3 (Ph-Cm, Ph-Co), 119.2 (C(Ph)C(CH3)C(CH3)),
111.7 (C(Ph)C(CH3)C(CH3)), 74.7 (CH2O), 74.3 (C(Ph)C(CH3)C(CH3)),
68.1, 68.0 (CHN), 31.0, 29.2 (CH(CH3)2), 18.4, 18.1, 14.6, 14.1 (CH-
(CH3)2), 15.4 (C(CH3)C(CH3)O), 12.4 ppm (C(CH3)C(CH3)O); elemental
analysis calcd (%) for C56H43BF24N2O4Pd (1381.2): C 48.70, H 3.14, N
2.03; found: C 48.45, H 3.06, N 1.94.


Determination of the rate constants kf and kr for the epimerization reac-
tion 8 aÐ8b : Complex 2 (88.5 mg, 0.065 mmol) was dissolved at �30 8C
in CH2Cl2 (2 mL) previously saturated with CO; the solvent was then re-
moved by evaporation in vacuo to yield a 55:45 mixture of 8 a/8b as a
yellow powder (87.2 mg, 0.063 mmol), which was employed in experi-
ments 1–5. 1) A sample (15.6 mg) was dissolved in an NMR tube at 20 8C
in CD2Cl2 (0.5 mL) previously saturated with CO and immediately trans-
ferred to the NMR probe maintained at the same temperature: the con-
centrations of 8a and 8b were monitored every 20 minutes for up to 4 h
(final ratio 3:97; Keq =kf/kr =32.3). The value of kf +kr (18.43 �
10�3 min�1) was determined from the angular coefficient of
ln [([8a]0�[8a]eq)/([8a]t�[8a]eq)] versus time; therefore kf =17.88 �
10�3 min�1 and kr =0.55 � 10�3 min�1. 2) A sample (13.0 mg) was dissolved
in an NMR tube at 35 8C in CD2Cl2 (0.5 mL) previously saturated with
CO and immediately transferred to the NMR probe maintained at the
same temperature: the concentrations of 8 a and 8b were monitored
every 5 minutes for up to 1 h (final ratio 3:97). The value of kf +kr was
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determined as described in the previous experiment: kf =240.0 �
10�3 min�1 and kr =7.4 � 10�3 min�1. 3) A sample (16.1 mg) was dissolved
in CD2Cl2 (0.5 mL) under nitrogen at 20 8C and immediately transferred
to the NMR probe maintained at the same temperature. The concentra-
tions of 8a and 8 b were monitored every 20 minutes for up to 8 h (final
ratio 3:97): kf =8.44 � 10�3 min�1 and kr = 0.26 � 10�3 min�1. 4) A sample
(14.9 mg) was dissolved in CD2Cl2 (0.5 mL) under nitrogen at 20 8C, then
CD3CN (5.7 mL) was added and the sample was immediately transferred
to the NMR probe maintained at the same temperature. The concentra-
tions of 8a and 8 b were monitored every 20 min for up to 6 h (final ratio
3:97): kf =13.45 � 10�3 min�1 and kr =0.42 � 10�3 min�1. 5) A sample
(12.8 mg) was dissolved in [D6]acetone (0.7 mL) under nitrogen at 20 8C
and the sample was immediately transferred to the NMR probe main-
tained at the same temperature. The concentrations of 8a and 8b were
monitored every 20 minutes for up to 8 h (final ratio 3:97): kf =8.28 �
10�3 min�1 and kr =0.26 � 10�3 min�1.


[Pd{h3-C(CH3)C(CH3)C(CH3)OC(O)}(BIOX)]+ [BAr’4]
� (9 a and 9b):


Complex 3 (83.5 mg, 0.065 mmol) was dissolved at �30 8C in CD2Cl2


(0.5 mL) saturated with CO. Initial ratio of 9a/9b : 40:60 [calculated from
the integration of the C(CH3)C(CH3)C(CH3)O peaks in the 1H NMR
spectrum]. Final equilibrium ratio (after 4 h at 20 8C): 5:95. Yield:
78.6 mg (0.060 mmol, 92%). IR (initial mixture) (CD2Cl2): n=1795 (C=


O), 1639, 1610 cm�1 (C=N); IR (powder) (Nujol): ñ =1789 (C=O), 1642,
1611 cm�1 (C=N). Complex 9 a : 1H NMR (200.13 MHz, CD2Cl2, 20 8C):
d=4.75–4.54 (m, 4 H; CH2-O), 4.21–4.08 (m, 2H; CH-N), 2.21 (s, 3H; C-
(CH3)C(CH3)C(CH3)O), 2.05–1.85 (br m, 2 H; CH(CH3)2), 1.59 (s, 3H; C-
(CH3)C(CH3)C(CH3)O), 1.53 (s, 3 H; C(CH3)C(CH3)C(CH3)O), 0.89,
0.77 ppm (d, 3J(H,H) =7.0 Hz, 6H each, CH(CH3)2); 13C NMR
(50.32 MHz, CD2Cl2, �44 8C): d=166.8 (OC(O)), 160.1 (C=N), 116.3 (C-
(CH3)C(CH3)C(CH3)O), 113.8 (C(CH3)C(CH3)C(CH3)O), 76.6 (C-
(CH3)C(CH3)C(CH3)O), 74.1 (CH2O), 69.1 (CHN), 31.4, 30.0 (CH-
(CH3)2), 18.5, 13.9 (CH(CH3)2), 14.9 (C(CH3)C(CH3)C(CH3)O), 12.2 (C-
(CH3)C(CH3)C(CH3)O), 10.9 ppm (C(CH3)C(CH3)C(CH3)O). Complex
9b : 1H NMR (200.13 MHz, CD2Cl2, 20 8C): d=4.72 (dd, 2J(H,H) =


9.7 Hz, 3J(H,H) =9.7 Hz, 2 H; CH2-O), 4.66 (dd, 2J(H,H) =9.7 Hz, 3J-
(H,H) =7.0 Hz, 2H; CH2-O), 4.13 (ddd, 3J(H,H) =9.7 Hz, 7.0 Hz, 3.8 Hz,
2H; CH-N), 2.21 (s, 3H; C(CH3)C(CH3)C(CH3)O), 193–1.75 (m, 2 H;
CH(CH3)2), 1.65 (s, 3H; C(CH3)C(CH3)C(CH3)O), 1.49 (s, 3 H; C-
(CH3)C(CH3)C(CH3)O), 0.88, 0.76 ppm (d, 3J(H,H) =7.0 Hz, 6H each,
CH(CH3)2); 13C NMR (50.32 MHz, CD2Cl2, �44 8C): d=166.2 (OC(O)),
160.1, 160.0 (C=N), 120.3 (C(CH3)C(CH3)C(CH3)O), 113.2 (C(CH3)C-
(CH3)C(CH3)O), 74.7, 74.3 (CH2O), 70.6 (C(CH3)C(CH3)C(CH3)O),
68.9, 67.8 (CHN), 30.8, 30.2 (CH(CH3)2), 18.5, 18.3, 14.5, 14.1 (CH-
(CH3)2), 15.2 (C(CH3)C(CH3)C(CH3)O), 11.8 (C(CH3)C(CH3)C(CH3)O),
9.9 ppm (C(CH3)C(CH3)C(CH3)O); elemental analysis calcd (%) for
C51H41BF24N2O4Pd (1319.1): C 46.44, H 3.13, N 2.12; found: C 46.68, H
3.22, N 2.19.


[Pd{h3-C(Ph)C(CH2CH3)C(CH3)OC(O)}(BIOX)]+ [BAr’4]
� (10 a and


10b): Complex 4 (41.0 mg, 0.030 mmol) was dissolved at �30 8C in
CD2Cl2 (0.5 mL) saturated with CO. Initial ratio of 10a/10 b: 45:55 [calcu-
lated from the integration of the C(Ph)C(CH2CH3)C(CH3) peaks in the
1H NMR spectrum]. Final equilibrium ratio (after 7 h at 20 8C): 3:97.
Yield: 37.7 mg (0.027 mmol, 90 %). IR (powder) (Nujol): ñ= 1805 (C=O),
1641, 1610 cm�1 (C=N). Complex 10 a : 1H NMR (200.13 MHz, CD2Cl2,
�30 8C): d= 7.86–7.77 (m, 2 H; Ph-Ho), 7.56–7.42 (m, 3H; Ph-Hm, Ph-Hp),
4.85–4.45 (br m, 4H; CH2-O), 4.18–3.98 (br m, 2 H; CH-N), 3.01 (dq, 2J-
(H,H) =14.8, 3J(H,H) =7.6 Hz, 1 H; C(Ph)=C(CH2CH3)), 2.83 (dq, 2J-
(H,H) =14.8, 3J(H,H) =7.6 Hz, 1 H; C(Ph)=C(CH2CH3)), 1.95–1.75 (br m,
1H; CH(CH3)2), 1.75 (s, 3H; C(CH3)O), 1.40 (t, 3J(H,H) = 7.6 Hz, 3 H;
C(Ph)C(CH2CH3)), 1.02–0.58, 0.43–0.33 ppm (br m, 12H; CH(CH3)2 and
1H; CH(CH3)2)); 13C NMR (50.32 MHz, CD2Cl2, �30 8C): d =165.4
(OC(O)), 159.9 (C=N), 130.4 (Ph-Cp), 129.7, 128.4 (Ph-Cm, Ph-Co), 128.7
(Ph-Ci), 117.6 (C(Ph)C(CH2CH3)C(CH3)), 112.1 (C(Ph)C(CH2CH3)C-
(CH3)), 79.4 (C(Ph)C(CH2CH3)C(CH3)), 73.8 (CH2O), 68.5 (CHN), 30.7,
29.4 (CH(CH3)2), 20.8 (C(CH2CH3)C(CH3)O), 18.5, 18.0, 14.2, 13.8 (CH-
(CH3)2), 15.1 (C(CH2CH3)C(CH3)O), 13.3 ppm (C(CH2CH3)C(CH3)O).
Complex 10 b : 1H NMR (200.13 MHz, CD2Cl2, �30 8C): d= 7.86–7.77 (m,
2H; Ph-Ho), 7.56–7.42 (m, 3H; Ph-Hm, Ph-Hp), 4.85–4.45 (br m, 4 H;
CH2-O), 4.42–4.22, 3.72–3.57 (br m, 1 H each, CH-N), 2.98 (dq, 2J(H,H) =


14.4, 3J(H,H) =7.5 Hz, 1H; C(Ph)=C(CH2CH3)), 2.58 (dq, 2J(H,H) =14.4,
3J(H,H) =7.5 Hz, 1 H; C(Ph)=C(CH2CH3)), 1.95–1.75 (br m, 1 H; CH-
(CH3)2), 1.83 (s, 3H; C(CH3)O), 1.13 (t, 3J(H,H) =7.5 Hz, 3H; C(Ph)C-
(CH2CH3)), 1.02–0.58, 0.43–0.33 ppm (br m, 12 H; CH(CH3)2 and 1H;
CH(CH3)2)); 13C NMR (50.32 MHz, CD2Cl2, �30 8C): d= 164.5 (OC(O)),
159.9 (C=N), 130.1 (Ph-Cp), 129.4, 129.1 (Ph-Cm, Ph-Co), 127.6 (Ph-Ci),
116.4 (C(Ph)C(CH2CH3)C(CH3)), 118.6 (C(Ph)C(CH2CH3)C(CH3)), 73.9
(C(Ph)C(CH2CH3)C(CH3)), 74.4 (CH2O), 67.9 (CHN), 30.7, 29.0 (CH-
(CH3)2), 20.8 (C(CH2CH3)C(CH3)O), 18.3, 18.1, 14.2, 13.8 (CH(CH3)2),
15.1 (C(CH2CH3)C(CH3)O), 13.9 ppm (C(CH2CH3)C(CH3)O); elemental
analysis calcd (%) for C57H45BF24N2O4Pd (1395.2): C 49.07, H 3.25, N
2.01; found: C 48.61, H 3.13, N 2.16.


[Pd{h3-C(CH2CH3)C(CH2CH3)C(CH3)OC(O)}(BIOX)]+ [BAr’4]
� (11 a


and 11b): Complex 5 (58.0 mg, 0.044 mmol) was dissolved at �30 8C in
CD2Cl2 (0.5 mL) saturated with CO. Initial ratio of 11 a/11b : 56:44 (cal-
culated from the integration of the C(CH2CH3)C(CH2CH3)C(CH3)O
peaks in the 1H NMR spectrum). Final equilibrium ratio (after 8 h at
20 8C): 6:94. Yield: 55.2 mg (0.041 mmol, 93 %). IR (powder) (Nujol): ñ=


1790 (C=O), 1643, 1610 cm�1 (C=N). Complex 11a : 1H NMR
(200.13 MHz, CD2Cl2, 20 8C): d=4.80–4.70 (m, 4H; CH2-O), 4.30–4.18
(m, 2H; CH-N), 2.64 (q, 3J(H,H) =7.5 Hz, 2 H; C(CH2CH3)C-
(CH2CH3)C(CH3)), 2.31 (dq, 2J(H,H) =13.8, 3J(H,H) = 7.5 Hz, 1 H; C-
(CH2CH3)C(CH2CH3)C(CH3)), 2.15 (dq, 2J(H,H) =13.8, 3J(H,H) =


7.5 Hz, 1H; C(CH2CH3)C(CH2CH3)C(CH3)), 2.27 (q, 3J(H,H) =7.5 Hz,
2H; C(CH2CH3)C(CH2CH3)C(CH3)), 2.10–1.90 (br m, 2 H; CH(CH3)2),
1.71 (s, 3H; C(CH2CH3)C(CH2CH3)C(CH3)O), 1.34 (t, 3J(H,H) =7.5 Hz,
3H; C(CH2CH3)C(CH2CH3)C(CH3)O), 1.31 (t, 3J(H,H) =7.5 Hz, 3H; C-
(CH2CH3)C(CH2CH3)C(CH3)O), 0.98, 0.86 ppm (d, 3J(H,H) =7.0 Hz,
12H; CH(CH3)2); 13C NMR (50.32 MHz, CD2Cl2, �30 8C): d=166.0
(OC(O)), 159.9 (C=N), 120.5 (C(CH2CH3)C(CH2CH3)C(CH3)O), 113.8
(C(CH2CH3)C(CH2CH3)C(CH3)O), 82.0 (C(CH2CH3)C(CH2CH3)C-
(CH3)O), 74.3, 73.8 (CH2O), 69.0, 67.7 (CHN), 30.5, 29.9 (CH(CH3)2),
19.7 (C(CH2CH3)C(CH2CH3)C(CH3)O), 19.3 (C(CH2CH3)C(CH2CH3)C-
(CH3)O), 18.3, 14.3 (CH(CH3)2), 15.1 (C(CH2CH3)C(CH2CH3)C(CH3)O),
13.8 (C(CH2CH3)C(CH2CH3)C(CH3)O), 12.8 ppm (C(CH2CH3)C-
(CH2CH3)C(CH3)O). Complex 11b : 1H NMR (200.13 MHz, CD2Cl2,
20 8C): d =4.80–4.70 (m, 4H; CH2-O), 4.30–4.18 (m, 2H; CH-N), 2.75
(dq, 2J(H,H) =14.7 Hz, 3J(H,H) =7.5 Hz, 1H; C(CH2CH3)C(CH2CH3)C-
(CH3)), 2.54 (dq, 2J(H,H) =14.7 Hz, 3J(H,H) =7.6 Hz, 1 H; C(CH2CH3)C-
(CH2CH3)C(CH3)), 2.16 (q, 3J(H,H) =7.6 Hz, 2H; C(CH2CH3)C-
(CH2CH3)C(CH3)), 2.10–1.90 (br m, 2H; CH(CH3)2), 1.76 (s, 3H; C-
(CH2CH3)C(CH2CH3)C(CH3)O), 1.33 (t, 3J(H,H) =7.5 Hz, 3 H; C-
(CH2CH3)C(CH2CH3)C(CH3)O), 1.29 (t, 3J(H,H) =7.6 Hz, 3 H; C-
(CH2CH3)C(CH2CH3)C(CH3)O), 0.98, 0.86 ppm (d, 3J(H,H) =7.0 Hz,
12H; CH(CH3)2); 13C NMR (50.32 MHz, CD2Cl2, �30 8C): d=165.5
(OC(O)), 159.9 (C=N), 121.0 (C(CH2CH3)C(CH2CH3)C(CH3)O), 116.5
(C(CH2CH3)C(CH2CH3)C(CH3)O), 75.4 (C(CH2CH3)C(CH2CH3)C-
(CH3)O), 73.8 (CH2O), 69.0 (CHN), 29.9 (CH(CH3)2), 19.7 (C-
(CH2CH3)C(CH2CH3)C(CH3)O), 18.4 (C(CH2CH3)C(CH2CH3)C-
(CH3)O), 18.3, 14.3 (CH(CH3)2), 14.9 (C(CH2CH3)C(CH2CH3)C(CH3)O),
14.0 (C(CH2CH3)C(CH2CH3)C(CH3)O), 12.9 ppm (C(CH2CH3)C-
(CH2CH3)C(CH3)O); elemental analysis calcd (%) for C53H45BF24N2O4Pd
(1347.1): C 47.25, H 3.37, N 2.08; found: C 46.90, H 3.12, N 2.29.


[Pd{h3-C(CH3)C(CH2CH3)C(CH3)OC(O)}(BIOX)]+[BAr’4]
� (12 a and


12b) and [Pd{h3-C(CH2CH3)C(CH3)C(CH3)OC(O)}(BIOX)]+[BAr’4]
�


(13 a and 13b): The 60:40 mixture of complexes 6 and 7 (93.0 mg sample,
0.071 mmol) was dissolved in an NMR tube at �30 8C in CD2Cl2 (0.5 mL)
previously saturated with CO. The solution was immediately transferred
to the NMR probe previously cooled to �30 8C; the 1H and 13C NMR
spectra showed the formation of the four compounds 12 a, 12 b, 13 a, and
13b in a ratio of 26:34:17:23, respectively (12 a/12b =42:58; 13a/13 b=


44:56); the ratios are calculated from the integration of methyl peaks in
the 1H NMR spectrum. The mixture was then allowed to stand for 8 h at
20 8C in order to attain an equilibrium; an equilibrium ratio of 4:56:2:38
(12a/12 b=7:93; 13a/13 b=5:95) was obtained which did not change with
time. The solvent was removed by evaporation and the resulting solid
was washed with hexane (4 � 4 mL) to give a mixture of compounds 12
and 13. Yield: 88.0 mg (0.066 mmol, 93 %). The NMR signals arising
from 12 a and 13 a were assigned by subtracting the NMR spectra of 12b
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and 13b from those of the initial mixture; the signals due to the bioxazo-
line ligand have not been reported since each of the compounds has a
similar pattern which is in the same region as that of compounds 9. IR
(powder) (Nujol): n =1805, 1790 (C=O), 1643, 1610 cm�1 (C=N). Com-
plex 12 a : 1H NMR (200.13 MHz, CD2Cl2, 20 8C): d=2.70–2.58 (m, 2 H;
C(CH3)C(CH2CH3)C(CH3)O), 1.71 (s, 3H; C(CH3)C(CH2CH3)C-
(CH3)O), 1.65 (s, 3 H; C(CH3)C(CH2CH3)C(CH3)O), 1.30 ppm (t, 3J-
(H,H) =7.6 Hz, 3 H; C(CH2)C(CH2CH3)C(CH3)O); 13C NMR
(50.32 MHz, CD2Cl2, �30 8C): d =165.2 (OC(O)), 119.7 (C(CH3)C-
(CH2CH3)C(CH3)O), 114.9 (C(CH3)C(CH2CH3)C(CH3)O), 75.7 (C-
(CH3)C(CH2CH3)C(CH3)O), 19.9 (C(CH3)C(CH2CH3)C(CH3)O), 14.9
(C(CH3)C(CH2CH3)C(CH3)O), 13.7 (C(CH3)C(CH2CH3)C(CH3)O),
10.4 ppm (C(CH3)C(CH2CH3)C(CH3)O). Complex 12b : 1H NMR
(200.13 MHz, CD2Cl2, 20 8C): d=2.75 (dq, 2J(H,H) = 14.6 Hz, 3J(H,H) =


7.6 Hz, 1 H; C(CH3)C(CH2CH3)C(CH3)O), 2.54 (dq, 2J(H,H) =14.6, 3J-
(H,H) =7.6 Hz, 1 H; C(CH3)C(CH2CH3)C(CH3)O), 1.76 (s, 3 H; C-
(CH3)C(CH2CH3)C(CH3)O), 1.61 (s, 3 H; C(CH3)C(CH2CH3)C(CH3)O),
1.29 ppm (t, 3J(H,H) =7.6 Hz, 3H; C(CH2)C(CH2CH3)C(CH3)O); 13C
NMR (50.32 MHz, CD2Cl2, �30 8C): d=165.2 (OC(O)), 121.0 (C(CH3)C-
(CH2CH3)C(CH3)O), 116.6 (C(CH3)C(CH2CH3)C(CH3)O), 69.7 (C-
(CH3)C(CH2CH3)C(CH3)O), 19.7 (C(CH3)C(CH2CH3)C(CH3)O), 14.7
(C(CH3)C(CH2CH3)C(CH3)O), 13.1 (C(CH3)C(CH2CH3)C(CH3)O),
9.5 ppm (C(CH3)C(CH2CH3)C(CH3)O). Complex 13 a : 1H NMR
(200.13 MHz, CD2Cl2, 20 8C): d=2.32 (s, 3H; C(CH2CH3)C(CH3)C-
(CH3)O), 2.28 (q, 3J(H,H) =7.6 Hz, 2H; C(CH2CH3)C(CH3)C(CH3)O),
1.70 (s, 3H; C(CH2CH3)C(CH3)C(CH3)O), 1.26 ppm (t, 3J(H,H) =7.6 Hz,
3H; C(CH2CH3)C(CH2)C(CH3)O); 13C NMR (50.32 MHz, CD2Cl2,
�30 8C): d=164.9 (OC(O)), 121.5 (C(CH2CH3)C(CH3)C(CH3)O), 112.6
(C(CH2CH3)C(CH3)C(CH3)O), 76.6 (C(CH2CH3)C(CH3)C(CH3)O), 18.8
(C(CH2CH3)C(CH3)C(CH3)O), 14.7 (C(CH2CH3)C(CH3)C(CH3)O), 13.0
(C(CH2CH3)C(CH3)C(CH3)O), 11.7 ppm (C(CH2CH3)C(CH3)C(CH3)O).
Complex 13 b : 1H NMR (200.13 MHz, CD2Cl2, 20 8C): d=2.32 (s, 3H; C-
(CH2CH3)C(CH3)C(CH3)O), 2.17 (dq, 2J(H,H) =15.0 Hz, 3J(H,H) =


7.6 Hz, 1 H; C(CH2CH3)C(CH3)C(CH3)O), 2.15 (dq, 2J(H,H) =15.0 Hz,
3J(H,H) =7.6 Hz, 1 H; C(CH2CH3)C(CH3)C(CH3)O), 1.76 (s, 3 H; C-
(CH2CH3)C(CH3)C(CH3)O), 1.25 ppm (t, 3J(H,H) =7.6 Hz, 3H; C-
(CH2CH3)C(CH2)C(CH3)O). 13C NMR (50.32 MHz, CD2Cl2, �30 8C): d=


164.9 (OC(O)), 122.4 (C(CH2CH3)C(CH3)C(CH3)O), 111.0 (C-
(CH2CH3)C(CH3)C(CH3)O), 75.7 (C(CH2CH3)C(CH3)C(CH3)O), 18.8
(C(CH2CH3)C(CH3)C(CH3)O), 14.9 (C(CH2CH3)C(CH3)C(CH3)O), 12.0
(C(CH2CH3)C(CH3)C(CH3)O), 11.9 ppm (C(CH2CH3)C(CH3)C(CH3)O);
elemental analysis calcd (%) for C52H43BF24N2O4Pd (1333.1): C 46.85, H
3.25, N 2.10; found: C 46.51, H 3.03, N 2.37.


Reaction of complex 8 with MeOH : Complex 8 (43.7 mg, 0.032 mmol)
was dissolved in methanol (2 mL); a black palladium precipitate was
formed immediately. The reaction mixture was stirred for 1 h at 20 8C
and then concentrated under reduced pressure. The residue was purified
by column chromatography on silica gel using a mixture of hexane/ethyl
acetate = 6:4 as eluent to give compound 15 (6.4 mg, 0.029 mmol, 91%)
as a yellow solid. Its IR and 1H and 13C NMR spectra are in agreement
with those reported in the literature;[3] elemental analysis calcd (%) for
C13H14O3 (218.3): C 71.54, H 6.47; found: C 71.18, H 6.70.


Reaction of complex 8 with isopropylamine : Complex 8 (27.5 mg,
0.020 mmol) was dissolved in dichloromethane (1 mL) and then isopro-
pylamine (6.0 mL, 0.070 mmol) was added. The solution was allowed to
stand at 20 8C for 24 h (a black palladium precipitate was formed) and
then concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel using a mixture of hexane/ethyl ace-
tate=6:4 as eluent to give compound 16 (4.5 mg, 0.018 mmol, 90%) as a
white solid. IR (film): n=3346 (N-H), 1740 cm�1 (C=O); 1H NMR
(200.13 MHz, CDCl3, 20 8C): d =7.54–7.35 (m, 5H; Ph-H), 2.85 (sept, 3J-
(H,H) =6.3 Hz, 1 H; CH(CH3)2), 2.13 (s, 3H; C(Ph)=C(CH3)), 1.65 (s,
3H; C(NH)-C(CH3)), 1.26 (br s, 1 H; NH), 1.13, 1.05 ppm (d, 3J(H,H) =


6.3, 3H each, CH(CH3)2); 13C NMR (50.32 MHz, CDCl3, 20 8C): d=


170.7, 160.1, 130.2, 129.0, 128.7, 128.5, 128.4, 99.6, 43.7, 25.7, 25.3, 25.1,
12.6 ppm; elemental analysis calcd (%) for C15H19NO2 (245.3): C 73.44,
H 7.81, N 5.71; found: C 73.12, H 7.70, N 5.59.


Reaction of complex 9 with benzylamine : Complex 9 (28.0 mg,
0.021 mmol) was dissolved in dichloromethane (1 mL) and then benzyl-
amine (5.0 mL, 0.046 mmol) was added. The solution was allowed to
stand at 208C for 24 h (a black palladium precipitate was formed) and
then concentrated under reduced pressure. The residue was purified by
column chromatography on silica gel using a mixture of hexane/ethyl ace-
tate=6:4 as eluent to give a 9:1 mixture of compounds 17 and 18
(3.8 mg, 0.017 mmol, 81%) as a white solid. IR (film): n= 3336 (N-H),
1774, 1742 cm�1 (C=O). Compound 17: 1H NMR (200.13 MHz, CDCl3,
20 8C): d= 7.37–7.22 (m, 5H; Ph-H), 3.74, 3.41 (d, 2J(H,H) =12.8 Hz, 1 H
each, NH-CH2-Ph), 1.92, 1.85 (q, 5J(H,H) =1.1 Hz, 3 H each, C(CH3)=C-
(CH3)), 1.60 (s, 3 H; C(NH)-C(CH3)), 1.27 ppm (br s, 1 H; NH); 13C NMR
(50.32 MHz, CDCl3, 20 8C): d=177.4, 158.3, 138.1, 128.5, 128.3, 127.9,
127.4, 99.3, 45.9, 24.6, 11.2, 8.8 ppm. Compound 18 : 1H NMR
(200.13 MHz, CDCl3, 20 8C): d=7.37–7.22 (m, 5 H; Ph-H), 4.33, 4.01 (d,
2J(H,H) =14.1 Hz, 1H each, NH-CH2-Ph), 2.01, 1.87 (q, 5J(H,H) =1.1 Hz,
3H each, C(CH3)=C(CH3)), 1.81 (s, 3H; C(NH)-C(CH3)), 1.27 (br s, 1 H;
NH) ppm; elemental analysis calcd (%) for C14H17NO2 (231.3): C 72.70,
H 7.41, N 6.06; found: C 72.96, H 7.80, N 5.94.


Computational details : The Gaussian 98 (revision A.7)[24] package imple-
mented on a 44P IBM computer and the package of programs for Molec-
ular Orbital Analysis CACAO (PC Beta-Version 5.0) was used. All the
species studied[25] were fully optimized using the density functional
theory (DFT) method by means of Becke�s three-parameter hybrid
method using the LYP correlation functional.[26] The effective core poten-
tial of Hay and Wadt[27] was used for the palladium atom. The 6-31G*
basis set was used for the remaining atomic species.[28] Molecular model-
ing studies were performed by using the MSI software program Insight-
II.[29]
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Exploring SmBr2-, SmI2-, and YbI2-Mediated Reactions Assisted by
Microwave Irradiation


Anders Dahl�n,[a] Edamana Prasad,[b] Robert A. Flowers II,[b] and Gçran Hilmersson*[a]


Introduction


Divalent lanthanides have been widely explored during
recent years and have become much appreciated as single-
electron-transfer reagents in various organic transforma-
tions.[1] The chemistry developed around the divalent lantha-
nides has been focused predominantly on SmI2 as a result of
its ease of preparation, commercial availability, and broad
utility in organic synthesis. The more reactive SmBr2 and
the less reactive YbI2 have so far been considerably less uti-
lized.


The development of rapid and reliable SmI2-mediated
syntheses has been largely dependent on the addition of co-
solvents, for example, hexamethyl phosphoramide
(HMPA).[2] Numerous coupling reactions, as well as the re-
duction of ketones, alkyl halides, and a,b-unsaturated esters,
have been effectively accelerated with the addition of co-


solvents. This is due to the co-solvent causing a large in-
crease in the oxidation potential.[3] Recently, there have also
been reports on the use of SmBr2, DyI2, NdI2, and TmI2,
which have a higher oxidation potential than SmI2 in tetra-
hydrofuran (THF). With these more potent reducing agents
the use of HMPA is less important.[4] The replacement of
the carcinogenic additive HMPA with amine/water has also
been successful in some SmI2-mediated reactions, particular-
ly in the reduction of alkyl halides and conjugated alkenes,
and pinacol-coupling reactions of aromatic aldehydes, ke-
tones, and imines.[5]


The reagent mixtures of SmI2/H2O/amine often favor re-
duction over intermolecular coupling reactions, such as pina-
col and Barbier-coupling reactions. Due to the importance
of SmI2-mediated intermolecular coupling reactions in or-
ganic synthesis, it is most desirable to find alternative condi-
tions that limit the use of HMPA. Recently, we reported
that microwave heating is a simple and fast method for the
preparation of SmI2, YbI2, SmBr2, and EuI2.


[6] Several
single-electron-transfer processes using SmI2 alone are slow
at room temperature. Recently, microwave-accelerated syn-
thesis has proven superior to conventional heating in many
reactions,[7] including homogeneous palladium-catalyzed re-
actions such as Heck,[8] Sonogashira,[9] and cross-coupling re-
actions (Suzuki[10] and Stille[11]), and allylic substitution reac-
tions.[12] As a result of the success of these reactions, it


Abstract: The use of microwave heat-
ing in lanthanide(ii) halide (LnX2 =


SmBr2, SmI2, and YbI2) mediated re-
duction and coupling reactions has
been investigated for a variety of func-
tional groups including a,b-unsaturated
esters, aldehydes, ketones, imines, and
alkyl halides. Good to quantitative
transformations were obtained within a
few minutes without the addition of
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phosphoramide (HMPA). The redox
potential of YbI2 in tetrahydrofuran


(THF) has been determined as �1.02�
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depending on the redox potential of
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seemed reasonable to study some of the fundamental
chemistry mediated by divalent lanthanides under micro-
wave heating for use as a viable alternative to the addition
of co-solvents.


Herein we report the use of microwave irradiation in se-
lected lanthanide(ii) halide (LnX2) mediated reactions, in
which SmBr2, SmI2, and YbI2 have been compared in vari-
ous reductive coupling and reduction reactions. The reduc-
tion potentials of SmBr2 and SmI2 in THF are �2.07 and
�1.55 V (versus Ag/AgNO3), respectively. We have now
also measured the reduction potential of YbI2 in THF. The
reducing power of the divalent lanthanide reagent is found
to have a strong influence on the course of the reaction, for
example, reduction versus coupling.


Results and Discussion


Cyclic voltammetry investigation : Cyclic voltammetry was
used to estimate the redox potential of YbI2 in THF for
comparison with the potentials known for SmI2 and SmBr2.
The potential for YbI2 was estimated to be �1.02�0.05 V
(versus Ag/AgNO3; Figure 1). Thus, the reducing agent YbI2


has a reducing power approximately 0.5 V smaller than that
of SmI2 (�1.55�0.05 V). In addition, SmBr2 (�2.07�
0.05 V) is a more powerful reducing agent than SmI2 by
about 0.5 V.


Microwave-assisted reduction mediated by SmBr2, SmI2, and
YbI2 : Reduction of ketones with SmI2 is very slow at
normal pressure and room temperature yielding only 10 %
alcohol after several days with methanol as the proton
source.[13] In contrast to this, a quantitative yield was ob-
tained in less than 5 min at 180 8C with microwave heating
mediated by either of SmBr2, SmI2, or YbI2 in the presence
of methanol (Scheme 1). This corresponds to a rate en-
hancement of approximately 2000-fold compared with the
rate of reduction at room temperature. This rate enhance-
ment is roughly similar to that expected for the same reac-
tion carried out at a temperature 160 8C higher, and it does
not appear to be any microwave effect.[7c] Imines were re-
duced in the same way (Table 1).


The double bond in a,b-unsaturated esters was easily re-
duced by the LnX2/alcohol mixture. Conversely, reduction
of conjugated carbon–carbon double bonds was not ob-


served either in the presence, or in the absence of methanol.
Another recalcitrant case is the reduction of alkyl halides. 1-
Iododecane was easily reduced within five minutes with
SmI2/MeOH, while 1-chlorodecane, which is hard to reduce
using SmI2/MeOH at room temperature, was difficult to
reduce even under microwave irradiation. Nevertheless,
with the addition of Et3N/H2O instead of methanol the re-
duction was completed within five minutes under microwave
irradiation. On the contrary, chlorobenzene was not under
any circumstances reduced by using microwave irradiation
even though the SmI2/H2O/amine mixture readily reduces


Figure 1. Cyclic voltammogram for YbI2 in THF.


Scheme 1. Reduction of ketones, imines, a,b-unsaturated esters, and hal-
ides with LnX2 under microwave irradiation.


Table 1. Microwave-assisted reduction reactions at 180 8C in the presence
of MeOH in THF.[a]


Substrate Reagent (LnX2) Reduction [%]


SmBr2


SmI2


YbI2


>99
>99
>99[b]


SmBr2


SmI2


YbI2


>99
>99
>99[b]


SmBr2


SmI2


YbI2


>99
>99
>99[b]


SmBr2


SmI2


YbI2


>99
>99
>99[b]


SmBr2


SmI2


YbI2


>99
>99
>99[b]


SmBr2


SmI2


YbI2


>99
>99
>99[b]


SmBr2


SmI2


YbI2


>99
>99
>99[b]


[a] LnX2 (2.5 equiv) in THF. The substrate (1 equiv) and methanol
(9 equiv) were added just before the vessel was placed in the microwave
reactor. The reaction mixture was irradiated for 5 min, unless otherwise
stated. All reported conversions are based on GC yield. [b] Reduction re-
actions performed in the presence of YbI2 were irradiated for 10–20 min
to ensure quantitative conversion.
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chlorobenzene at room temperature. Further studies showed
that the powerful mixture of SmI2/H2O/Et3N could not be
employed, as H2O and Et3N cause deleterious side reactions
with SmI2 at these elevated temperatures and extended re-
action times (i.e. , more than 5 min). Methanol was found to
be superior to H2O as a proton donor in the microwave-
heated reduction, because it reacts slowly with LnX2 at any
temperature.


Microwave-assisted coupling reactions mediated by SmBr2,
SmI2, and YbI2 : To determine the general utility of micro-
wave-accelerated reactions, the coupling of benzyl chloride
with SmBr2, SmI2, and YbI2 was tested, as this substrate is
easily coupled under ambient conditions. High conversions
were obtained for all mixtures, although SmBr2 appears to
be the superior coupling reagent (Scheme 2). The addition
of methanol to the same mixtures gave almost quantitative
reduction of benzyl chloride to toluene.


As previously stated, one of the main objectives of this
study was to find a replacement for HMPA in pinacol-cou-
pling reactions of aliphatic ketones, aldehydes, and imines
(Scheme 3). As reduction is fa-
vored for aliphatic ketones
when using the water/amine
method, this approach cannot
be used. Particularly interesting
are pinacol-coupling reactions
mediated by SmBr2, which were
recently reported by Namy
et al.[14] The black suspension of
SmBr2 in THF is obtained by
stirring Sm powder with tetra-
bromoethane in THF for at
least 15 hours at ambient tem-
perature, or alternatively five
minutes at 180 8C under micro-
wave irradiation. The ketone or
aldehyde was added to SmBr2,
SmI2, or YbI2 in THF and then
irradiated in the microwave re-
actor. The general trend ob-
served for these coupling reac-
tions was that pinacol coupling
was favored over reduction in
the order SmBr2>SmI2>YbI2.
A higher reducing power (as
determined by the redox poten-
tials) correlates well with the
extent of pinacol coupling.
With SmBr2, high isolated
yields for coupling reactions
were obtained (Table 2).


Surprisingly, the diastereose-
lectivity increased in the oppo-
site order, that is, YbI2 gave the
highest diastereoselectivity.
Similar diastereoselectivities


Scheme 2. Coupling of benzyl chloride with LnX2 under microwave irra-
diation. The values represent the yields (%) obtained.


Scheme 3. Pinacol-coupling reactions of aliphatic ketones, aldehydes
(top), and imines (bottom) with LnX2. R, R’, R’’, R’’’=alkyl, aryl, or H,
see Table 2.


Table 2. Microwave-assisted pinacol-coupling reactions in THF.[a]


Substrate Reagent (LnX2) Reduction [%] Pinacol [%] (dl/meso)


SmBr2


SmI2


YbI2


3
3


18


97 (73:27)
97 (70:30)
82 (77:23)


SmBr2


SmI2


YbI2


2
4


24


98 (57:43)
96 (32:68)
76 (66:34)


SmBr2


SmI2


YbI2


<1
10
84


>99 (50:50)[b]


90 (50:50)
16 (50:50)[c]


SmBr2


SmI2


YbI2


2
11
83


98 (50:50)[b]


89 (49:51)
17 (55:45)[c]


SmBr2


SmI2


YbI2


<1
5
5


>99 (96:4)[b]


95 (80:20)
95 (91:9)


SmBr2


SmI2


YbI2


14
23
70


86
77
30


SmBr2


SmI2


YbI2


50
27
N.R.[d]


50 (100:0)
73 (56:44)


N.R.[d]


SmBr2


SmI2


YbI2


26
8


12


74
92
88[c]


[a] LnX2 (1.1–2.0 equiv) in THF. The substrate (1 equiv) was added before the vessel was placed in the micro-
wave reactor. The reaction mixture was irradiated for 5 min. [b] Selected pinacol-coupled products were isolat-
ed yielding 85–95 % product after flash chromatography. [c] Reactions performed in the presence of YbI2 were
irradiated for 45–60 min to ensure full conversion. [d] N.R.=no reaction.
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were achieved with SmBr2 at room temperature[14] as with
microwave irradiation at 180 8C, but the microwave-assisted
coupling reactions gave a higher conversion in a much short-
er reaction time (5 min compared with 24 h). Moreover, the
possibility of pinacolization with several aliphatic and aro-
matic imines was also explored, and it was found that aro-
matic imines were efficiently coupled, while aliphatic imines
were simply reduced. This was disappointing because we
aimed for a general method for pinacolization. Nevertheless,
it is still useful for the coupling of aromatic imines, as the re-
action time was shortened from 1.5 hours at reflux (65 8C)[15]


to five minutes in the microwave environment.
Unfortunately, all attempts to initiate intermolecular cou-


pling between a ketone and an alkyl halide, for example, cy-
clohexanone and 1-chlorodecane or 1-iododecane, proved
unsuccessful and led exclusively to reduction of one or both
of the substrates. Ultimately, intramolecular reductive cou-
pling of an aryl iodide to a double bond proved successful
(Scheme 4).


Surprisingly, SmI2 appeared to give the highest degree of
coupling versus reduction in these reactions (Table 3). All
attempts to obtain seven-membered rings were ineffective
and resulted in complete reduction (entries 7–9), which was
also previously observed for the SmI2/H2O/amine method.[16]


In situ generated SmBr2 and SmI2 in single-electron-transfer
reactions : The scope and limits of reduction and coupling of
substrates with in situ generation of SmBr2, SmI2, and YbI2


were also studied. The SmBr2- and SmI2-mediated reduction


of 2-heptanone and aliphatic imines (entries 9–12, Table 4)
gave complete reduction within 10 minutes in the presence
of methanol using microwave heating. Therefore, we em-
ployed the in situ conditions on various substrates in the ab-
sence of methanol to evaluate the coupling efficiency.
SmBr2 mediates pinacol-coupling reactions of ketones in
situ effectively, however minor amounts (<10 %) of uniden-
tified byproducts were also observed occasionally. The same
trend as previously described for prepared SmX2 is also
found for in situ generated SmBr2 and SmI2, that is, an in-
creasing degree of pinacol coupling is obtained with higher
oxidation potential of the lanthanide(ii) reagent. Interesting-
ly, irrespective of the addition of methanol, treatment of
imines with SmI2 or SmBr2 results in reduction only.


Intramolecular coupling between aryl iodides and alkenes
was performed, in which in situ generated SmI2 was proven
to be the superior coupling reagent (Table 5). However, the
formation of phenol and other reduction products was also
observed.


One disadvantage of SmI2-mediated reduction is the low
solubility of SmI2 (0.13m in THF). In addition, one molecule
of SmI2 can only deliver one electron, therefore each sub-
strate requires two equivalents of the single-electron-trans-
fer reagent. Altogether this makes these reactions less at-
tractive with respect to large-scale syntheses. Previously, we
have reported that SmI2 and particularly SmBr2 can be gen-
erated as suspensions in THF,[6] thus requiring a smaller
volume of THF. The use of smaller volumes of solvent in re-
duction reactions is important as it allows reduction reac-
tions to be carried out on a larger scale in smaller reaction
vessels.


We generated SmI2 and SmBr2 from samarium metal and
iodine or tetrabromoethane using only 10 % of the required
volume of THF (i.e. , 10 % of the volume that gives saturat-
ed solutions of SmI2 in THF). These highly “concentrated”
suspensions were then successfully employed in a few of the
above-mentioned reduction and cyclization reactions and it
was concluded that the results were almost identical in


terms of the selectivity using
either prepared or in situ gener-
ated suspensions of the SmI2


and SmBr2. Apparently there is
no need to use saturated solu-
tions of LnX2, since the suspen-
sions gave more or less identical
results.


Unfortunately, the use of Yb
and I2 was shown to be less at-
tractive for in situ generation of
YbI2 in the described reactions
(Tables 4 and 5). The generation
of YbI2 was too slow even
under microwave irradiation,
yielding only approximately
43 % of the reduced 2-heptanol
from heptanone after 60 min-
utes at 180 8C.


Scheme 4. Reduction and cyclization with LnX2.


Table 3. Microwave-assisted cyclizations in THF.[a,b,c]


Entry Substrate Reagent (LnX2) Reduction [%] Cyclization [%]


1
2
3


SmBr2


SmI2


YbI2


0
2


16


90
95
71


4
5
6


SmBr2


SmI2


YbI2


48
14
70


52
86
30


7
8
9


SmBr2


SmI2


YbI2


>99
>99
>99


0
0
0


10
11
12


SmBr2


SmI2


YbI2


19
12
50


70
71
40


[a] LnX2 (2.5–3.0 equiv) in THF. The substrate (1 equiv) was added just before the vessel was placed in the mi-
crowave reactor. The reaction mixture was irradiated for 10 min. [b] Reactions performed in the presence of
YbI2 were irradiated for 20–30 min. [c] Formation of phenol balances the conversion.
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We also investigated the possibility of employing micro-
wave heating in deallylation reactions, which was recently
described with the SmI2/H2O/amine method.[17] However, no
reaction occurred with any of the three lanthanide(ii) re-
agents. It appears that the microwave irradiation only en-
hances the reduction rates. However, the powerful SmI2/


water/amine reagent does not
appear to be stable under mi-
crowave irradiation.


Conclusion


We have shown that it is effi-
cient to perform rapid coupling
and reduction reactions by
using microwave heating with
lanthanide(ii) reagents. Pinacol-
coupling reactions of ketones
are readily obtained within five
minutes using SmBr2 as a
single-electron donor, while the
weaker reducing agent, YbI2,
favors reduction reactions. We
have shown that lanthanide(ii)
reagents generated in situ
under microwave irradiation
can be a viable alternative for
reduction and coupling reac-
tions. Mixing of Sm or Yb
metal and iodine in THF, in a
vessel approved for use in the
microwave reactor, provides an
easy method for the execution
of LnX2-mediated reactions.


Experimental Section


General : THF was dried over sodium and distilled before use. All com-
mercially available chemicals were used without further purification. Syn-
thesized substrates were distilled and stored in a glove box.


Cyclic voltammetry of YbI2 : The redox potential of YbI2 was measured
by using cyclic voltammetry, employing a BAS 100/W MF-9063 Electro-
chemical Workstation. The working electrode was a glassy carbon elec-
trode. The electrode was polished with polishing alumina before use. The
auxiliary electrode was a platinum wire, and the reference electrode was
a saturated Ag/AgNO3 electrode. The scan rate for the experiment was
100 mV s�1. The electrolyte used was tetrabutylammonium hexafluoro-
phosphate. The concentrations of YbI2 and the electrolyte were 5mm and
0.1m, respectively. The solution was prepared inside a dry box and trans-
ferred to the electrochemical analyzer for analysis.


Microwave-assisted synthesis with prepared LnX2 : In a typical reduction
of a ketone, imine, or a,b-unsaturated ester, LnX2 (2.5 equiv) in THF
(5 mL) was added to a vessel approved for use in the microwave reactor,
inside a glove box, and sealed with a cap. The substrate (1 equiv) and
methanol (9 equiv) were added through the septum just before placing
the vessel in the microwave reactor. The reactions were performed utiliz-
ing a prototype single-mode applicator equipped with a fluoroptic probe
and irradiated in the microwave reactor for five minutes. All reactions
were performed at a constant temperature of 180 8C resulting in a pres-
sure of 11–14 bar. The reactions were quenched by air when the caps
were removed. Hydrochloric acid (20 mL, 0.1 m) was added to dissolve in-
organic salts and the products were then extracted into diethyl ether (3 �
40 mL). The organic layer was washed with sodium thiosulfate and satu-
rated brine, and finally dried over sodium sulfate before filtration. Pina-
col-coupling products were separated from the reduced products by flash


Table 4. In situ generated SmBr2 and SmI2 reactions in THF.[a]


Entry Substrate Reagent (LnX2) Reduction [%] Pinacol [%] (dl/meso)


1
2


SmBr2


SmI2


4
5


96 (68:32)
95 (70:30)


3
4


SmBr2


SmI2


11
24


89 (56:44)
76 (66:34)


5
6


SmBr2


SmI2


7
38


93 (50:50)
62 (50:50)


7
8


SmBr2


SmI2


10
59


90
41


9
10


SmBr2


SmI2


100
100


0[b]


0[b]


11
12


SmBr2


SmI2


100
100


0[b]


0[b]


[a] Sm (3.0 equiv) and I2 (2.0 equiv) or tetrabromoethane (1.0 equiv), diluted with THF. The substrate
(1 equiv) was added just before the vessel was placed in the microwave reactor. The reaction mixture was irra-
diated for 10 min. [b] Methanol (9.0 equiv) was added prior to putting the vessel in the microwave chamber to
enhance the rate. No coupling was observed either in the presence or in the absence of MeOH.


Table 5. In situ generated SmBr2 and SmI2 reactions.[a,b]


Substrate Reagent (LnX2) Reduction [%] Cyclization [%]


SmBr2


SmI2


5
2


84
87


SmBr2


SmI2


36
14


64
86


SmBr2


SmI2


19
21


70
61[c]


[a] Sm (3.0 equiv) and I2 (2.0 equiv) or tetrabromoethane (1.0 equiv), di-
luted with THF. The substrate was added just before the vessel was
placed in the microwave reactor. The reaction mixture was irradiated for
10 min. [b] Formation of phenol balances the conversion. [c] Formation
of decomposition products (up to 10%) was observed.
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chromatography on silica with ethyl acetate/n-hexanes (1:10). Isolated
products were characterized by 1H and 13C NMR analyses and/or com-
pared to authentic samples by gas chromatography and GC/MS.[18] GC
analyses were used to determine the dl/meso ratio in the pinacol prod-
ucts. The relative amount of pinacol coupling and reduction was estab-
lished from the crude products, that is, before the purification by flash
chromatography.


Microwave-assisted synthesis with in situ generation of LnX2 : In a typical
reaction with in situ generation of LnX2, Sm (3.0 equiv), and I2


(2.0 equiv) or tetrabromoethane (1.0 equiv) were added to a vessel ap-
proved for use in the microwave reactor, inside a glove box. The reagents
were diluted with THF (5 mL) and the vessel sealed with a cap. The sub-
strate (1 equiv) was added through the septum just before placing the
vessel in the microwave reactor. The reaction mixture was irradiated in
the microwave reactor for 10 min. Work-up procedures and isolation of
the products were identical to the method described above.


Methanol was added to the reaction vessel when reduction was desired.
Absence of a proton source favored pinacol coupling.
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Diphenylamino End-Capped Oligofluorenes with Enhanced Functional
Properties for Blue Light Emission: Synthesis and Structure–Property
Relationships


Zhong Hui Li,[a] Man Shing Wong,*[a] Ye Tao,*[b] and Jianping Lu[b]


Introduction


With the advent of first-generation full-color organic light-
emitting diode (OLED) displays in consumer electronics,
for example in digital cameras and mobile phones, interest
in developing highly stable and efficient blue-emissive mate-
rials has intensified, as at present these do not match the far
superior stabilities and device performances of green-emis-
sive materials.[1,2] Furthermore, good wide-energy-gap emis-
sive materials can be used as host matrices to generate a
complete set of primary colors by means of energy transfer
to luminescent dopants or by using color filters.[3,4] Fluo-
rene-based molecules[5–7] and polymers,[8–11] which show


great promise as highly stable and efficient blue-emissive
materials, have been extensively investigated recently. Nev-
ertheless, OLED performance is significantly affected by the
charge balance of the injected holes and electrons, as well as
by the confinement of carriers and excitons in a device. In
addition, a large hole-injection barrier for fluorene-based
materials often limits their device efficiency. To improve the
hole-injection and transport properties, triarylamines or
their moieties have been blended with[12] or incorporated
into[13,14] fluorene-based polymers, resulting in greatly en-
hanced stability and efficiency of blue-emitting OLEDs
made with these materials. However, this knowledge does
not provide any guidelines for further optimization of fluo-
rene-based materials. Interestingly, there have not been any
reports exploring blue-emissive diarylamine- or triaryl-
amine-substituted fluorene-based molecules/oligomers, even
though morphologically stable triarylamine derivatives have
been widely used as hole-transporting materials.[15,16] Investi-
gations of structure–property relationships in such oligomers
can be expected to provide insight into the functional prop-
erties of the related polymers as well as useful knowledge
for the rational design and optimization of fluorene-based
materials. Furthermore, monodisperse functional p-conju-
gated oligofluorenes with well-defined structure, which can
be easily characterized and obtained in high purity, can be
utilized as active materials in various optoelectronic applica-
tions.


Abstract: A novel series of monodis-
perse asymmetrically and symmetrical-
ly substituted diphenylamino end-
capped oligofluorenes, OF(2)-NPhR,
R = H or An (An = 9-anthryl) and
OF(n)-NPh, n = 2–4, has been synthe-
sized by a convergent approach using
palladium-catalyzed Suzuki cross-cou-
pling. End-capping of oligofluorenes
with diphenylamino group(s) has been
shown to offer advantages in terms of


lowering their first ionization poten-
tials, enhancing thermal stability, and
inducing good amorphous morphologi-
cal stability. By tuning the number of
diphenylamino end-caps and the chain


length, the optimal conjugated length
for optical and luminescence properties
has been determined. Of all the hither-
to reported oligofluorenes capable of
serving as non-doped blue emitters,
OF(3)-NPh, with an optimal conjugat-
ed length, exhibits some of the best
hole-transport and blue-emitting prop-
erties. A maximum luminance of
7500 cd m�2 and a luminance efficiency
up to 1.8 cd A�1 have been achieved.
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As part of our efforts to investigate the structural factors
of functional materials[17–20] that can enhance OLED per-
formance and stability, we report herein the first synthesis
of monodisperse diphenylamino end-capped oligofluorenes,
OF(2)-NPhR, R = H and An and OF(n)-NPh, n = 2–4,


and an investigation of the influence of diphenylamino end-
caps and chain length on various physical and functional
properties of oligofluorenes, particularly blue-light-emitting
properties. We have unambiguously shown that diphenyl-
amino moieties end-capped onto highly luminescent oligo-
fluorene backbones improve hole-injection/transport proper-
ties, induce morphologically stable amorphous thin-film for-
mation, and increase the thermal stability of the oligomers,
which makes them superior as difunctional blue-emissive
materials. In addition, this systematic investigation has led
to the development of an oligofluorene possessing the opti-
mal conjugated length for highly efficient and stable blue
emission. Importantly, undoped OF(3)-NPh-based multilay-
er OLEDs exhibit excellent device performance and color
chromaticity for practical applications.


Results and Discussion


The syntheses of the monodisperse asymmetrically and sym-
metrically substituted diphenylamino end-capped oligofluor-
enes, OF(2)-NPhR, R = H or An and OF(n)-NPh, n = 2–
4, are outlined in Scheme 1. Palladium-catalyzed Suzuki
cross-coupling was employed to construct the oligofluorene
cores, with 9,9-dibutyl-7-(diphenylamino)-2-fluorenylboronic
acid (5) as a key intermediate in these coupling reactions.
Alkylation of fluorene with nBuI in the presence of NaOH
in DMSO afforded 9,9-dibutylfluorene (1) in 82 % yield.
Monobromination of 1 with N-bromosuccinimide (NBS) fol-
lowed by electrophilic iodination with periodic acid/I2 af-
forded 2-bromo-7-iodo-9,9-dibutylfluorene (3) in excellent
yield (92 %). Chemoselective Ullmann coupling of 3 with di-
phenylamine using Cu/K2CO3 in triglyme afforded 2-bromo-
7-(diphenylamino)-9,9-dibutylfluorene (4), which was subse-
quently converted to the corresponding boronic acid (5) by
lithium–bromide exchange with nBuLi followed by reaction
with trimethyl borate and then acid hydrolysis. Suzuki cross-
coupling of boronic acid 5 and bromofluorene 2 using Pd-
(OAc)2/2 P(o-tol)3 as catalyst afforded the asymmetrically
substituted bifluorene, OF(2)-NPhH, in 76 % yield. Similar-


ly, cross-coupling of boronic acid 5 and bromide 4 afforded
the desired symmetrically substituted bifluorene, OF(2)-
NPh, in excellent yield (93%) under the same conditions. It
is important to note that use of the classical catalyst Pd-
(PPh3)4 often resulted in a poor yield. Cross-coupling of bor-
onic acid 5 and 7-(9’-anthryl)-2-bromofluorene 7, which was
prepared by selective cross-coupling of 9-anthrylboronic
acid (6) with 2-bromo-7-iodofluorene (3), afforded OF(2)-
NPhAn in moderate yield (56%). Double palladium-cata-
lyzed cross-coupling of 3 with boronic acid 5 yielded the ter-
fluorene OF(3)-NPh in 81 % yield. Using the same conver-
gent approach, double palladium-catalyzed cross-coupling of
boronic acid 5 and 7,7’-diiodobifluorene 10, which was syn-
thesized by cross-coupling of 2 and the corresponding fluo-
renylboronic acid 8 followed by electrophilic iodination,
yielded OF(4)-NPh in 64 % yield. All the newly synthesized
oligomers were fully characterized by 1H NMR, 13C NMR,
MS, and elemental analysis, and the data were found to be
in good agreement with the proposed structures. It is worth
mentioning that the protons of the methyl and third methyl-
ene groups of the butyl chains attached at the C9 position of
fluorene and its derivatives resonate at unexpectedly low
frequencies in the 1H NMR spectra. This unusual shift sug-
gests that the methyl and methylene groups fall within the
shielding region of the aromatic rings of the fluorene.


To probe the end-capping effect, the corresponding un-
substituted OF(n) series was also prepared using the same
convergent synthetic strategy for comparison. End-capping
of one or more diphenylamino functionalities onto oligo-
fluorene cores has pronounced effects on various molecular/
functional properties of the oligomers and OLED device
performance. In the electronic absorption spectra, a substan-
tial red-shift of the absorption maxima (labs


max) of oligofluor-
enes (Dl = 25–54 nm) is seen upon incorporation of strong-
ly electron-donating diphenylamino group(s), which is at-
tributed to an asymmetric destabilization of the HOMO and
LUMO levels, leading to a decrease in the energy gap.[21]


The labs
max and molar absorptivities (emax) of both the OF(n)


and OF(n)-NPh series increase sequentially with increasing
chain length; however, labs


max values of diphenylamino end-
capped oligofluorenes show evidence of saturation at
386 nm, even though emax increases (Figure 1). This implies
that an effective conjugated length for the energy gap is
reached when n = 3 in the OF(n)-NPh series. The emission
maxima (lem


max) of oligofluorenes consistently shift to longer
wavelengths (Dl = 22–44 nm) with the incorporation of di-
phenylamino end-cap(s). Upon excitation at either 310 nm,
corresponding to the n!p* transition of the triarylamine
moiety, or at 386 nm (lmax), corresponding to the p!p*
transition of the oligofluorene core, the emission spectra ob-
tained are identical, suggesting that energy or excitons can
be efficiently transfered from the triarylamine moiety to the
emissive fluorene core. Consistent with the absorption be-
havior, the lem


max values of the OF(n)-NPh series also show a
tendency for convergence at 432 nm when n = 3, further
supporting the existence of an effective conjugated length
for the energy gap (Figure 1).
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Scheme 1. Synthesis of diphenylamino end-capped oligofluorenes, OF(2)-NPhR, R = H or An, and OF(n)-NPh, n = 2–4. Reagents and conditions:
a) nBuI, NaOH, DMSO, 90 8C; b) NBS, acetone, 60 8C; c) I2, HIO4, AcOH, H2SO4, 80 8C; d) Ph2NH, Cu, K2CO3, triglyme, 180 8C; e) 1. nBuLi, THF,
�78 8C, 2. B(OCH3)3, 3. H+ ; f) Pd(OAc)2/2 P(o-tol)3, K2CO3, CH3OH, 75 8C.
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Importantly, end-capping of one or more diphenylamino
functionalities onto the oligofluorene skeleton does not per-
turb the planarity or alter the highly fluorescent nature of
the oligofluorene core (Table 1). The fluorescence quantum
yields measured in chloroform using 9,10-diphenylanthra-
cene as a standard increase with increasing chain length and


become saturated on reaching the terfluorene (FFL = 93 %)
in the OF(n)-NPh series. The fluorescence lifetimes of all
the diphenylamino end-capped oligofluorenes are in the
nanosecond range, suggesting that the emission originates
from a transition between the singlet excited state and the
ground state.


To prevent aggregation/excimer formation and to induce
an amorphous state for fluorene-based molecular materials,
a widely adopted approach is to introduce either a spiro-
linkage[22–24] or bulky substituent(s) or dendron(s)[25, 26] at the
C9-position of the fluorene core. It is important to note that
compounds of the OF(n) series bearing short butyl substitu-
ents exhibit no glass transition temperature (Tg), as deter-
mined by differential scanning calorimetry (DSC); instead,
melting points of 153, 69, and 109 8C were recorded for
OF(2), OF(3), and OF(4), respectively, by DSC. On the
other hand, oligofluorenes end-capped with diphenylamino
group(s) show distinct Tg values, which increase with in-
creasing size of the fluorenyl unit (Table 1). These results
suggest that the incorporation of diphenylamino moieties at
the ends of oligofluorenes may also be used as a tool to
induce morphologically stable amorphous thin-film forma-
tion. Furthermore, all of the OF(2)-NPhRs and OF(n)-NPhs
show improved thermal stabilities, with decomposition tem-
peratures, Tdec, in the range 405–464 8C.


To examine the electrochemical properties of the oligom-
ers, cyclic voltammetry experiments were carried out in a
three-electrode cell set-up with 0.1 m Bu4NPF4 in CH2Cl2 as
the supporting electrolyte. The results are tabulated in
Table 1. In contrast to the OF(n) series and triaryldiamines,
the asymmetrically substituted bifluorenes, OF(2)-NPhRs,
exhibit two reversible one-electron anodic redox couples,
which correspond to the sequential removal of electrons
from the arylamino group and bifluorene core to form radi-
cal cations and dications, respectively (Figure 2). One the
other hand, the symmetrically disubstituted oligofluorenes,
OF(n)-NPhs, exhibit a reversible two-electron anodic redox
couple, corresponding to two arylamine oxidations, as well
as a (ir)reversible one-electron anodic redox couple and an
additional reversible one-electron redox couple for OF(4)-


Figure 1. Absorption and fluorescence spectra of the a) OF(2)-NPhR and
b) OF(n)-NPh series measured in chloroform.


Table 1. A summary of the various physical measurements on the OF(2)-NPhR, OF(n)-NPh, and OF(n) series.


labs
max


[a] [nm]
(emax/104 [m�1 cm�1])


lem
max


[a,b] [nm] FFL
[a] t[a, e] [ns] E1/2


[f] [V] HOMO[g] [eV] Tg
[h] [8C] Tdec


[i] [8C]


OF(2)-NPhH 372 (4.38) 423 0.50[c] 1.06 0.35, 0.89 5.15 60 406
OF(2)-NPhAn 377 (5.88) 427 0.73[c] 1.48 0.35, 0.78 5.15 93 446
OF(2)-NPh 384 (7.06) 425 0.67[c] 4.56 0.36, 1.06 5.16 91 452
OF(3)-NPh 386 (8.53) 432 0.93[c] 1.23 0.35, 0.87 5.15 99 461
OF(4)-NPh 386 (14.2) 432 0.94[c] 0.92 0.34, 0.79, 0.94 5.14 117 464
OF(2) 330 (4.30) 363, 381 0.71[d] 0.95 0.91, 1.19 5.70 no 369
OF(3) 353 (5.78) 394, 416 0.92[d] 1.04 0.77, 1.01 5.57 no 432
OF(4) 361 (8.23) 410 0.93[d] 0.98 0.73, 0.95 5.53 no 451


[a] Measured in CHCl3. [b] Excited at the absorption maxima. [c] Using 9,10-diphenylanthracene (F360 = 0.9) as a standard. [d] Using quinine in 1.0 m


H2SO4 (F313 = 0.48) as a standard. [e] Using a nitrogen laser as excitation source. [f] E1/2 versus Fc+/Fc estimated by CV using a platinum disc electrode
as a working electrode, platinum wire as a counter electrode, and SCE as a reference electrode, connected to the oligomer solution through an agar salt
bridge, with ferrocene as an external standard, E1/2 (Fc/Fc+) = 0.45 V versus SCE). [g] Calculated with reference to ferrocene (0.48 eV). [h] Determined
by differential scanning calorimetry with a heating rate of 10 8C min�1 under N2. [i] Determined by thermogravimetric analysis with a heating rate of
10 8C min�1 under N2.
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NPh, corresponding to oxidation of the oligofluorene skele-
ton (Figure 2). The arylamine oxidation potential is essen-
tially unaffected by the number of end-caps and the length
of the oligofluorene core; however, the second oxidation
proceeds more easily with an increase in conjugated length
as the electrochemically formed radical cation is suitably
predisposed for efficient delocalization and hence is stabi-
lized. In general, upon the incorporation of diphenylamino
end-caps, the HOMO level of oligofluorenes is raised (rela-
tive to the vacuum level) to about 5.15 eV, as estimated by
electrochemical methods (Table 1). Such a high HOMO
level greatly reduces the energy barrier for hole injection
from ITO (f = 5.0 eV) to the emissive oligofluorenes. As a
result, OF(2)-NPhRs and OF(n)-NPhs can also be used as
hole-transport/injection materials.


Thin-film photoluminescence (PL) spectra of all of the di-
phenylamino end-capped oligofluorenes, except OF(4)-NPh,
show more distinct vibronic structures and slightly red-shift-
ed emission maxima (<6 nm) as compared to the solution
PL spectra, indicating the absence of aggregation/excimer
formation in the solid state. On the other hand, the signifi-
cant spectral broadening coupled with a red shift of about
20 nm in the PL spectrum of a vacuum-deposited thin film
of OF(4)-NPh is indicative of intermolecular interactions
between the quaterfluorenyl backbones (Figure 3).


Because of their strong luminescence, low first ionization
potentials, high thermal stabilities, and good amorphous
morphological stabilities, diphenylamino end-capped oligo-


fluorenes show great potential for use as hole-transport
blue-emitters in OLEDs. Multilayer OLEDs with the struc-
ture ITO/OF(2)-NPhR or OF(n)-NPh (40 nm)/PBD
(40 nm)/LiF (1 nm)/Al (150 nm) were thus fabricated by
vacuum deposition and subsequently investigated (PBD =


2-biphenyl-4-yl-5-(4-tert-butylphenyl)-1,3,4-oxadiazole). The
EL spectra of these devices generally resemble the PL spec-
tra of the thin films, with blue emission maxima at 420–
436 nm and a shoulder peak at 456–460 nm (Figure 3, Fig-
ure 4a, and Figure 5), with the exception of the EL spectrum
of OF(2)-NPhAn, which exhibits a tailed emission at long
wavelengths. Such a long-wavelength emission may be due
to the formation of aggregates, leading to low-energy trap-
ping sites.[27] In addition, these EL spectra proved to be in-
dependent of the applied voltage, suggesting that the EL
originates purely from the oligomers, without exciplex for-
mation. Importantly, the performance of the device based
on the symmetrically disubstituted bifluorene, OF(2)-NPh,
was found to be superior to those of the devices based on
the asymmetrically substituted bifluorenes, OF(2)-NPhAn
and OF(2)-NPhH (Figure 4), even though the systems pos-
sess comparable molecular properties, such as hole-injection
and transport properties as well as fluorescence quantum
yield. As a result, further studies of device performance
were concentrated on the OF(n)-NPh materials.


Over a wide operation range, the emission of OF(2)-NPh-
based devices was found to have CIE coordinates (x, y =


0.15, 0.09) very close to those of NTSC blue (x, y = 0.14,
0.08). The emission of OF(3)-NPh-based devices has CIE
coordinates (x, y = 0.16, 0.14), which are also very close to
those of NTSC blue.


Despite the fact that the OF(2)-NPh-based devices exhib-
ited a turn-on voltage of 4.5 V, a maximum luminance of
1000 cd m�2, and a luminance efficiency up to 1.1 cd A�1, and
the OF(3)-NPh-based device exhibited a turn-on voltage of
4.5 V, a maximum luminance of 700 cd m�2, and a luminance
efficiency up to 2.2 cd A�1, these devices broke down at
around 15–16 V (Figure 6). The breakdown of these PBD-


Figure 2. Cyclic voltammograms of the OF(2)-NPhR and OF(n)-NPh
series.


Figure 3. Thin-film photoluminescence spectra of OF(2)-NPhRs and
OF(n)-NPhs.
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based devices at high current is most probably due to the
poor morphological stability of the PBD film at device oper-
ating temperatures. To further enhance the device perform-
ance, a hole-blocking amorphous material, 1,3,5-tris(4-fluo-
robiphenyl-4’-yl)benzene (F-TBB),[28] combined with an
Alq3 film as a hole-blocking/electron-transport layer, was
used to replace the PBD layer. The EL spectra of the result-
ing devices showed no apparent difference from those ob-
tained using the PBD layer (Figure 5). The CIE coordinates
of the OF(2)-NPh- and OF(3)-NPh-based devices using F-
TBB as the hole-blocking layer were found to be x, y =


0.16, 0.08, and x, y = 0.17, 0.14, respectively. Remarkably,
the OF(n)-NPh-based devices could be operated at much
higher current/voltage with the use of the F-TBB layer, re-
sulting in a much higher maximum luminance than could be
achieved with a PBD layer (Figure 6). As a result, the
OF(2)-NPh-based devices exhibited a maximum luminance
of 6000 cd m�2 and a luminance efficiency of up to


0.8 cd A�1, whereas the OF(3)-NPh-based devices exhibited
a maximum luminance of 7500 cd m�2 and a luminance effi-
ciency of up to 1.8 cd A�1. Both devices have a turn-on volt-
age of 7.5 V. The superior device performance of the OF(3)-
NPh-based OLED is attributed to the significantly higher
fluorescence quantum, FFL, of OF(3)-NPh (0.93) compared
to that of OF(2)-NPh (0.67). The HOMO levels of F-TBB
(6.3 eV) and PBD (6.2 eV) are very close, but the LUMO
level of F-TBB (2.4 eV) is much higher than that of PBD
(2.8 eV). Therefore, one trade-off resulting from the use of
F-TBB to obtain higher luminance is increased turn-on vol-
tages and slightly decreased device efficiencies.


In summary, a novel series of monodisperse asymmetrical-
ly and symmetrically substituted diphenylamino end-capped
oligofluorenes, OF(2)-NPhR, R = H or An and OF(n)-
NPh, n = 2–4, has been successfully synthesized by a con-
vergent approach using palladium-catalyzed Suzuki cross-
coupling. We have shown that terfluorene symmetrically
end-capped with diphenylamino groups, OF(3)-NPh, pos-
sesses the optimal conjugated length for optical and lumi-


Figure 4. a) EL spectra of OF(2)-NPhR- and OF(2)-NPh-based devices
and b) luminance–voltage plots of OF(2)-NPhR- and OF(2)-NPh-based
devices. The inset shows plots of external efficiency versus voltage.


Figure 5. PL spectra of a) OF(2)-NPh and b) OF(3)-NPh, as well as EL
spectra of the corresponding OLEDs.
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nescence properties in this series. The diphenylamino end-
caps do not perturb the planarity or alter the highly fluores-
cent nature of the oligofluorene backbone, although the ab-
sorption and emission spectra are red-shifted (20–50 nm).
Furthermore, the presence of diphenylamino end-caps
lowers the first ionization potential (raises the HOMO level
of oligofluorenes to ~5.15 eV), as estimated by cyclic vol-
tammetry experiments, which greatly reduces the energy
barrier for hole injection from ITO to the emissive oligo-
fluorenes. Diphenylamino end-capped oligofluorenes show
enhanced thermal stability and exhibit superior amorphous
morphological stability as compared to those of the corre-
sponding unsubstituted counterparts. Remarkably, undoped
OF(n)-NPh-based multilayer OLEDs exhibit excellent
device performance and color chromaticity. Depending on
the hole-blocking material used (i.e. , PBD or 1,3,5-tris(4-flu-
orobiphenyl-4’-yl)benzene (F-TBB)), the OF(2)-NPh-based
devices exhibited a maximum luminance of 1000–
6000 cd m�2 and a luminance efficiency up to 0.8–1.1 cd A�1,


whereas the OF(3)-NPh-based device exhibited a maximum
luminance of 700–7500 cd m�2 and a luminance efficiency up
to 1.8–2.2 cd A�1. Our findings provide a useful alternative
approach to the design of stable and efficient blue-emissive
materials.


Experimental Section


EL device fabrication and testing : ITO-glass substrates (15 W m�2) were
patterned by applying conventional photolithography techniques with an
acid mixture of HCl and HNO3 as the etchant. The active area of each
EL device was 1 � 5 mm2. All organic layers were thermally deposited in
a vacuum chamber at a base pressure of 2 � 10�7 Torr. Typically, a diphe-
nylamino end-capped oligofluorene (OF(n)-NPh), functioning as a hole-
transport emissive layer (40 nm), was first deposited on a patterned ITO
substrate. A hole-blocking layer (F-TBB, 20 nm) was then vacuum-depos-
ited on top of the oligofluorene layer, followed by the deposition of an
Alq3 thin film (20 nm). The device fabrication was completed by the
evaporation of LiF (1 nm) and the Al cathode (100 nm). A film of PBD
(40 nm) was used to replace the F-TBB (20 nm) and Alq3 (20 nm) in
some devices for comparison purposes. The devices were tested in air
under ambient conditions with no encapsulation. EL spectra, device lu-
minances, and current–voltage characteristics were recorded using a com-
bination of a Photo Research PR-650 SpectraScan and a Keithley 238
Source meter.


9,9-Bis(n-butyl)fluorene (1): A mixture of fluorene (16.6 g, 0.1 mol), n-
butyl iodide (40 g, 0.22 mol), and sodium hydroxide (12 g, 0.3 mol) in
DMSO (120 mL) was stirred overnight at 90 8C under an inert atmos-
phere. After cooling to room temperature, the solution was poured into
cold water and the resulting mixture was extracted with dichloromethane
(3 � 50 mL). The combined organic layers were washed with water, dried
over anhydrous sodium sulfate, filtered, and concentrated to dryness. The
crude product was then purified by column chromatography on silica gel
using petroleum ether as eluent to afford the desired product as a color-
less solid (23 g, 82% yield). 1H NMR (400 MHz, CDCl3, 25 8C): d =


7.70–7.69 (m, 2H; ArH), 7.28–7.33 (m, 6 H; ArH), 1.94–1.98 (m, 4H;
CH2), 1.03–1.09 (m, 4 H; CH2), 0.66 (t, J (H,H) = 7.4 Hz, 6H; CH3),
0.54–0.62 ppm (m, 4H; CH2); 13C NMR (100 MHz, CDCl3, 25 8C): d =


150.6, 141.1, 127.0, 126.7, 122.8, 119.6, 54.9, 40.2, 25.9, 23.0, 13.8 ppm; MS
(FAB): m/z : 280.2 [M+].


9,9-Bis(n-butyl)-2-bromofluorene (2): A mixture of 9,9-bis(n-butyl)fluor-
ene (13 g, 46 mmol) and NBS (8.25 g, 46 mmol) in acetone (50 mL) was
stirred under nitrogen at 80 8C for 3 h. After cooling to room tempera-
ture, the solution was poured into cold water and the resulting mixture
was extracted with dichloromethane (3 � 50 mL). The combined organic
layers were washed with water, dried over anhydrous sodium sulfate, fil-
tered, and concentrated to dryness. The crude product was purified by
short-column chromatography on silica gel using petroleum ether as
eluent to afford the desired product as a colorless solid (15.78 g, 96%
yield). 1H NMR (400 MHz, CDCl3, 25 8C): d = 7.64–7.66 (m, 1H; ArH),
7.50–7.55 (m, 1H; ArH), 7.42–7.45 (m, 2 H; ArH), 7.31–7.33 (m, 3H;
ArH), 1.89–1.98 (m, 4H; CH2), 1.02–1.10 (m, 4H; CH2), 0.67 (t, J(H,H)
= 7.4 Hz, 6H; CH3), 0.51–0.62 ppm (m, 4H; CH2); 13C NMR (100 MHz,
CDCl3, 25 8C): d = 152.9, 150.3, 140.1, 140.0, 129.9, 127.4, 126.9, 126.7,
126.1, 122.9, 121.0, 119.7, 55.3, 40.1, 25.8, 23.0, 13.8 ppm; MS (FAB): m/z :
359.5 [M+].


9,9-Bis(n-butyl)-2-bromo-7-iodofluorene (3): A mixture of 9,9-bis(n-
butyl)-2-bromofluorene (15.4 g, 43 mmol), iodine (6.5 g, 25.8 mmol), con-
centrated sulfuric acid (2.3 mL), periodic acid (1.7 g, 25.8 mmol), and
water (7.7 mL) in glacial acetic acid (74 mL) was stirred at 50 8C for 4 h.
After cooling to room temperature, the solution was poured into ice-
cooled water containing a large amount of sodium sulfite and the result-
ing mixture was extracted with dichloromethane (3 � 50 mL). The com-
bined organic phases were washed twice with water, dried over anhy-
drous sodium sulfate, and concentrated to dryness. The crude product


Figure 6. Luminance–voltage plots of a) OF(2)-NPh- and b) OF(3)-NPh-
based devices. The inset shows plots of external efficiency versus voltage.
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was purified by short-column chromatography on silica gel using petrole-
um ether as eluent to yield the desired product as a light-yellow solid
(20.3 g, 97 % yield). 1H NMR (400 MHz, CDCl3, 25 8C): d = 7.62–7.65
(m, 2 H; ArH), 7.49–7.51 (m, 1 H; ArH), 7.38–7.44 (m, 3 H; ArH), 1.86–
1.91(m, 4 H; CH2), 1.02–1.11 (m, 4 H; CH2), 0.67 (t, J(H,H) = 7.2 Hz,
6H; CH3), 0.50–0.58 ppm (m, 4 H; CH2); 13C NMR (100 MHz, CDCl3,
25 8C): d = 152.7, 152.5, 152.3, 139.7, 139.1, 136.0, 132.1, 132.1, 132.0,
130.1, 130.1, 126.1, 121.5, 121.2, 93.0, 55.5, 40.0, 25.8, 22.9, 13.8 ppm; MS
(FAB): m/z : 485.5 [M+].


9,9-Bis(n-butyl)-7-bromo-2-diphenylaminofluorene (4): A mixture of 9,9-
bis(n-butyl)-2-bromo-7-iodofluorene (10.0 g, 20.6 mmol), diphenylamine
(4.2 g, 24.7 mmol), copper bronze (0.7 g, 11 mmol), and potassium car-
bonate (11 g, 82.4 mmol) in triglyme (50 mL) was stirred under an inert
atmosphere at 190–200 8C for 24 h. After cooling to room temperature,
the solution was poured into cold water and the resulting mixture was ex-
tracted with dichloromethane (3 � 50 mL). The combined organic phases
were washed with water, dried over anhydrous sodium sulfate, and con-
centrated to dryness. The crude product was purified by short-column
chromatography on silica gel using petroleum ether as eluent to afford
the desired product as a white solid (5.8 g, 54 % yield), along with 2,7-
bis(diphenylamino)-9,9-di(n-butyl)fluorene as a white solid (2.0 g, 26%).
1H NMR (400 MHz, CDCl3, 25 8C): d = 7.38–7.51 (m, 4 H; ArH), 7.21–
7.25 (m, 4 H; ArH), 7.06–7.11 (m, 5 H; ArH), 6.98–7.01 (m, 3 H; ArH),
1.79–1.83 (m, 4 H; CH2), 1.02–1.09 (m, 4H; CH2), 0.69 (t, J(H,H) =


7.4 Hz, 6 H; CH3), 0.58–0.64 ppm (m, 4H; CH2); 13C NMR (100 MHz,
CDCl3, 25 8C): d = 152.8, 151.7, 147.9, 147.5, 140.0, 135.0, 129.9, 129.2,
126.0, 123.9, 123.3, 122.6, 120.4, 120.1, 119.0, 55.2, 39.9, 25.9, 22.9,
13.8 ppm; MS (FAB): m/z : 525.4 [M++H].


9,9-Bis(n-butyl)-2-diphenylamino-7-fluorenylboronic acid (5): A 100-mL
two-necked flask was charged with a solution of 9,9-bis(n-butyl)-7-
bromo-2-diphenylaminofluorene (1.3 g, 2.47 mmol) in dry THF (20 mL)
and a magnetic stirrer bar. The solution was cooled to �78 8C by immers-
ing the flask in an acetone/dry ice bath, whereupon nBuLi (1.5 m, 2.3 mL,
3.71 mmol) was added under nitrogen atmosphere while maintaining
good stirring. After stirring for 1 h, trimethyl borate (0.4 mL, 3.71 mmol)
was added. After stirring for a further 2 h, the reaction mixture was first
quenched with water and then 6 m HCl was added in a dropwise fashion
until an acidic solution was obtained. The resulting mixture was poured
into water and extracted with dichloromethane (3 � 50 mL). The com-
bined organic layers were dried over anhydrous Na2SO4 and concentrated
to dryness. The crude product was then purified by column chromatogra-
phy on silica gel using CH2Cl2/EtOAc as eluent to afford the desired bor-
onic acid as a light-yellow solid (976 mg, 81% yield). 1H NMR
(400 MHz, [D6]DMSO, 25 8C): d = 8.02 (s, 2 H; OH), 7.79 (s, 1H; ArH),
7.75 (d, J(H,H) = 7.6 Hz, 1 H; ArH), 7.70 (d, J(H,H) = 8.0 Hz, 1H,
ArH), 7.65 (d, J(H,H) = 8.4 Hz, 1 H), 7.26 (t, J(H,H) = 7.4 Hz, 4H;
ArH), 7.08 (s, 1H; ArH), 7.00 (d, J(H,H) = 8.0 Hz, 6H; ArH), 6.92 (d,
J(H,H) = 8.0 Hz, 1 H; ArH), 1.83–1.85 (m, 4H; CH2), 0.99–1.03 (m, 4 H;
CH2), 0.63 (t, J(H,H) = 7.4 Hz, 6H; CH3), 0.49–0.55 ppm (m, 4 H; CH2);
13C NMR (100 MHz, CDCl3, 25 8C): d = 153.1, 150.0, 147.9, 145.3, 135.6,
134.7, 129.4, 129.2, 124.0, 123.9, 123.2, 122.7, 121.1, 119.0, 118.6, 54.9,
39.9, 26.0, 23.0, 13.8 ppm; MS (FAB): m/z : 489.7 [M+].


2,2’-Bis(diphenylamino)bis[9,9-bis(n-butyl)fluorene], OF(2)-NPh : A 100-
mL round-bottomed flask was charged with a mixture of 9,9-bis(n-butyl)-
7-bromo-2-diphenylaminofluorene (262 mg, 0.50 mmol), 9,9-bis(n-butyl)-
2-diphenylamino-7-fluorenylboronic acid (347 mg, 0.70 mmol), Pd(OAc)2


(11 mg, 5 mol %), and tri(o-tolyl)phosphine (30 mg, 10 mol %), which was
taken up in toluene (20 mL), methanol (10 mL), and 2m aqueous K2CO3


solution (2 mL). The reaction mixture was stirred overnight at 75 8C
under a nitrogen atmosphere. After cooling to room temperature, it was
poured into cold water and the resulting mixture was extracted with di-
chloromethane (3 � 50 mL). The combined organic layers were dried over
anhydrous Na2SO4 and concentrated to dryness. The crude product was
purified by column chromatography on silica gel using petroleum ether/
dichloromethane (6:1, v/v) as eluent to afford the desired product as a
yellow solid (414 mg, 93 % yield). 1H NMR (400 MHz, CDCl3, 25 8C): d


= 7.69 (d, J(H,H) = 7.6 Hz, 2H; ArH), 7.63 (d, J(H,H) = 8.0 Hz, 2H;
ArH), 7.59–7.61 (m, 4H; ArH), 7.27 (d, J(H,H) = 8.0 Hz, 8 H; ArH),


7.15 (d, J(H,H) = 7.6 Hz, 10 H; ArH), 7.00–7.06 (m, 6 H; ArH), 1.88–
1.99 (m, 8H; CH2), 1.07–1.15 (m, 8H; CH2), 0.73 ppm (t, J(H,H) =


7.4 Hz, 20H; CH2CH3); 13C NMR (100 MHz, CDCl3, 25 8C): d = 119.3,
152.4, 151.4, 148.0, 147.1, 140.0, 139.6, 136.0, 129.1, 125.9, 123.8, 123.5,
122.5, 121.0, 120.3, 119.4, 55.1, 40.0, 26.1, 23.0, 13.9 ppm; MS (FAB): m/z :
889.0 [M+]; elemental analysis calcd (%) for C66H68N2 (888.5382): C
89.14, H 7.71, N 3.15; found: C 88.82, H 7.72, N 3.29.


2-(Diphenylamino)bis[9,9-bis(n-butyl)fluorene], OF(2)-NPhH : The
Suzuki coupling procedure described above was followed using 9,9-bis(n-
butyl)-2-bromofluorene (359 mg, 1 mmol) and 9,9-bis(n-butyl)-2-dipheny-
lamino-7-fluorenylboronic acid (489 mg, 1 mmol). The crude product was
purified by column chromatography on silica gel using petroleum ether/
dichloromethane (6:1, v/v) as eluent to afford a light-yellow solid
(549 mg, 76 % yield). 1H NMR (400 MHz, CDCl3, 25 8C): d = 7.80 (d, J-
(H,H) = 7.60 Hz, 1 H; ArH), 7.76 (d, J(H,H) = 7.20 Hz, 1H; ArH), 7.72
(d, J(H,H) = 8.40 Hz, 1H; ArH), 7.69–7.61 (m, 5 H; ArH), 7.40–7.33 (m,
3H; ArH), 7.28 (t, J(H,H) = 7.20 Hz, 4 H; ArH), 7.17 (d, J(H,H) =


7.60 Hz, 5 H; ArH), 7.09–7.02 (m, 3H; ArH), 2.08–1.92 (m, 8H; CH2),
1.16–1.09 (m, 8 H; CH2), 0.77–0.70 ppm (m, 20 H; CH2CH3); 13C NMR
(100 MHz, CDCl3, 25 8C): d = 152.4, 151.4, 151.3, 150.9, 148.0, 147.1,
140.8, 140.4, 140.2, 140.1, 139.6, 135.9, 129.1, 126.9, 126.8, 126.0, 125.9,
123.8, 123.5, 122.9, 122.5, 121.2, 121.1, 120.4, 119.9, 119.7, 119.4, 119.3,
55.1, 40.2, 40.0, 26.1, 26.0, 23.1, 23.0, 13.9, 13.8 ppm; MS (FAB): m/z =


722.0 [M+]; elemental analysis calcd (%) for C54H59N (721.4647): C
89.82, H 8.24, N 1.94; found: C 89.98, H 8.30, N 1.89.


9,9-Bis(n-butyl)-7-(9’-anthryl)-2-bromofluorene (7): The Suzuki coupling
procedure described above was followed using 9,9-bis(n-butyl)-2-bromo-
7-iodofluorene (971 mg, 2 mmol) and 9-anthrylboronic acid (444 mg,
2 mmol). The crude product was purified by column chromatography on
silica gel using petroleum ether as eluent to afford a light-yellow solid
(480 mg, 45% yield) and the di-coupling product in 35 % yield. 1H NMR
(400 MHz, CDCl3, 25 8C): d = 8.51 (s, 1H; ArH), 8.06 (d, J(H,H) =


8.40 Hz, 2 H; ArH), 7.87 (d, J(H,H) = 8.40 Hz, 1H; ArH), 7.72 (t, J-
(H,H) = 4.40 Hz, 2H; ArH), 7.66 (d, J(H,H) = 8.80 Hz, 1H; ArH),
7.52–7.32 (m, 8H; ArH), 1.99–1.95 (m, 4 H; CH2), 1.15–1.06 (m, 4 H;
CH2), 0.78–0.67 ppm (m, 10H; CH2CH3); 13C NMR (100 MHz, CDCl3;
25 8C): d = 152.9, 150.3, 140.1, 140.0, 138.3, 138.0, 136.4, 131.8, 131.3,
130.1, 129.8, 127.4, 126.9, 126.1, 126.0, 122.8, 121.1, 121.0, 120.9, 119.7,
55.2, 40.1, 25.8, 22.9, 13.8 ppm; MS (FAB): m/z : 534.5 [M++H].


9-[7-(2’-Diphenylamino-bi(9,9-bis(n-butyl)fluorene))-yl]anthracene,
OF(2)-NPhAn : The Suzuki coupling procedure described above was fol-
lowed using 9,9-bis(n-butyl)-7-(9’-anthryl)-2-bromofluorene (267 mg,
0.5 mmol) and 9,9-bis(n-butyl)-2-diphenylamino-7-fluorenylboronic acid
(367 mg, 0.75 mmol). The crude product was purified by column chroma-
tography on silica gel using petroleum ether/dichloromethane (6:1, v/v)
as eluent to afford a yellow solid (251 mg, 56% yield). 1H NMR
(400 MHz, CDCl3, 25 8C): d = 8.52 (s, 1H; ArH), 8.07 (d, J(H,H) =


8.0 Hz, 2 H; ArH), 7.94 (d, J(H,H) = 7.60 Hz, 1H; ArH), 7.88 (d, J-
(H,H) = 7.60 Hz, 1H; ArH), 7.79 (d, J(H,H) = 9.20 Hz, 2H; ArH),
7.73–7.67 (m, 3 H; ArH), 7.63 (s, 1 H; ArH), 7.60 (d, J(H,H) = 8.40 Hz,
2H; ArH), 7.49–7.42 (m, 4H; ArH), 7.36 (dd, J(H,H) = 7.60 Hz, 2 H;
ArH), 7.26 (d, J(H,H) = 7.60 Hz, 4 H; ArH), 7.16 (s, 5H; ArH), 7.06–
7.01 (m, 3H; ArH), 2.08–1.91 (m, 8H; CH2), 1.16–1.09 (m, 8 H; CH2),
0.76–0.70 ppm (m, 20H; CH2CH3); 13C NMR (100 MHz, CDCl3, 25 8C): d


= 152.3, 151.6, 151.3, 151.0, 147.9, 147.1, 140.5, 140.1, 140.0, 137.9, 137.5,
137.2, 136.7, 131.3, 130.2, 129.9, 129.1, 128.3, 126.8, 126.4, 126.1, 126.0,
125.2, 125.0, 123.8, 122.4, 121.2, 120.3, 119.9, 119.5, 119.3, 55.3, 55.2, 40.2,
40.1, 26.3, 26.2, 23.1, 23.0, 14.2, 14.0 ppm; MS (FAB): m/z : 898.0 [M+];
elemental analysis calcd (%) for C68H67N (897.5273): C 90.92, H 7.52, N
1.56; found: C 91.25, H 7.68, N 1.65.


2,2’’-Bis(diphenylamino)tris[9,9-bis(n-butyl)fluorene], OF(3)-NPh : The
Suzuki coupling procedure described above was followed using 9,9-bis(n-
butyl)-2-bromo-7-iodofluorene (734 mg, 1.5 mmol) and 9,9-bis(n-butyl)-2-
diphenylamino-7-fluorenylboronic acid (2.20 g, 4.5 mmol). The crude
product was purified by column chromatography on silica gel using pe-
troleum ether/dichloromethane (6:1, v/v) as eluent to afford a light-
yellow solid (944 mg, 81 % yield). 1H NMR (400 MHz, CDCl3, 25 8C): d


= 7.80 (d, J(H,H) = 8.0 Hz, 2H; ArH), 7.63–7.70 (m, 8H; ArH), 7.58–
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7.60 (m, 4 H; ArH), 7.25 (d, J(H,H) = 8.0 Hz, 8H; ArH), 7.14 (d, J-
(H,H) = 7.6 Hz, 10H; ArH), 6.99–7.05 (m, 6 H; ArH), 2.09–2.11 (m,
4H; CH2), 1.90–1.98 (m, 8H; CH2), 1.10–1.18 (m, 12H; CH2), 0.71–
0.75 ppm (m, 30H; CH2CH3); 13C NMR (100 MHz, CDCl3, 25 8C): d =


152.4, 151.7, 151.4, 148.0, 147.1, 140.4, 140.2, 139.9, 139.6, 135.9, 129.1,
126.0, 123.8, 123.5, 122.5, 121.3, 121.2, 120.4, 119.9, 119.4, 119.3, 55.2,
55.1, 40.2, 40.0, 26.1, 23.1, 23.0, 13.9, 13.8 ppm; MS (FAB): m/z : 1165.4
[M+]; elemental analysis calcd (%) for C87H92N2 (1164.7260): C 89.64, H
7.95, N 2.41; found: C 89.40, H 8.15, N 2.65.


9,9-Bis(n-butyl)-2-fluorenylboronic acid (8): The procedure described for
5 was followed by using 9,9-bis(n-butyl)-2-bromofluorene (7.9 g,
22 mmol), nBuLi (16.5 mL, 26.4 mmol), and trimethyl borate (3.0 mL,
26.4 mmol), affording a light-yellow solid in an isolated yield of 81 %. 1H
NMR (400 MHz, [D6]DMSO, 25 8C): d = 8.05 (s, 2 H; OH), 7.83 (s, 1H;
ArH), 7.74–7.81 (m, 3H; ArH), 7.42–7.44 (m, 1H; ArH), 7.31–7.33 (m,
2H; ArH), 1.95–1.98 (m, 4H; CH2), 0.98–1.04 (m, 4H; CH2), 0.60 (t, J-
(H,H) = 7.4 Hz, 6 H; CH3), 0.43–0.48 ppm (m, 4 H; CH2); 13C NMR
(100 MHz, [D6]DMSO, 25 8C): d = 150.6, 148.9, 142.4, 140.5, 133.0, 128.3,
127.5, 126.8, 122.9, 121.1, 118.8, 54.3, 40.1, 25.8, 22.5, 13.8 ppm.


Bis[9,9-bis(n-butyl)fluorene] (9): The Suzuki coupling procedure de-
scribed above was followed using 2-bromo-9,9-bis(n-butyl)fluorene (1.0 g,
2.78 mmol), 9,9-bis(n-butyl)-2-fluorenylboronic acid (897 mg, 2.78 mmol),
Pd(OAc)2 (31 mg, 5 mol %), and tri(o-tolyl)phosphine (85 mg, 10 mol %).
The crude product was purified by column chromatography on silica gel
using petroleum ether as eluent to afford the desired product as a white
solid (1.02 g, 76 % yield). 1H NMR (400 MHz, CDCl3, 25 8C): d = 7.71–
7.78 (m, 4 H; ArH), 7.61–7.65 (m, 4 H; ArH), 7.32–7.36 (m, 6 H; ArH),
1.99–2.06 (m, 8 H; CH2), 1.06–1.14 (m, 8 H; CH2), 0.64–0.71 ppm (m,
20H; CH2CH3); 13C NMR (100 MHz, CDCl3, 25 8C): d = 151.3, 150.8,
140.6, 140.3, 140.2, 126.9, 126.7, 125.9, 122.8, 121.2, 119.8, 119.6, 55.1,
40.3, 26.1, 23.2, 13.9 ppm; MS (FAB): m/z : 554.6 [M+]; elemental analy-
sis calcd (%) for C42H50 (554.3912): C 90.92, H 9.08; found: C 90.73, H
8.98.


2,2’-Diiodo-bis[9,9-bis(n-butyl)fluorene] (10): The iodination procedure
described for the preparation of 3 was followed using bis[9,9-bis(n-butyl)-
2-bromofluorene] (816 mg, 1.47 mmol), iodine (410 mg, 1.62 mmol), con-
centrated sulfuric acid (2.0 mL), water (2.0 mL), and periodic acid
(456 mg, 1.62 mmol). The crude product was purified by column chroma-
tography on silica gel using petroleum ether as eluent to afford the de-
sired product as a white solid (1.01 g, 86 % yield). 1H NMR (400 MHz,
CDCl3, 25 8C): d = 7.74 (d, J(H,H) = 8.0 Hz, 2H; ArH), 7.61–7.68 (m,
6H; ArH), 7.57 (s, 2H; ArH), 7.47 (d, J(H,H) = 8.4 Hz, 2H; ArH),
1.92–2.06 (m, 8 H; CH2), 1.06–1.15 (m, 8 H; CH2), 0.61–0.71 ppm (m,
20H; CH2CH3); 13C NMR (100 MHz, CDCl3, 25 8C): d = 153.4, 150.9,
140.8, 140.3, 139.4, 135.9, 132.1, 126.2, 121.5, 121.3, 120.1, 92.5, 55.3, 40.1,
25.9, 23.0, 13.8 ppm; MS (FAB): m/z : 806.5 [M+].


2,2’’-Bis(diphenylamino)tetrakis[9,9-bis(n-butyl)fluorene] , OF(4)-NPh :
The Suzuki coupling procedure described above was followed using 9,9-
bis(n-butyl)-2-diphenylamino-7-fluorenylboronic acid (367 mg,
0.75 mmol) and 2,2’-diiodo-bis[9,9-bis(n-butyl)fluorene] (202 mg,
0.25 mmol). The crude product was purified by column chromatography
on silica gel using petroleum ether/dichloromethane (4:1, v/v) as eluent
to afford a light-yellow solid (230 mg, 64% yield). 1H NMR (400 MHz,
CDCl3, 25 8C): d = 7.79–7.82 (m, 4 H; ArH), 7.63–7.70 (m, 12H; ArH),
7.58–7.60 (m, 4H; ArH), 7.23–7.26 (m, 8H; ArH), 7.12–7.14 (m, 10H;
ArH), 6.98–7.05 (m, 6 H; ArH), 2.08–2.12 (m, 8 H; CH2), 1.88–1.96 (m,
8H; CH2), 1.07–1.17 (m, 16H; CH2), 0.70–0.77 ppm (m, 40H; CH2CH3);
13C NMR (100 MHz, CDCl3, 25 8C): d = 152.4, 151.8, 151.4, 148.0, 147.1,
140.4, 140.3, 140.2, 140.0, 139.9, 139.6, 135.9, 129.1, 126.1, 126.0, 123.8,
123.5, 122.5, 121.4, 121.3, 121.2, 120.4, 119.9, 119.4, 55.2, 55.1, 40.2, 40.0,
26.1, 23.1, 23.0, 13.9, 13.8 ppm; MS (FAB): m/z : 1442.1 [M+]; elemental
analysis calcd (%) for C108H116N2 (1440.9138): C 89.95, H 8.11, N 1.94;
found: C 89.89, H 8.26, N 2.19.


Acknowledgements


This work was supported by Earmarked Research Grant (HKBU2051/
01P) from the Research Grants Council, Hong Kong SAR, China. We
gratefully acknowledge Dr. K.K. Shiu for his advice on the cyclic voltam-
metric measurements.


[1] R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burroughes, R. N.
Marks, C. Taliani, D. D. C. Bradley, D. A. Dos Santos, J. L. Br�das,
M. Lçgdlund, W. R. Salaneck, Nature 1999, 397, 121 – 128.


[2] J. L. Segura, N. Martin, J. Mater. Chem. 2000, 10, 2403 – 2453.
[3] K. Okumoyo, Y. Shirota, Appl. Phys. Lett. 2001, 79, 1231 –1233.
[4] J. Shi, C. W. Tang, Appl. Phys. Lett. 2002, 80, 3201 –3203.
[5] Y. Geng, S. W. Culligan, A. Trajkovska, J. U. Wallace, S. H. Chen,


Chem. Mater. 2003, 15, 542 –549.
[6] S. W. Culligan, Y. Geng, S. H. Chen, K. Klubek, K. M. Vaeth, C. W.


Tang, Adv. Mater. 2003, 15, 1176 –1179.
[7] K.-T. Wong, Y.-Y. Chien, R.-T. Chen, C.-F. Wang, Y.-T. Lin, H.-H.


Chiang, P.-Y. Hsieh, C.-C. Wu, C. H. Chou, Y. O. Su, G.-H. Lee, S.-
M. Peng, J. Am. Chem. Soc. 2002, 124, 11576 –11577.


[8] M. Grell, D. D. C. Bradley, M. Inbasekaran, E. P. Woo, Adv. Mater.
1997, 9, 798 –802.


[9] G. Kl�rner, J.-Y. Lee, V. Y. Lee, E. Chan, J.-P. Chen, A. Nelson, D.
Markiewicz, R. Siemens, J. C. Scott, R. D. Miller, Chem. Mater.
1999, 11, 1800 –1805.


[10] A. Donat-Bouillud, I. L�vesque, Y. Tao, M. D’Iorio, S. Beaupr�, P.
Blondin, M. Ranger, J. Bouchard, M. Leclerc, Chem. Mater. 2000,
12, 1931 –1936.


[11] C. Ego, D. Marsitzky, S. Becker, J. Zhang, A. C. Grimsdale, K.
M�llen, M. J. D. C. Silva, R. H. Friend, J. Am. Chem. Soc. 2003, 125,
437 – 443.


[12] D. Saninova, T. Miteva, H. G. Nothofer, U. Scherf, I. Glowacki, J.
Ulanski, H. Fujikawa, D. Neher, Appl. Phys. Lett. 2000, 76, 1810 –
1812.


[13] T. Miteva, A. Meisel, W. Knoll, H. G. Nothofer, U. Scherf, D. C.
M�ller, K. Meerholz, A. Yasuda, D. Neher, Adv. Mater. 2001, 13,
565 – 570.


[14] C. Ego, A. C. Grimsdale, F. Uckert, G. Yu, G. Srdanov, K. M�llen,
Adv. Mater. 2002, 14, 809 –811.


[15] C. Adachi, K. Nagai, N. Tamoto, Appl. Phys. Lett. 1995, 66, 2679 –
2681.


[16] Y. Shirota, J. Mater. Chem. 2000, 10, 1– 25.
[17] M. S. Wong, Z. H. Li, M. F. Shek, K. H. Chow, Y. Tao, M. D’Iorio, J.


Mater. Chem. 2000, 10, 1805 –1810.
[18] M. S. Wong, Z. H. Li, Y. Tao, M. D’Iorio, Chem. Mater. 2003, 15,


1198 – 1203.
[19] C. C. Kwok, M. S. Wong, Macromolecules 2001, 34, 6821 – 6830.
[20] C. C. Kwok, M. S. Wong, Chem. Mater. 2002, 14, 3158 –3166.
[21] M. S. Wong, Z. H. Li, Pure Appl. Chem. 2004, 76, 1409 –1419.
[22] W.-L. Yu, J. Pei, W. Huang, A. J. Heeger, Adv. Mater. 2000, 12, 828 –


831.
[23] Y. Geng, D. Katsis, S. W. Culligan, J. J. Ou, S. H. Chen, L. J. Roth-


berg, Chem. Mater. 2002, 14, 463 –470.
[24] D. Katsis, Y. Geng, J. J. Ou, S. W. Culligan, A. Trajkovska, S. H.


Chen, L. J. Rothberg, Chem. Mater. 2002, 14, 1332 –1339.
[25] S. Setayesh, A. C. Grimsdale, T. Weil, V. Enkelmann, K. M�llen, F.


Meghdadi, E. J. W. List, G. Leising, J. Am. Chem. Soc. 2001, 123,
946 – 953.


[26] D. Marsitzky, R. Vestberg, P. Blainey, B. T. Tang, C. J. Hawker, K. R.
Carter, J. Am. Chem. Soc. 2001, 123, 6965 –6972.


[27] H. C. Yeh, S. J. Yeh, C. T. Chen, Chem. Commun. 2003, 2632 –2633.
[28] K. Okumoto, Y. Shirota, Chem. Mater. 2003, 15, 699 –707.


Received: November 16, 2004
Published online: March 22, 2005


Chem. Eur. J. 2005, 11, 3285 – 3293 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3293


FULL PAPERDiphenylamino End-Capped Oligofluorenes



www.chemeurj.org






Significant Enhancement of the Stille Reaction with a New Combination of
Reagents—Copper(i) Iodide with Cesium Fluoride


Simon P. H. Mee, Victor Lee, and Jack E. Baldwin*[a]


Introduction


Over the last several decades palladium-mediated coupling
reactions have proved to be indispensable in organic synthe-
sis. In particular, the Stille coupling[1] of organotin reagents
with organic electrophiles has emerged as one of the most
popular methods for carbon–carbon bond formation.[2] This
is due in large measure to the air- and moisture-stability of
the organotin substrates and the compatibility of the process
with virtually any functional group.[3]


The reaction process for the Stille coupling is not trivial
and often extensive experimentation is required to pinpoint
the optimal conditions for a given reaction. We recently en-
countered a troublesome coupling reaction in our total syn-
thesis of the proposed structure of a natural product isolated
from the red beetroot.[4] A systematic investigation to en-
hance this particular coupling reaction led to the discovery
of a new set of conditions for the Stille reaction: copper(i)
salts in combination with the fluoride ion. We have previ-
ously communicated this work[5] and herein we report the
full details of our investigation.


Our initial route to the target compound involved a
double Stille coupling in the central carbon�carbon bond
formation of the key intermediate 1 (Table 1). Originally at-
tempts were made to couple the aryl stannane 2 with 3,4-di-
bromofuran (3); however, homocoupling of the stannane 2
was the main reaction in all attempts. Homocoupling has
often been observed in Stille reactions[6] especially when


electron-withdrawing substituents are present in conjugation
with tin.[7] To overcome this problem we reversed the polari-
ties and hence the functional groups on the coupling part-
ners, which included developing a new efficient synthesis of
3,4-bis(tri-n-butylstannyl)furan (5).[8] Couplings of this furan
5 with the required aryl halide 4 gave an improved yield of
1, but the reaction was slow and was only half complete
after 15 h at 85 8C. During optimisation of this transforma-
tion, we discovered that the combination of CsF and CuI in
DMF greatly enhanced this reaction, affording 92 % of the
desired product 1 after just 2 h at 40 8C (Table 1).


Both copper(i) salts[9–14] and fluoride sources[15–19] have
been used previously to promote Stille reactions, but until


Keywords: C�C coupling · cesium
fluoride · copper(i) iodide ·
palladium · Stille coupling


Abstract: The combination of copper(i) iodide and cesium fluoride significantly
enhances the Stille reaction. After extensive optimisation, a variety of electronical-
ly unfavourable and sterically hindered substrates were coupled in very high yields
under mild conditions.


[a] S. P. H. Mee, Dr. V. Lee, Prof. J. E. Baldwin
Chemistry Research Laboratory, University of Oxford
Mansfield Road, Oxford OX1 3TA (UK)
Fax: (+44) 186-527-5632
E-mail : jack.baldwin@chem.ox.ac.uk


Table 1. Optimisation of the double Stille coupling leading to the devel-
opment of a new set of conditions for the Stille reaction.


Entry Reagents Conditions Yield
Temp
[8C]


time
[h]


[%][a]


1 2, 3, [Pd(PPh3)4], CuBr, THF 50 5 10
2 4, 5, [Pd(PPh3)4], CuBr, THF 50 15 30
3 4, 5, [Pd2(dba)3], AsPh3, CuBr, THF 85 15 55
4 4, 5, [Pd(PPh3)4], CuI, CsF, DMF 40 2 92


[a] Isolated yield of 1.
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now there have been no reports of a Stille reaction that em-
ploys both reagents at the same time.


The Stille mechanism : The generally accepted mechanism
for the Stille reaction[20] involves oxidative addition of Pd0


into the aryl halide (or triflate) bond, transmetallation of
the organotin reagent followed by reductive elimination to
form the sp2�sp2 bond and regenerate the catalytic Pd0 spe-
cies (Scheme 1).


The transmetallation step is generally assumed to be rate-
limiting[21] and requires the substitution of a ligand at palla-
dium by R2.[22] This requirement has promoted attempts to
facilitate the removal of a ligand from the palladium(ii) spe-
cies, which has been the main thrust of efforts to enhance
the Stille reaction. Much of this effort involves “ligand tai-
loring”, where particular properties of the ligand are pro-
posed to encourage dissociation. The rationalisation for the
observed rate increase with AsPh3 as compared to PPh3 is
the lower Pd�As bond enthalpy, which allows AsPh3 to dis-
sociate more easily than PPh3, enhancing the transmetalla-
tion.[22]


Copper(i) in the Stille reaction : The first mention of cop-
per(i) being used in a Stille reaction was by Marino et al., al-
though no emphasis was drawn to it.[9] Subsequently Liebes-
kind et al. highlighted that CuI, as a co-catalyst to [Pd-
(PPh3)2Cl2], enhanced Stille couplings of a range of io-
dides.[10] Mention was made of a preliminary transmetalla-
tion from the organostannane to a more reactive
organocopper intermediate as a possible mechanistic explan-
ation. It is well known that the Sonogashira[23] coupling of
alkynes with aryl and vinyl halides is co-catalysed by cop-
per(i) and it is often presumed that the role of copper(i) is
to form a copper acetylide species.[24] However another
mechanistic explanation for the role of copper(i) was given
by Hobbs et al. , who observed that a palladium to copper
ratio of 1:2 was the most effective when using [Pd(PPh3)4] in
Sonagashira couplings.[25] They suggested that copper(i)
might facilitate removal of PPh3 from palladium, resulting
in a more reactive catalyst. Liebeskind and Farina et al.
later examined the “copper effect” on the Stille reaction
more thoroughly and proposed that both mechanistic ex-


planations could be valid, depending on the conditions of
the reaction.[13]


With ethereal solvents they suggested that the copper
effect could be explained by the “ligand association” mecha-
nism (Scheme 2). In this proposal, the active species is
formed by loss of a ligand from the initial palladium(ii) spe-
cies (A) that is generated after oxidative addition. The role
of copper(i) is to facilitate this loss of ligand by coordination
to the excess ligand in solution, which otherwise causes au-
toretardation of the required ligand loss.


Recently Espinet et al. carried out kinetic studies relating
to the above mechanistic proposal.[12,26] In one report[26] they
suggest that the transmetallation does not actually involve a
dissociative mechanism as outlined above, but a more “SN2-
type” mechanism with a cyclic associative transition state
TS(A) involving the active palladium(ii) species PdR1L2X,
or an open associative transition state TS(B) involving
PdR1 L2Y, depending on the conditions (Figure 1).


The autoretardation effect of excess ligand (the basis of
Liebeskind and Farina�s proposed disassociative mechanism
in Scheme 2) is still accommodated with Espinet�s associa-
tive pathways. Another study by Espinet et al. attempted a
quantitative evaluation of the “copper effect” in THF.[12]


Their report shows that the rate-enhancing effect of CuI is
linked to the autoretardation effect caused by the release of
two equivalents of ligand when PdL4 undergoes oxidative
addition to afford PdRL2X. They concluded that CuI coordi-
nates to “free” ligand, but does not directly promote the dis-
sociation of ligand from the palladium(ii) species. They also
pointed out that the effect revealed in their study (con-


Scheme 1. A simplified outline of the Stille reaction mechanism.


Scheme 2. The “ligand association” mechanistic explanation for the
copper effect.


Figure 1. Espinet�s proposed associative transition states for transmetalla-
tion.
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ducted in THF) is not the only proposed role of copper salts
and that a Sn/Cu transmetallation mechanism may also op-
erate.[10,13]


This Sn/Cu “preliminary transmetallation” mechanism
was suggested by Liebeskind and Farina et al. to operate in
highly polar solvents and in the absence of strong ligand
donors like PPh3


[13] (Scheme 3).


Liebeskind and Farina et al. observed that Stille couplings
with CuI that were carried out in the highly polar solvent
NMP displayed kinetics that was not first-order. This is in
contrast to the equivalent reaction performed in dioxane,
which showed first-order kinetics. Although this change in
kinetics could be attributable to catalyst decomposition, it
can also be due to a succession of two transmetallations.
This study also included 119Sn NMR experiments, which dis-
closed that in highly polar solvents such as NMP and DMF,
CuI reacts with vinyltributyltin and phenyltributyltin to pro-
duce Bu3SnI and presumably the corresponding organocop-
per species. Another observation that could support a Sn/Cu
transmetallation mechanism is that addition of CuI affects
the group transfer selectivity from the organostannane, and
that this selectivity occurs during the transmetallation step
of the catalytic cycle.[13]


Tin to copper transmetallation has also been suggested in
other studies utilising organostannanes in conjunction with
copper.[27–30] In particular, couplings of organostannanes with
organohalides can be mediated by copper salts alone,[28–30]


indicating that a transmetallation from the organostannane
to a copper species has taken place. However it remains un-
clear whether this involves CuX or the copper complex
comprising the organohalide–RCuX2.


Fluoride in the Stille reaction : The use of fluoride in the
Stille reaction was first reported by Stille himself in the cou-
pling of vinyl triflates.[15] The observation was made that tet-
rabutylammonium fluoride (TBAF) enhanced the reaction.
More recently fluoride has been used as an additive in the
Stille reaction based on the rationale that it could coordi-
nate to the organotin reagent, due to the well-known fluoro-
philicity of tin,[31] creating a hypervalent organotin species.
This hypervalent tin species should then be more nucleo-
philic, thus facilitating the transmetallation. Preformed hy-
percoordinate species[16] have also been used in these studies
in addition to in situ formation with TBAF.[17] Recently CsF


has been used to enhance the coupling of aryl chlorides[18]


and couplings involving alkynes.[19]


Copper(i) and fluoride combined : Our rationale for combin-
ing fluoride with copper(i) began with consideration of the
possible role of copper(i) in the Stille reaction. As outlined
above, one mechanistic model for the acceleration afforded
by copper(i) is that copper(i) takes part in a preliminary
transmetallation with the organotin reagent, producing a
more reactive organocopper intermediate. If this process
does take place one could propose that the two organome-
tallic reagents would be in equilibrium—particularly when
iodides, bromides or triflates are used. Such an equilibrium
would be shifted unfavourably towards the organotin sub-
strate as concentrations of Bu3SnX increased, retarding the
effect of copper(i) on the reaction. In a copper only-cata-
lysed coupling of organostannanes and alkenyl iodides, Lie-
beskind et al. observed that the reaction rate was initially
fast and then slowed considerably as the reaction approach-
ed 50 % completion.[32] The addition of one equivalent of
Bu3SnCl prevented reaction altogether. These observations
are consistent with the proposal of a preliminary transmetal-
lation from tin to copper that is inhibited by increasing con-
centrations of Bu3SnX.


If this “preliminary transmetallation” is taking place, we
hypothesised that the presence of fluoride might drive the
equilibrium towards the more reactive organocopper inter-
mediate by removing the Bu3SnX by-product from the equi-
librium as polymeric Bu3SnF. Reaction mixtures containing
Bu3SnCl are often purified by treatment with fluoride ion
followed by filtration of the insoluble Bu3SnF that forms.[33]


Thus our rationale for using fluoride was not to hypercoor-
dinate with the organotin reagent, but to enhance the
copper effect (Scheme 4).


Results and Discussion


To investigate the effect of copper(i) and fluoride on the
Stille coupling a test reaction was chosen in which the trans-
metallation is expected to be rate-limiting. As iodides under-
go oxidative addition rapidly,[22] 4-iodotoluene (8) was se-
lected as the electrophile. An electron-deficient aryl stan-
nane should undergo transmetallation more slowly,[34] so 4-


Scheme 3. The “preliminary transmetallation” mechanistic explanation
for the copper effect.


Scheme 4. Rationalisation for combining copper(i) and fluoride in the
Stille reaction.
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(tri-n-butylstannyl)nitrobenzene (7) was chosen as the nu-
cleophile component. The stannane 7 was synthesised from
4-iodonitrobenzene 6 in 63 % yield by treatment with [Pd-
(PPh3)4] and Bu6Sn2 in toluene (Scheme 5).[35]


With the required stannane 7 in hand, a series of cou-
plings with 8 were carried out to determine the individual
effects of CsF and CuI and then the combined effect of both
additives (Table 2). Only a very small amount of product


9[36] was isolated after two hours at 40 8C using [Pd(PPh3)4]
alone, and most of the starting materials were recovered
(Table 2, Entry 1). The addition of CsF increased the yield
marginally, with most of the starting materials again being
recovered (Table 2, entry 2). When the reaction was carried
out with CuI as a co-catalyst a significant increase in yield
was observed, and the reaction was almost half complete
after two hours (Table 2, entry 3). With both CuI and CsF
present, the reaction proceeded to completion in almost
quantitative yield (Table 2, entry 4). CuI salts have been re-
ported to promote the coupling of stannanes with organic
electrophiles,[28, 30,37] so to address this possibility the reaction
was repeated using CuI, CsF, and in the absence of Pd0. No
product formation was observed demonstrating that CuI is
not directly catalysing this reaction (Table 2, entry 5). It is
clear that in the presence of palladium, CuI and CsF pro-
duce a combined effect that considerably enhances this reac-
tion.


Our working model for combining copper(i) and fluoride
outlined in Scheme 4 does provide one possible explanation
for the greatly improved reaction outcome, however the
effect observed in Table 2 does not necessarily suggest the
involvement of the alleged organocopper intermediate. It


may be that copper(i) and fluoride are operating in a differ-
ent way than that described in our working model, and it
may be that the two additives are enhancing the reaction by
more than one distinct mechanism. Detailed mechanistic
studies will be required to elucidate the precise mechanism
for the combination of copper(i) and fluoride in the Stille re-
action. Nonetheless the improvement they afford is signifi-
cant whatever the mechanistic details may be.[38] It is inter-
esting to note that CsF is used as a base in Suzuki coupling
reaction,[39] while the palladium-catalysed coupling between
cyclic silyl ethers and aryl iodides is promoted by a combi-
nation of CsF and CuI.[40]


Optimisation


Solvent : To establish the optimal conditions using copper(i)
and fluoride, the effect of different solvents on the coupling
of 8 and 7 was initially investigated (Table 3). When the re-


action was carried out using toluene as the solvent, only a
very small amount of product 9 was isolated (Table 3,
entry 1). When using either THF (Table 3, entry 2) or diox-
ane (Table 3, entry 3), the reaction proceeded to almost
50 % completion after two hours. Highly polar solvents were
by far the most effective, with NMP, DMSO and DMF de-
livering essentially quantitative yields of the product
(Table 3, entries 4, 5 and 6). A possible explanation for
these observations is that the solubility of CsF is highest in
highly polar solvents. For further optimisation studies DMF
was selected as the solvent because of its ease of removal
under reduced pressure compared with NMP and DMSO
during the work up of the reaction.


Fluoride source : With an optimum solvent found, alterna-
tive fluoride sources were considered using the same cou-
pling reaction of 8 and 7 (Table 4). Both LiF (Table 4,
entry 1) and NaF (Table 4, entry 2) had basically no effect
on the reaction, affording similar yields to the corresponding
reaction conducted in the absence of fluoride (see Table 2,
entry 3). There was some effect observed with KF (Table 4,


Scheme 5. Preparation of 4-(tri-n-butylstannyl)nitrobenzene (7): a) [Pd-
(PPh3)4], Bu6Sn2, toluene, 120 8C, 48 h, 63%.


Table 2. Effect of CsF and/or CuI on the coupling of 8 and 7.


Entry Reagents[a] Yield[b] [%]


1 [Pd(PPh3)4] 2
2 [Pd(PPh3)4], CsF 8
3 [Pd(PPh3)4], CuI 46
4 [Pd(PPh3)4], CsF, CuI 98
5 CsF, CuI 0


[a] [Pd(PPh3)4] (10 %), CuI (20 %), CsF (2.0 equiv). [b] Isolated yields
are given and are the average of two repeat experiments. Remaining
mass balance is recovered starting materials.


Table 3. Effect of the solvent on the coupling of 4-iodotoluene (8) and 4-
(tri-n-butylstannyl)nitrobenzene (7).


Entry Solvent Yield [%][a]


1 toluene 6
2 THF 45
3 dioxane 48
4 NMP 95
5 DMSO 96
6 DMF 98


[a] Yield of isolated product. Remaining mass balance is recovered start-
ing materials.
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entry 3), but the most effective fluoride sources were CsF
and TBAF (Table 4, entries 4 and 5). This trend can perhaps
be explained by the availability of fluoride in terms of lat-
tice energies. LiF has the highest lattice energy (LiF
1030 kJ mol�1, NaF 910 kJ mol�1, KF 808 kJ mol�1, CsF
744 kJ mol�1),[41] which would disfavour solubility as com-
pared to CsF, and hence CsF would more easily deliver the
fluoride ion. Interestingly, TBAF was equally effective in
either DMF or THF (Table 4, entry 6), unlike CsF which is
only effective in highly polar solvents (Table 4, entry 4 cf.
Table 3). Recently TBAF was shown to be a better fluoride
donor than CsF.[42] NH4F did not significantly enhance the
reaction under the conditions examined, which is unfortu-
nate as it is inexpensive (Table 4, entry 7). CsF was chosen
as the fluoride source for further optimisation because
TBAF comes as a solution in THF which might mean limit-
ing subsequent reaction temperatures to 65 8C.


Copper(i) source : Copper(i) sources were also investigated
using the coupling of 8 and 7 (Table 5). There was no signifi-
cant difference between CuCl, CuBr and CuI (Table 5, en-
tries 1, 2 and 3) on the coupling of 8 and 7 under the condi-
tions examined. Also of note was the observation that in-
creased amounts of CuI did not adversely effect the reaction


(Table 5, entry 4). Liebeskind et al. observed in their study
of the ’copper effect’, that increasing the amount of cop-
per(i) above a copper(i):ligand ratio of 1:2 caused a decrease
in yield.[13] The explanation was that too much copper(i)
binds up all the ligand causing catalyst decomposition. How-
ever their reactions were carried out in THF while ours use
DMF, and in their study they pointed out that copper(i)
could operate with different mechanisms in THF and DMF.
It is possible that catalyst decomposition is more facile in
entry 4 than entry 3 (Table 5), in accordance with Liebe-
skind�s proposal, but in this case the effect is not observed
because the reaction is very rapid.


Ligand type : To investigate the palladium catalyst with the
associated ligands the doubly-deactivated system of 4-bro-
moanisole 10 and 4-(tri-n-butylstannyl)nitrobenzene 7 was
employed. We began by examining a variety of different li-
gands (Table 6). When the coupling of 10 and 7 was carried


out using Pd(OAc)2 and PPh3 as the ligand, only a small
amount of the product 11[43] was isolated after 15 h (Table 6,
entry 1). Both AsPh3 and P(2-furyl)3 proved to be no more
effective than PPh3 at enhancing the reaction (Table 6, en-
tries 2 and 3). AsPh3 and P(2-furyl)3 are believed to enhance
Stille couplings by increasing the rate of transmetallation,[22]


which could imply that in entries 1, 2 and 3 (Table 6) the
rate-limiting step might be oxidative addition rather than
transmetallation. With this possibility in mind, electron-rich
PCy3 was investigated as a ligand that might promote oxida-
tive addition by increasing the nucleophilicity of the palladi-
um(0) species. When the reaction was carried out with PCy3


the yield increased significantly to 55 % after 15 h reaction
time (Table 6, entry 4). When the electron-rich ligand PtBu3


was employed the reaction proceeded almost to completion
after 15 h (Table 6, entry 5). Without further investigation it
is not easy to assert which step of the catalytic cycle is rate-
limiting for entry 5 (Table 6). However, when the reaction
was repeated in the absence of CuI (Table 6, entry 6) the


Table 4. Effect of the fluoride source on the coupling of 4-iodotoluene
(8) and 4-(tri-n-butylstannyl)nitrobenzene (7).


Entry Fluoride source Yield [%][a]


1 LiF 44
2 NaF 46
3 KF 62
4 CsF 98
5 TBAF 98
6 TBAF[b] 96
7 NH4F 54


[a] Yield of isolated product. Remaining mass balance is recovered start-
ing materials. [b] THF was used as the reaction solvent.


Table 5. Effect of the copper(i) source on the coupling of 4-iodotoluene
(8) and 4-(tri-n-butylstannyl)nitrobenzene (7).


Entry Copper(i) source Yield [%][a]


1 CuCl 95
2 CuBr 98
3 CuI 98
4[b] CuI 96


[a] Yield of isolated product. [b] 50 % CuI.


Table 6. Effect of the ligand type on the coupling of 4-bromoanisole (10)
and 4-(tri-n-butylstannyl)nitrobenzene (7).


Entry Ligand type Yield [%][a]


1 PPh3 11
2 AsPh3 13
3 P(2-furyl)3 15
4 PCy3


[b] 55
5 PtBu3 89
6[c] PtBu3 49


[a] Yield of isolated product. Remaining mass balance is recovered start-
ing materials. [b] Cy =cyclohexyl. [c] Reaction excluded CuI.
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yield dropped by almost half, suggesting that CuI is either
involved in the rate-limiting step or the exclusion of CuI
changes which step is rate-limiting.


As a ligand PtBu3 is clearly effective and has been used
before in a variety of palladium-catalysed processes. Koie
et al. initially demonstrated the high activity of PtBu3 as a
ligand in the palladium-catalysed amination of aryl hal-
ides.[44] Since then PtBu3 has been applied in the hydroxyla-
tion of aryl halides,[45] a-carbonyl arylation,[46] Suzuki,[47] Ne-
gishi,[48] Heck,[49] Sonogashira[50] and Stille couplings.[18] The
effectiveness of the ligand might be due to two characteris-
tics. The first is that the ligand is electron-rich and as men-
tioned above, this property should facilitate the oxidative
addition. The second attribute is the steric bulk or cone
angle of the ligand, and this property might enhance the
transmetallation step of the catalytic cycle. The reasoning
behind this suggestion is that the transmetallation step re-
quires substitution of a ligand by the organostannane (or or-
ganocopper) reagent, and PtBu3 might disassociate more
readily as a result of steric acceleration.


Palladium/ligand ratio : Having established that PtBu3 was
the most effective ligand for the coupling of 10 and 7, the
effect of changing the palladium/ligand ratio was examined
(Table 7). With a palladium/ligand ratio of 1:1, 53 % of the


product 11 was isolated after 15 h (Table 7, entry 1), whereas
a palladium/ligand ratio of 1:2 gave 89 % of 11 (Table 7,
entry 2). Increasing the palladium/ligand ratio to 1:3
(Table 7, entry 3), or 1:4 (Table 7, entry 4) virtually did not
change the yield of 11. Other groups who have used PtBu3


in palladium-catalysed processes, report that a palladium/
ligand ratio of 1:1 gives the highest rate of reaction„[18,46]


however a palladium/ligand ratio of 1:2,[18,50] or 1:4[51] is
often used, presumably to provide more stability to the cata-
lyst. In the system we investigated, a palladium/ligand ratio
of 1:1 (Table 7, etry 1) might give a higher reaction rate
than a ratio of 1:2 (Table 7, etry 2), but a lower yield due to
catalyst decomposition. Another explanation could be that


the Pd(OAc)2 is reduced from palladium(ii) to the active
palladium(0) by PtBu3,


[52] resulting in the effective palladi-
um/ligand ratio being decreased to some degree. Thus a pal-
ladium/ligand ratio of 1:2 using PdII might be equivalent to
a palladium/ligand ratio of 1:1 using Pd0. Irrespective of the
mechanistic details, a palladium:ligand ratio of 1:2 provided
the necessary effect for the coupling of 10 and 7, and so this
ratio was selected for further optimisation.


Palladium source : The final variable considered with the
coupling of 10 and 7 was the palladium source (Table 8).
The least effective source of palladium investigated was [Pd-


(MeCN)2Cl2], which resulted in only 56 % of the product 11
after 15 h (Table 8, entry 1). [Pd2(dba)3] (dba=dibenzylide-
neacetone) proved to be slightly better (Table 8, entry 2),
but was still not as efficient as Pd(OAc)2 (Table 8, entry 3).
The most effective palladium source investigated was PdCl2,
which delivered an almost quantitative yield of the product
11 (Table 8, entry 4). One explanation for the results out-
lined in Table 8 is that the ’preligands’ associated with the
palladium source will have differing degrees of coordinative
ability to palladium, and this could interfere with the forma-
tion of the active Pd0 species.[53] In [Pd2(dba)3] the palladium
metal is in the Pd0 oxidation state, and so the dibenzylide-
neacetone will invariably have coordinative properties to
Pd0, which could hinder the formation of Pd(PtBu3)2. Studies
showed that the species formed from [Pd2(dba)3] and PPh3


is quite different from [Pd(PPh3)4],[54] and Beller et al. re-
cently observed reduced catalytic activity in Suzuki cou-
plings when using ligands such as dba.[51] However there are
reports where [Pd2(dba)3] is more efficient than Pd(OAc)2


[18]


and others where the effectiveness of these two palladium
sources is solvent dependant.[55] [Pd(MeCN)2Cl2], Pd(OAc)2


and PdCl2 are all PdII species rather than Pd0 species, but
they still have coordinating ligands. However PdCl2 contains
only the hard Cl� ion, which would not be expected to have
a high binding affinity for the soft Pd0, and this might allow
the most effective formation of Pd(PtBu3)2 in situ under the
conditions studied. We emphasise here that the explanation


Table 7. Effect of the Pd:PtBu3 ratio on the coupling of 4-bromoanisole
(10) and 4-(tri-n-butylstannyl)nitrobenzene (7).


Entry Pd/PtBu3 ratio Yield [%][a]


1 1:1 53
2 1:2 89
3 1:3 90
4 1:4 86


[a] Yield of isolated product. Remaining mass balance is recovered start-
ing materials.


Table 8. Effect of the palladium source on the coupling of 4-bromoani-
sole (10) and 4-(tri-n-butylstannyl)nitrobenzene (7).


Entry Palladium source Yield [%][a]


1 [Pd(MeCN)2Cl2] 56
2 [Pd2(dba)3] 64
3 Pd(OAc)2 89
4 PdCl2 97


[a] Yields are isolated and are the average of two repeat experiments.
Remaining mass balance is recovered starting materials.


Chem. Eur. J. 2005, 11, 3294 – 3308 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3299


FULL PAPERSignificant Enhancement of the Stille Reaction



www.chemeurj.org





we provided is highly simplified since the mechanism of
Stille coupling reaction has been shown to be very com-
plex.[56]


Having optimised the main variables of the reaction, we
established two sets of conditions. For the coupling of aryl
iodides and triflates we would employ conditions A ([Pd-
(PPh3)4] (5%), CuI (10 %), CsF (2 equiv), DMF, 45 8C), and
for the less reactive aryl bromides and chlorides we would
employ conditions B (PdCl2 (2 %), PtBu3 (4 %), CuI (4 %),
CsF (2 equiv), DMF, 45 8C). These were not the only condi-
tions that could be used however. DMSO and NMP were ef-
fective as solvents, CuBr and CuCl both enhanced the reac-
tion and TBAF was as effective as a fluoride source.


Scope


Coupling of iodides : Generally iodides undergo coupling re-
actions reasonably well, but sometimes if one or both of the
coupling partners are sterically hindered or deactivated,
they can be reluctant to couple efficiently. Two such exam-
ples reported in the literature to be somewhat difficult[57]


were attempted using our conditions (Table 9). The vinyl
stannane 13 was synthesised by a Sonogashira reaction be-
tween aryl iodide 15 and propargyl alcohol,[58] followed by


palladium-catalysed addition of Bu3SnH to alkyne 20[59]


(Scheme 6).


The coupling of hindered iodide 12 and hindered stan-
nane 13 to give 14 has previously been achieved in an opti-
mised yield of only 27 %, and that was after reaction for
15 h at 80 8C.[57] When conducted under our new conditions,
this same reaction returned an excellent yield of 92 %
(Table 9, entry 1). It is noteworthy that with CuI and CsF
present, the reaction between 12 and 13 was complete after
8 h at just 45 8C. Similarly, reaction of iodide 15 and stan-
nane 13 afforded 16 in 94 % yield indicating that deactivated
iodides can be coupled efficiently with the new conditions.
The previously reported best yield of this reaction was a


moderate 42 %[57] (Table 9,
entry 2). As mentioned in the
introduction, 3,4-bis(tri-n-butyl-
stannyl)furan 5 reacted with
two equivalents of ortho-substi-
tuted aryl iodide 4 in high yield
using our new conditions
(Table 9, entry 3). The disubsti-
tuted product 1 was obtained
exclusively,[4] demonstrating
that our conditions can accom-
modate sterically hindered stan-
nanes in conjunction with steri-
cally hindered iodides. The
almost quantitative coupling of
4-iodotoluene 8 with 4-(tri-n-
butylstannyl)nitrobenzene 7
(used in the initial test reaction)
illustrates that reactions em-
ploying electronically disfav-
oured aryl stannanes can also
proceed in high yield (Table 9,
entry 4). The effect of heterocy-
cles on the coupling of iodides
with our conditions was as-
sessed by reaction of 3-iodopyr-
idine (17) with 2-(tri-n-butyl-
stannyl)thiophene (18). Satisfy-
ingly the coupled product 19[60]


was isolated in 99 % yield, dis-
playing that heterocyclic io-
dides can also undergo coupling
efficiently (Table 9, entry 5).


Table 9. Coupling of iodides using conditions A.[a]


Entry Halide/Triflate Stannane Product Time [h] Yield [%][b]


1 8 92


2 8 94


3[c] 2 92


4[d] 2 98


5 1 99


[a] Conditions A : [Pd(PPh3)4] (5 %), CuI (10 %), CsF (2 equiv), DMF, 45 8C. [a] Yields are isolated and are the
average of two repeat experiments. [b] Iodide (2.1 equiv), organostannane (1 equiv), [Pd(PPh3)4] (10 %), CuI
(20 %), CsF (4 equiv). [c] [Pd(PPh3)4] (10 %), CuI (20 %), CsF (2 equiv).


Scheme 6. Synthesis of vinyl stannane 13 : a) propargyl alcohol, [Pd-
(PPh3)2Cl2], piperidine, CuI, benzene, RT, 2 h, 92 %; b) Bu3SnH, [Pd-
(PPh3)2Cl2], THF, RT, 20 min, 39%.
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The couplings of iodides could be carried out at room tem-
perature, although the reaction times were longer. For ex-
ample, when the coupling of 17 with 18 was performed at
room temperature the reaction took 2 h to proceed to com-
pletion.


Coupling of triflates : Because triflates are readily available
from the corresponding phenol or enolate, they have
become important coupling partners,[31,61] in synthesis. This
easy access to triflates has allowed quick assembly of struc-
tures such as conjugated dienes, by coupling vinyl triflates
with vinyl stannanes. For the coupling of triflates, [Pd-
(PPh3)4] was sufficient using our conditions and the reac-
tions investigated proceeded to completion rapidly
(Table 10).


4-Acetophenyl trifluoromethanesulfonate (21) reacted
rapidly with the vinylstannane 22 to give the coupled prod-
uct 23[18b] in 95 % yield (Table 10, entry 1). The biaryl cou-
pling carried out between 4-methoxyphenyl trifluorometha-
nesulfonate (24) and phenyltributylstannane (25) also pro-
ceeded rapidly and gave 26[62] in high yield, demonstrating
that deactivated triflates also respond well to our conditions
(Table 10, entry 2). The preparation of 4-phenyl-1-cyclohex-
en-1-yl triflate (27)[63] proceeded from 4-phenyl-1-cyclohexa-
none (30) in 97 % yield by treatment with potassium hexam-
ethyldisilazide followed by N-phenyltrifluoromethanesulfo-
nimide (Scheme 7).


Reaction of vinyl triflate 27 with tri-n-butylvinylstannane
(28) again progressed very quickly under our conditions af-
fording the conjugated diene 29[64] in almost quantitative
yield (Table 10, entry 3). Even when the reaction represent-
ed in entry 3 was performed at room temperature it was
complete after one hour.


Coupling of bromides : For the coupling of bromides the cat-
alytic system employing PdCl2 and PtBu3 was used (condi-
tions B). Recently Fu et al. reported a procedure for the
Stille coupling that also makes use of PtBu3.


[18] To investi-
gate whether our conditions B provide an improvement
over the procedure described by Fu et al. for the coupling of
bromides, a series of reactions were carried out on the chal-
lenging coupling of electron-rich 4-bromoanisole (10) and
electron-deficient 4-(tri-n-butylstannyl)nitrobenzene (7)
(Table 11).


When 10 and 7 were coupled under conditions B, a 92 %
yield of the desired product 11 was isolated after 4 h at
45 8C (Table 11, entry 1). To address the question of whether
or not CuI is necessary when using PtBu3 under conditions
B, the coupling of 10 and 7 was repeated without CuI. Only
29 % of the coupled product 11 was isolated after the same
reaction time, with the remaining starting material being re-
covered (Table 11, entry 2). This demonstrates that CuI is
still necessary to provide the highest yields, even though a
coordinatively unsaturated catalytic system is generated
under conditions B. When the coupling of 10 and 7 was car-
ried out using the reagent combination described by Fu
et al.[18] at 45 8C for 4 h, a 16 % yield of the coupled product
11 was isolated. The reaction had not proceeded to comple-
tion during this time and the remaining starting materials
were recovered (Table 11, entry 3). Interestingly, the addi-
tion of CuI in the same reaction resulted in a slight decrease
in the isolated yield (Table 11, entry 4). This particular ob-
servation is supported by our optimisation studies where we
observed that the synergic effect of CuI and CsF requires
highly polar solvents. Our optimisation studies also revealed


Table 10. Coupling of triflates using conditions A.[a]


Entry Halide/Triflate Stannane Product Time
[h]


Yield
[%][b]


1 2 95


2 2 91


3 1 98


[a] Conditions A : [Pd(PPh3)4] (5 %), CuI (10 %), CsF (2 equiv), DMF,
45 8C. [b] Yields are isolated and are the average of two repeat experi-
ments.


Scheme 7. Preparation of vinyl triflate 27: a) KHMDS, THF, �78 8C, then
RT, 1 h, PhN(OTf)2, RT, 2 h, 97%.


Table 11. Evaluating alternative conditions on the coupling of 10 and 7.


Entry Reagents[a] Yield [%][b]


1[c] PdCl2, PtBu3, CuI, CsF, DMF 92
2 PdCl2, PtBu3, CsF, DMF 29
3[d] [Pd2(dba)3], PtBu3, CsF, dioxane 16
4 [Pd2(dba)3], PtBu3, CuI, CsF, dioxane 10


[a] PdCl2 (2 %) or [Pd2(dba)3] (1 %), PtBu3 (4 %), CuI (4 %), CsF
(2.0 equiv). [b] Yields are isolated yields and are the average of two
repeat experiments. Remaining mass balance is recovered starting mate-
rials. [c] Conditions B. [d] Reagent combination reported by Fu et al.[18]
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that PdCl2 was superior to [Pd2(dba)3] as a palladium source
when using DMF as the solvent.


Having established the validity of conditions B, a range of
bromides were successfully coupled with a variety of stan-
nanes and in all cases investigated the yields were very high
(Table 12). 4-(Tri-n-butylstannyl)toluene (32)[65] was synthes-
ised in 94 % yield by reaction of 4-tolylmagnesium bromide
(44) with tributylstannyl chloride (Scheme 8). Reaction of
aryl stannane 32 with bromobenzene (31) provided 4-phe-
nyltoluene (33)[66] in almost quantitative yield (Table 12,
entry 1). The couplings with bromides were carried out over-
night for convenience, but the reactions did not necessarily
require this extended period. This is evident from the elec-
tronically disfavoured coupling of electron-rich bromide 10
and electron-deficient stannane 7. Overnight the reaction af-


forded a 97 % yield of the product 11 (Table 12, entry 2),
however it was essentially complete after 4 h (92 %) as dem-
onstrated above in Table 11 (entry 1). The successful cou-
pling led to an attempt at an extremely challenging reaction,
which is both sterically hindered and electronically disfav-
oured. Gratifyingly 2,4-dimethoxybromobenzene 34 and 4-
(tri-n-butylstannyl)nitrobenzene 7 reacted to deliver 35 in
high yield, establishing that even highly deactivated bro-
mides will couple with electron-deficient stannanes under
our conditions (Table 12, entry 3). Although considerably
sterically hindered, di-ortho-substituted 9-bromoanthracene
(36) efficiently underwent reaction with tri-n-butylvinylstan-
nane (28) affording the product 37[67] in an excellent yield of
96 % (Table 12, entry 4). This is higher than the previously
reported yield of 66 %,[18] although our reaction was carried
out at a higher temperature and for a longer time. In our
hands the coupling of 36 and 28 under Fu�s conditions ([Pd2-
(dba)3], PtBu3, toluene, RT, 3 h) gave 54 % of the product
37, whereas when the reaction was repeated by using our
catalytic system under identical conditions (RT, 3 h) a 68 %
yield of the product 37 was isolated. In both cases the re-
maining mass balance was largely recovered starting materi-
als. To carry out an example of a biscoupling, (E)-1,2-bis(tri-
n-butylstannyl)ethene (39) was prepared by radical addition
of tri-n-butylstannylhydride to ethynyltri-n-butylstannane,[68]


then coupled with bromoquinoline 38.[69] Two quinoline moi-
eties were readily incorporated onto the bis-tin ethene 39
giving a very good yield of the desired disubstituted product
40 (Table 12, entry 5). To investigate the tolerance of hetero-
cyclic bromides under our conditions, 2-bromo-6-methylpyri-
dine (41) was subjected to a coupling with phenyltri-n-butyl-
stannane (25) and satisfyingly reacted smoothly giving 91 %
of the product 42 (Table 12, entry 6). This yield is signifi-
cantly higher than the previously reported yield of 61 %
even though the previous protocol employed higher temper-
atures (135–140 8C) and the more reactive phenyltrimethyl-
stannane.[70] Heterocyclic stannanes were also tolerated well
by our conditions, which was demonstrated by the near-
quantitative coupling of 2-(tri-n-butylstannyl)thiophene (18)
with 2-bromo-6-methylpyridine (41) to give 43[71] (Table 12,
entry 7).


Coupling of chlorides : The coupling of aryl chlorides proved
to be significantly more difficult than for aryl bromides, with
elevated reaction temperatures required to effect coupling.
Aryl chlorides are believed to be poor coupling partners
due to the reluctance of Pd0 to undergo oxidative addition
to the strong carbon–chloride bond.[72] The bond dissociation
energy for Ph–Cl is 96 kcal mol�1, compared with


Table 12. Coupling of bromides using conditions B for 15 h.[a]


Entry Halide/Triflate Stannane Product Yield
[%][b]


1 98


2 97


3 89


4[c] 96


5[d] 93


6 91


7 98


[a] Conditions B : PdCl2 (2 %), PtBu3 (4 %), CuI (4 %), CsF (2 equiv),
DMF, 45 8C. [b] Isolated yields. [c] Organostannane (1.3 equiv). [d] Bro-
mide (2.1 equiv), organostannane (1 equiv), PdCl2 (4 %), PtBu3 (8 %),
CuI (8 %), CsF (4 equiv).


Scheme 8. Preparation of 4-(tri-n-butylstannyl)toluene (32): a) Bu3SnCl,
THF, 30 8C, 3 h, 94%.
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81 kcal mol�1 for Ph–Br and 65 kcal mol�1 for Ph–I. To eval-
uate how chlorides would respond to our conditions we car-
ried out couplings with an activated and a deactivated aryl
chloride (Table 13).


With these substrates it was observed that the electronic
effect of the substituents on the aromatic ring of the aryl
chloride has considerable influence on the reactivity of the
substrate. Reaction of electron-deficient aryl chloride 45
with stannane 25 provided the coupled product 46[73] in a re-
spectable 81 % yield (Table 13, entry 1). The coupling of the
electron-rich chloride 47 to stannane 25 proceeded in lower
yields, ranging between 40 % and 60 % (Table 13, entry 2).
In both cases, coupling of the aryl chlorides did not proceed
to completion even with extended reaction times, suggesting
that the catalytic system may be decomposing under the
more forcing conditions. Thus our new conditions appear ef-
fective for the coupling of electron-deficient aryl chlorides,
but less effective when it comes to electron-rich aryl chlor-
ides.[74]


Conclusion


The combination of copper(i) and the fluoride ion has
proved to be particularly effective in enhancing the Stille re-
action. Mechanistic studies would need to be undertaken to
conclusively elucidate the mechanism operating. Optimisa-
tion studies revealed that the most effective conditions were
Pd cat./CuI/CsF in DMF, with a palladium/ligand ratio of
1:2, a palladium/copper ratio of 1:2 and two equivalents of
CsF, although these were not the only conditions that could
be used. Highly polar solvents like DMSO and NMP were
effective and TBAF appeared similar to CsF as a fluoride
source. The most effective palladium catalyst for coupling
bromides was PdCl2/PtBu3, but it was not necessary when
coupling iodides or triflates, which were effectively coupled
with [Pd(PPh3)4]. A range of reactions were then carried out
which included sterically hindered and electronically disfav-
oured coupling partners. In all cases investigated by using
iodides, triflates or bromides, the yield of the desired prod-


uct was excellent. Furthermore, our conditions are mild and
compatible with a wide variety of functional groups. This
combination of copper(i) iodide and cesium fluoride should
allow the synthesis of sterically hindered systems and pro-
mote electronically disfavoured coupling reactions, expand-
ing the scope of the Stille reaction in synthetic organic
chemistry.


Experimental Section


General experimental : Tetrahydrofuran (THF) was distilled over sodium/
benzophenone ketyl under nitrogen. PE refers to the fraction of light pe-
troleum ether boiling between 40 8C and 60 8C, and was distilled before
use. Dimethylformamide (DMF), dimethyl sulfoxide (DMSO) and N-
methylpyrrolidine (NMP) were distilled from calcium hydride under
argon or reduced pressure and stored over 4 � molecular sieves under
argon until used. Toluene was dried over 4 � molecular sieves under
argon. All water used was distilled. Solvents were evaporated at 40 8C or
below on a B�chi R114 Rotavaporator.


Thin-layer chromatography (TLC) was performed by using Merck alumi-
nium foil backed plates pre-coated with silica gel 60 F254 (1.05554). Re-
tention factors (Rf) are reported to two decimal places. Column chroma-
tography was performed by using ICN silica 32–63, 60 � or basic Laporte
Actal U.G. alumina.
1H NMR spectra were recorded on a Br�ker DPX400 spectrometer at
400 MHz and 13C NMR spectra at 100.6 MHz and are referenced accord-
ing to IUPAC recommendations, 2001.[75] Proton spectra assignments are
supported by 1H–1H COSY where necessary. Carbon spectra assignments
are supported by DEPT analysis and 1H–13C correlations where necessa-
ry.


Low-resolution mass spectra were recorded by using a TRIO-1 GCMS
spectrometer, a Micromass Platform (APCI or ES) Spectrometer, Micro-
mass Autospec spectrometer (CI+) and a micromass ZAB spectrometer
(CI+ , EI). Only molecular ions (M+), fragments from molecular ions and
other major peaks are reported. High-resolution mass spectra were re-
corded on a Micromass Autospec spectrometer and are accurate to �
5 ppm. Microanalyses were carried out by Elemental Microanalysis Lim-
ited, and are quoted to the nearest 0.1%.


Experimental procedures


General procedure for Stille reactions : A mixture of the organohalide
(or triflate) (0.840 mmol) and the organotin (0.930 mmol) reagent was
dissolved in DMF (2 mL), then caesium fluoride (256 mg, 1.69 mmol)
was added. The palladium catalyst and copper(i) iodide (conditions A :
[Pd(PPh3)4] (5 %), CuI (10 %); conditions B : PdCl2 (2 %), PtBu3 (4 %),
CuI (4 %)) were added and the flask was evacuated and refilled with
argon five times. The mixture was stirred at 45 8C for the required time,
then diluted with dichloromethane (DCM) (50 mL) and water (20 mL).
After vigorous shaking, the mixture was filtered through Celite with
DCM/EtOAc (200 mL, 1:1). The organic layer was separated, dried over
Na2SO4/MgSO4 and the solvent was removed under reduced pressure.
The residue was purified by column chromatography.


3-(4’-Methoxyphenyl)-2-propyn-1-ol (20): [Pd-
(PPh3)2Cl2] (0.300 g, 0.430 mmol) was added to
a solution of 4-methoxyiodobenzene 15 (10.0 g,
42.7 mmol), propargyl alcohol (2.70 mL,
46.4 mmol), piperidine (9.30 mL, 93.9 mmol)
and copper(i) iodide (80 mg, 0.42 mmol) in
benzene (20 mL) under argon. The solution


was stirred at room temperature for 2 h then diluted with DCM
(100 mL). The solution was washed with water (50 mL), dried over
Na2SO4/MgSO4 and the solvent removed under reduced pressure. The
residue was purified by column chromatography (DCM/EtOAc, 19:1) to
give 20 (6.38 g, 92%) as a white solid.


Table 13. Coupling of chlorides using conditions B for 15 h at 100 8C.[a]


Entry Halide/Triflate Stannane Product Yield [%][b]


1 81


2 40–60


[a] Conditions B : PdCl2 (2 %), PtBu3 (4 %), CuI (4 %), CsF (2 equiv),
DMF. [a] Yields are isolated and are the average of two repeat experi-
ments (entry 2 shows the range). Remaining mass balance is recovered
starting materials.
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Rf = 0.26 (DCM/EtOAc, 19:1); m.p. 62–63 8C; lit. [58] 61–63 8C; 1H NMR
(400 MHz, CDCl3): d=2.54 (s, 1H; OH), 3.80 (s, 3H; OCH3), 4.48 (s,
2H; H1), 6.82 (d, J= 9.0 Hz, 2 H; H3’, 5’), 7.37 ppm (d, J =9.0 Hz, 2H;
H2’, 6’); 13C NMR (100.6 MHz, CDCl3): d=51.5 (C1), 55.3 (OCH3), 85.5
(C3), 86.0 (C2), 113.9 (C3’, 5’), 114.7 (C4’), 133.2 (C2’, 6’), 159.7 ppm
(C1’); IR (KBr): ñmax =3258 (br m, OH str), 2965 (w), 2898 (w), 2838 (w),
2231 (w, CC alkyne str), 1604 (s), 1509 (s), 1441 (m), 1292 (m), 1250 (s),
1174 (m), 1110 (w), 1028 (s), 949 (w), 837 cm�1 (s); MS (CI+ ): m/z (%):
163.2 ([MH]+ , 100), 144.8 (46), 133.1 (32), 122.2 (19), 112.1 (13), 95.6
(14); HRMS ([MH]+) requires m/z 163.0759, found: 163.0767.


(Z)-3-(4’-Methoxyphenyl)-3-(tri-n-butylstannyl)-2-
propyn-1-ol (13):[59] Bu3SnH (3.65 mL, 13.6 mmol)
was added slowly to a solution of 3-(4’-methoxy-
phenyl)-2-propyn-1-ol (20 ; 2.00 g, 12.3 mmol) and
[Pd(PPh3)2Cl2] (0.17 g, 0.24 mmol) in THF


(20 mL) under argon at room temperature. The dark brown mixture was
stirred for 20 min then the solvent was removed under reduced pressure.
The residue was purified by column chromatography (DCM/EtOAc,
19:1) to give 13 (2.18 g, 39 %) as a pale yellow liquid.


Rf = 0.41 (DCM/EtOAc, 19:1); 1H NMR (400 MHz, CDCl3): d=0.82–0.97
(m, 15H; CH2CH3 and SnCH2), 1.28 (sextet, J1 =7.0 Hz, 6 H; CH2CH3),
1.37–1.53 (m, 6H; CH2CH2CH3), 1.61 (br s, 1 H; OH), 3.79 (s, 3 H;
OCH3), 4.13 (t, J =5.5 Hz, 2H; H1), 5.96 (t, J =6.0 Hz, 1H; H2), 6.80–
6.88 ppm (m, 4 H; Ar CH); 13C NMR (100.6 MHz, CDCl3): d =10.0
(SnCH2), 13.6 (CH2CH3), 27.3 (CH2CH3), 28.9 (CH2CH2CH3), 55.2
(OCH3), 60.5 (C1), 113.5 and 136.2 (Ar CH), 136.2 (quat. C), 139.9 (C2),
148.2 and 157.5 ppm (quat. C); IR (thin film): ñmax = 3322 (br m, OH
str), 2955 (s), 2926 (s), 2871 (s), 2853 (s), 1602 (m), 1505 (s), 1464 (m),
1283 (m), 1244 (s), 1173 (m), 1036 (s), 864 cm�1 (m); MS (CI + ): m/z
(%): 453.3 ([MH]+ , (15)) 437.3 (35), 395.3 (92), 381.2 (75), 291.2 (72),


203.2 (37), 163.2 (54), 146.9 (100), 134.8 (33).


3-(2’-Carboxylic acid methyl ester)-3-(4’’-methox-
yphenyl)-2-propen-1-ol (14):[57] Methyl 2-iodoben-
zoate (12 ; 220 mg) and (Z)-3-(4’-methoxyphenyl)-
3-(tri-n-butylstannyl)-2-propyn-1-ol (13; 422 mg)
were coupled by using the general procedure
with conditions A for 8 h. Column chromatogra-
phy (DCM/EtOAc, 9:1) gave 14 (231 mg, 92%)
as a white solid.


Rf = 0.20 (DCM/EtOAc, 9:1); m.p. 89–90 8C; 1H NMR (400 MHz,
CDCl3): d= 3.59 (s, 3 H; OCH3), 3.79 (s, 3H; OCH3), 4.35 (d, J =7.0 Hz,
2H; H1), 5.85 (t, J =7.0 Hz, 1H; H2), 6.82 (d, J =8.0 Hz, 2H; H3’’, 5’’),
7.04 (d, J= 7.5 Hz, 2 H; H2’’, 6’’), 7.32–7.38 (m, 2 H; H4’, 6’), 7.43–7.49
(m, 1H; H5’), 7.69 ppm (d, J= 7.5 Hz, 1 H; H3’); 13C NMR (100.6 MHz,
CDCl3): d= 51.9 and 55.2 (OCH3), 60.3 (C1), 113.1 (C3’, 5’), 127.4 (Ar
CH), 128.5 (C2), 129.5 (C3’’), 131.0, 131.2 and 131.3 (Ar CH), 131.4,
143.4, 143.8 and 158.9 (quat. C), 168.7 ppm (C=O), (one Ar CH and one
quat. C not seen); IR (KBr): ñmax =3427 (br m, OH str), 3007 (m), 2951
(m), 2838 (m), 1721 (s, C=O str), 1608 (s), 1511 (s), 1294 (s), 1250 (s),
1180 (m), 1127 (m), 1084 (m), 1031 (s), 838 (m), 761 cm�1 (s); MS
(ES + ): m/z : ([MH+�H2O]) 280.8 (100 %); HRMS ([MH]+) requires


m/z 281.1178, found 281.1172.


3,3-Bis(4’-Methoxyphenyl)-2-propen-1-ol (16):[57]


4-Iodoanisole (15 ; 197 mg) and (Z)-3-(4’-methox-
yphenyl)-3-(tri-n-butylstannyl)-2-propyn-1-ol (13 ;
422 mg) were coupled by using the general proce-
dure with conditions A for 8 h. Column chroma-
tography (DCM/EtOAc, 19:1) gave 16 (213 mg,
94%) as a pale yellow liquid.


Rf = 0.24 (DCM/EtOAc, 19:1); 1H NMR
(400 MHz, CDCl3): d=1.82 (s, 1 H; OH), 3.80 (s,


3H; OCH3), 3.84 (s, 3 H; OCH3), 4.21 (d, J=7.0 Hz, 2H; H1), 6.11 (t, J=


7.0 Hz, 2H; H2), 6.82 (d, J =9.0 Hz, 2H; H3’ and 5’ or 3’’ and 5’’), 6.90
(d, J =9.0 Hz, 2H; H3’ and 5’ or 3’’ and 5’’), 7.09 (d, J =9.0 Hz, 2 H; H2’
and 6’ or 2’’ and 6’’), 7.20 ppm (d, J =9.0 Hz, 2H; H2’ and 6’ or 2’’ and
6’’); 13C NMR (100.6 MHz, CDCl3): d=55.2 (2 � OCH3), 60.7 (C1), 113.5
(C3’, 5’), 125.5 (C2), 128.9 and 131.0 (C2’, 6’), 131.6, 134.8, 143.4, 159.0
and 159.2 ppm (quat. C); IR (thin film): ñmax =3394 (br m, OH str), 3004


(m), 2934 (m), 2836 (m), 1607 (s), 1511 (s), 1463 (m), 1287 (m), 1248 (s),
1175 (s), 1033 (s), 835 (s), 756 cm�1 (m); MS (ES + ): m/z ([MH+�H2O])
252.8 (100 %); HRMS ([MH+�H2O) requires m/z 253.1229, found
253.1234.


3,4-Bis(3,4-dibenzyloxy-2-nitrophenyl)furan
(1): 4,5-Dibenzyloxy-2-nitroiodobenzene
(4 ; 406 mg, 0.880 mmol) and 3,4-bis(tri-n-
butylstannyl)furan (5 ; 271 mg, 0.420 mmol)
were coupled by using the general proce-
dure with conditions A [Pd(PPh3)4] (49 mg,
0.042 mmol), CuI (16 mg, 0.084 mmol), CsF
(255 mg, 1.68 mmol), DMF (2 mL)] for 2 h.
Column chromatography (DCM/PE, 7:3)


gave 1 (284 mg, 92 %) as a solid yellow foam.


Rf = 0.44 (DCM/PE, 7:3); m.p. 55.5–56 8C; 1H NMR (400 MHz, CDCl3):
d=5.15, (s, 4 H; CH2 of Bn), 5.17 (s, 4H; CH2 of Bn), 6.87 (s, 2 H; H6’,
6’’), 7.30–7.53 ppm (m, 24H; H2, H5, H3’, H3’’, Ar-H of Bn); 13C NMR
(100.6 MHz, CDCl3): d=71.1 and 71.4 (CH2 of Bn), 110.4 (C3’, 3’’), 117.0
(C6’, 6’’), 120.8 and 123.7 (quat. C), 127.2, 127.3, 127.4, 127.5, 128.17,
128.24, 128.3, 128.6 and 128.7 (Ar-CH of Bn), 135.7 and 135.9 (ipso-C of
Bn), 140.0 (C2, 5), 141.6, 147.9 and 152.3 ppm (quat. C); IR (KBr): ñmax


=3089 (w), 3063 (w), 1573 (m), 1519 (s, NO2 str), 1454 (m), 1342 (s, NO2


str), 1280 (s), 1203 (m), 1086 (m), 1023 (m), 868 (m), 738 (m), 696 cm�1


(m); MS (ES + ): m/z (%): 752.3 ([MNH4]
+ , 100), 702.2 (33); HRMS


([MNH4]
+) requires m/z 752.2608, found 752.2612.


4-(Tri-n-butylstannyl)nitrobenzene (7):[35] A mixture
of 4-iodonitrobenzene (6 ; 5.00 g, 20.1 mmol), Bu6Sn2


(15.0 mL, 29.7 mmol) and [Pd(PPh3)4] (1.16 g,
1.00 mmol) in toluene (50 mL) was heated to reflux
under argon for 48 h. Saturated aqueous KF solution


(50 mL) was added to the cooled mixture and then it was stirred rapidly
at room temperature for 1 h. The mixture was filtered through Celite
with toluene washings (200 mL), then the organic layer was separated,
dried over Na2SO4/MgSO4 and the solvent removed under reduced pres-
sure. The residue was purified by column chromatography (PE/DCM,
9:1) to give 7 (5.21 g, 63 %) as a yellow oil.


Rf = 0.27 (PE/DCM, 9:1); 1H NMR (400 MHz, CDCl3): d=0.90 (t, J=


7.5 Hz, 9 H; CH3), 1.04–1.22 (m, 6H; SnCH2), 1.34 (sextet, J =7.0 Hz,
6H; CH2CH3), 1.45–1.62 (m, 6 H; CH2CH2CH3), 7.59–7.71 (m, 2H; H3,
5), 8.13 ppm (d, J =8.5 Hz, 2 H; H2, 6); 13C NMR (100.6 MHz, CDCl3);
d=9.8 (SnCH2), 13.6 (CH3), 27.3 (CH2CH3), 29.0 (CH2CH2CH3), 121.9
(C2, 6), 137.0 (C3, 5), 148.1 and 153.3 ppm (quat. C); IR (thin film):
ñmax = 3031 (w), 2957 (s), 2928 (s), 2871 (s), 2853 (s), 1518 (s, NO2 str),
1347 (s, NO2 str), 850 cm�1 (m); MS (CI + ): m/z (%): ([MNH4]


+) 431.2
(15), 373.2 (18), 356.2 (36), 326.2 (27), 308.2 (29), 291.2 (57), 150.2 (23),
94.2 (100).


4’-Methyl-4-nitrobiphenyl (9): 4-Iodotoluene 8
(183 mg) and 4-(tri-n-butylstannyl)nitrobenzene 7
(383 mg) were coupled by using the general pro-
cedure with 10% [Pd(PPh3)4], 20 % CuI and
2 equiv CsF for 2 h at 40 8C. Column chromatog-
raphy (PE/DCM, 1:1) gave 9 (176 mg, 98%) as a
cream solid.


Rf = 0.41 (PE/DCM, 1:1); m.p. 135–137 8C; lit. [36] 138–139 8C; 1H NMR
(400 MHz, CDCl3): d=2.44 (s, 3H; Ar CH3), 7.32 (d, J= 8.0 Hz, 2 H;
H3’, 5’), 7.53 (d, J=8.0 Hz, 2 H; H2’, 6’), 7.71 (d, J =9.0 Hz, 2H; H2, 6),
8.28 ppm (d, J =9.0 Hz, 2H; H3, 5); 13C NMR (100.6 MHz, CDCl3): d=


21.2 (Ar CH3), 124.1 (C3, 5), 127.2 and 127.4 (C2, 2’, 6, 6’), 129.9 (C3’,
5’), 135.8, 139.1 146.8 and 147.5 ppm (quat. C); IR (KBr): ñmax =1594
(m), 1513 (s, NO2 str), 1484 (m), 1338 (s, NO2 str), 1107 (m), 824 (s),
754 cm�1 (m); MS (CI+ ): m/z (%): 231.2 ([MNH4]


+ , 20), 213.1 ([MH]+ ,
100), 183.1 (49), 165.1 (30), 152.1 (41); HRMS ([MH]+) requires m/z
213.0790, found 213.0790.


3-Thiophen-2-yl-pyridine (19):[60] 3-Iodopyridine (17;
172 mg) and 2-(tri-n-butylstannyl)thiophene (18 ; 347 mg)
were coupled by using the general procedure with condi-
tions A for 1 h. Column chromatography (PE/diethyl
ether, 3:7) gave 19 (134 mg, 99%) as a pale yellow liquid.
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Rf = 0.29 (PE/diethyl ether, 3:7); 1H NMR (400 MHz, C6D6): d= 6.74
(dd, J1 =4.5, J2 =8.0 Hz, 1H; Ar CH), 6.78–6.81 (m, 1 H; Ar CH), 6.90–
6.92 (m, 1H; Ar CH), 6.98–7.02 (m, 1H; Ar CH), 7.26 (s, 1H; Ar CH),
7.45 (dt, J1 =2.0, J2 =8.0 Hz, 1 H; Ar CH), 8.50 (d, J =4.0 Hz, 1 H; H6),
9.10 ppm (s, 1H; H2); 13C NMR (100.6 MHz, C6D6): d= 123.7, 124.5,
126.1 and 128.5 (Ar CH), 130.6 (quat. C), 132.7 (Ar CH), 141.0 (quat. C),
147.6 (C2), 149.1 ppm (C6); IR (thin film): ñmax =3074 (m), 3030 (m),
1565 (w), 1475 (s), 1433 (m), 1413 (s), 1328 (w), 1264 (w), 1124 (w), 1023
(m), 851 (m), 801 (s), 705 cm�1 (s); MS(ES+): m/z (%): 161.6 ([MH]+ ,
100).


1-[4’-(1’’-ethoxyvinyl)phenyl]-ethanone (23):[18b] 4-
Acetophenyl trifluoromethanesulfonate (21;
225 mg) and vinylstannane 22 (336 mg) were cou-
pled by using the general procedure with condi-
tions A for 2 h. Column chromatography (PE/
DCM, 3:7) gave 23 (145 mg, 95 %) as a colourless
liquid.


Rf = 0.31 (PE/DCM, 3:7); 1H NMR (400 MHz, CDCl3): d= 1.44 (t, J=


7.0 Hz, 3 H; CH2CH3), 2.60 (s, 3H; H2), 3.94 (q, J =7.0 Hz, 2 H;
CH2CH3), 4.32 (d, J=3.0 Hz, 1 H; H2’’a), 4.77 (d, J =3.0 Hz, 1H; H2’’b),
7.12 (d, J= 8.5 Hz, 2H; H3’, 5’), 7.92 ppm (d, J =8.5 Hz, 2H; H2’, 6’); 13C
NMR (100.6 MHz, CDCl3): d= 14.5 (CH2CH3), 26.6 (C2), 63.5
(CH2CH3), 84.3 (C2’’), 125.4 (C3’, 5’), 128.2 (C2’, 6’), 136.7, 141.0 and
158.8 (quat. C), 197.7 ppm (C1); IR (thin film): ñmax =2980 (m), 2931
(m), 1719 (m), 1685 (s, C =O str), 1608 (s), 1406 (m), 1358 (m), 1267 (s),
1130 (m), 1111 (m), 1056 (m), 1016 (m), 958 (m), 847 (m), 808 (m),
770 cm�1 (m); MS (GC CI+ ): m/z(%): 191.1 ([MH]+ , 100), 162.1 (18),
148.1 (92), 147.1 (45), 131.1 (7), 70.1 (11); HRMS ([MH]+) requires m/z
191.1072, found 191.1079.


4-Methoxybiphenyl (26): Method A: 4-Methoxy-
phenyl trifluoromethanesulfonate (24 ; 215 mg) and
phenyltri-n-butylstannane (25 ; 341 mg) were cou-
pled by using the general procedure with conditions
A for 2 h. Column chromatography (PE/DCM, 3:7)


gave 26 (142 mg, 91 %) as a white solid.


Method B: 4-Chloroanisole (47; 120 mg) and tri-n-butylphenylstannane
(25 ; 341 mg) were coupled by using the general procedure with condi-
tions B at 100 8C for 15 h. Column chromatography (PE/DCM, 3:7) gave
26 (62–93 mg, 40–60 %) as a white solid.


Rf = 0.39 (PE:DCM, 3:7); m.p. 86.5–87 8C; lit. [64] 86 8C; 1H NMR
(400 MHz, CDCl3): d= 3.90 (s, 3H; OCH3), 7.04 (d, J =9.0 Hz, 2H; Ar
CH), 7.39 (t, J=7.5 Hz, 2 H; Ar CH), 7.99 (t, J =7.5 Hz, 2H; Ar CH),
7.58–7.64 ppm (m, 4H; Ar CH); 13C NMR (100.6 MHz, CDCl3): d= 55.4
(OCH3), 114.3, 126.7, 126.8, 128.2 and 128.8 (Ar CH), 133.8, 140.9 and
159.2 ppm (quat. C); IR (KBr): ñmax =3033 (w), 3002 (w), 2961 (w), 2836
(w), 1606 (s), 1522 (s), 1488 (s), 1464 (w), 1438 (w), 1288 (m), 1270 (m),
1251 (s), 1201 (s), 1184 (m), 1035 (s), 834 (s), 760 (s), 688 cm�1 (s); MS
(GC CI + ): m/z (%): 184.1 ([MH]+ , 100), 169.1 (22), 148.1 (25), 141.1
(22), 115.1 (16); HRMS ([MH]+) requires m/z 184.0888, found 184.0883.


4-Phenyl-1-cyclohexen-1-yl triflate (27):[63] KHMDS
in toluene (5.00 mL of a 0.5 m solution, 2.50 mmol)
was added slowly to a solution of 4-phenyl-1-cyclo-
hexanone (30 ; 0.400 g, 2.30 mmol) in THF (10 mL)
at �78 8C under argon. The solution was allowed to
warm to room temperature, then it was stirred for


1 h. The reaction mixture was cooled to �78 8C and a solution of N-phe-
nyltrifluoromethanesulfonimide (0.940 g, 2.63 mmol) in THF (5 mL) was
added by syringe. The reaction mixture was allowed to warm to room
temperature, then it was stirred for 2 h. The solvent was removed under
reduced pressure and the residue was purified by column chromatogra-
phy (PE/DCM, 9:1) to give 27 (0.680 g, 97 %) as a colourless liquid.


Rf = 0.24 (PE/DCM, 9:1); 1H NMR (400 MHz, CDCl3): d= 1.95–2.04 (m,
1H), 2.08–2.15 (m, 1 H), 2.34–2.64 (m, 4H), 2.85–2.94 (m, 1 H), 5.90 (dt,
J1 =2.0, J2 =3.0 Hz, 1H; H2), 7.20–7.32 (m, 3 H; Ar CH), 7.35–7.40 ppm
(m, 2 H; Ar CH); 13C NMR (100.6 MHz, CDCl3): d= 27.9 (CH2), 29.7
(CH2), 31.6 (CH2), 38.7 (CH), 118.1 (C2), 118.6 (q, JCF =320 Hz, CF3),
126.7, 126.8 and 128.6 (Ar CH), 144.6 (quat. C), 149.0 ppm (quat. C); IR
(thin film): ñmax =3064 (w), 3031 (w), 2925 (m), 1692 (m), 1495 (w), 1418


(s), 1247 (s), 1209 (s), 1142 (s), 1054 (s), 1026 (s), 894 (s), 861 (s), 760
(m), 700 (s), 617 cm�1 (s); MS (GC CI+ ): m/z (%): 324.1 ([MNH4]


+ , 4),
190.1 (15), 173.1 (16), 157.1 (7), 104.1 (100); HRMS ([MNH4]


+) requires
m/z 324.0881, found 324.0865.


4-Phenyl-1-vinyl-1-cyclohexene (29):[64] 4-
Phenyl-1-cyclohexen-1-yl triflate (27; 257 mg)
and tri-n-butylvinylstannane (28 ; 295 mg) were
coupled by using the general procedure with
conditions A for 1 h. Column chromatography
(PE) gave 29 (152 mg, 98 %) as a colourless
liquid.


Rf = 0.39 (PE); 1H NMR (400 MHz, CDCl3): d= 1.79–1.91 (m, 1H),
2.06–2.14 (m, 1 H), 2.26–2.54 (m, 4H), 2.80–2.91 (m, 1 H), 5.01 (d, J=


11.0 Hz, 1H; H8a), 5.17 (d, J=17.5 Hz, 1H; H8b), 5.90 (apparent d, J=


4.5 Hz, 1 H; H2), 6.47 (d, J1 =11.0, J2 =17.5 Hz, 1 H; H7), 7.20–7.40 ppm
(m, 5 H; Ar CH); 13C NMR (100.6 MHz, CDCl3): d= 24.4 (CH2), 29.6
(CH2), 34.0 (CH2), 40.3 (CH), 110.4 (C8), 126.1, 126.9 and 128.4 (Ar
CH), 129.1 (C7), 135.9 (quat. C), 139.7 (C2), 146.8 ppm (quat. C); IR
(thin film): ñmax =3086 (m), 3061 (m), 3027 (m), 3002 (m), 2919 (s), 2835
(m), 1644 (m), 1605 (s), 1497 (m), 1453 (m), 989 (m), 894 (s), 829 (m),
760 (s), 699 cm�1 (s); MS (GC CI+ ): m/z (%): 185.1 ([MH]+ , 100), 170.1
(42), 104.1 (25); HRMS ([MH]+) requires m/z 185.1330, found 185.1329.


4-(Tri-n-butylstannyl)toluene (32):[65] p-Tolylmagnesi-
um bromide (44) in diethyl ether (28.0 mL of a 1.0m


solution, 280 mmol) and Bu3SnCl (5.00 mL, 184 mmol)
were stirred in THF (25 mL) at 30 8C under argon for
3 h. MeOH (25 mL) was slowly added to the cooled so-
lution, and the mixture was stirred at room tempera-


ture for an additional 30 min. The solvent was removed under reduced
pressure and the residue was dissolved in DCM (100 mL). The DCM so-
lution was then washed with water (100 mL), dried over Na2SO4/MgSO4


and the solvent was removed under reduced pressure. The residue was
purified by column chromatography (PE) to give 32 (6.60 g, 94 %) as a
colourless liquid.


Rf = 0.48 (PE); 1H NMR (400 MHz, CDCl3): d= 0.98 (t, J=7.5 Hz, 9 H;
CH2CH3), 1.04–1.22 (m, 6H; SnCH2), 1.42 (sextet, J= 7.5 Hz, 6 H;
CH2CH3), 1.53–1.74 (m, 6H; CH2CH2CH3), 2.41 (s, 3 H; Ar CH3), 7.23
(d, J =8.0 Hz, 2 H; H2, 6), 7.45 ppm (d, J =8.0 Hz, 2 H; H3, 5); 13C NMR
(100.6 MHz, CDCl3): d = 9.6 (SnCH2), 13.8 (CH2CH3), 21.5 (Ar-CH3),
27.5 (CH2CH3), 29.2 (CH2CH2CH3), 128.9 (C2, 6), 136.5 (C3, 5), 137.7
and 137.9 ppm (quat. C); IR (KBr): ñmax = 3061 (w), 3006 (w), 2957 (s),
2925 (s), 2871 (m), 2854 (m), 1464 (m), 1069 (m), 790 cm�1 (m); MS (GC
CI+ ): m/z (%): 342.1 ([M(120Sn)NH4]


+�C4H10, 22), 325.1 ([M(120Sn)H]+


�C4H10, 21), 308.1 (100), 291.1 (63); HRMS ([M(120Sn)H]+�C4H10) re-
quires m/z 325.0978, found 325.0965.


4-Methylbiphenyl (33): Bromobenzene (31; 132 mg) and
4-(tri-n-butylstannyl)toluene (32 ; 354 mg) were coupled
by using the general procedure with conditions B for
15 h. Column chromatography (PE) gave 33 (138 mg,
98%) as a white solid.


Rf = 0.36 (PE); m.p. 43–44 8C; lit. [66] 44.5–46.5 8C; 1H
NMR (400 MHz, CDCl3): d = 2.50 (s, 3H; CH3), 7.32–
7.37 (m, 2H; Ar CH), 7.40–7.47 (m, 1H; Ar CH), 7.50–


7.57 (m, 2H; Ar CH), 7.57–7.62 (m, 2 H; Ar CH), 7.67–7.72 ppm (m, 2 H;
Ar CH); 13C NMR (100.6 MHz, CDCl3): d= 21.2 (CH3), 127.06, 127.08,
128.80, 128.84 and 129.6 (Ar CH), 137.1, 138.4 and 141.2 ppm (quat. C);
IR (KBr): ñmax =3030 (w), 2915 (w), 1487 (m), 823 (m), 804 (w), 755 (s),
735 (w), 690 cm�1 (m); MS (GC CI+ ): m/z (%): 168.1 ([MC]+ , 100), 70.1
(28); HRMS ([MC]+) requires m/z 168.0939, found 168.0943.


4’-Methoxy-4-nitrobiphenyl (11): 4-Bromoani-
sole (10 ; 157 mg) and 4-(tri-n-butylstannyl)ni-
trobenzene (7; 383 mg) were coupled by using
the general procedure with conditions B for
15 h. Column chromatography (PE/DCM, 1:1)
gave 11 (187 mg, 97 %) as a yellow solid.


Rf = 0.31 (PE/DCM, 1:1); m.p. 105–105.5 8C;
lit. [43] 106–107; 1H NMR (400 MHz, CDCl3):
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d= 3.87 (s, 3 H; OCH3), 7.01 (apparent d, J= 9.0 Hz, 2 H; H3’, 5’), 7.58
(apparent d, J =9.0 Hz, 2 H; H2’, 6’), 7.67 (apparent d, J =9.0 Hz, 2 H;
H2, 6), 8.24 ppm (apparent d, J =9.0 Hz, 2H; H3, 5); 13C NMR
(100.6 MHz, CDCl3): d = 55.4 (OCH3), 114.6 (C3’, 5’), 124.1 (C3, 5),
127.0 (C2, 6), 128.5 (C2’, 6’), 131.0, 146.5, 147.1 and 160.5 ppm (quat. C);
IR (KBr): ñmax =2967 (w), 2930 (w), 2835 (w), 1600 (m), 1508 (s, NO2


str), 1343 (s, NO2 str), 1251 (s), 1186 (m), 1107 (w), 1033 (w), 1014 (w),
838 (w), 756 (w), 722 cm�1 (w); MS (CI + ): m/z (%): 247.1 ([MNH4]


+ ,
60), 229.0 ([MC]+ , 51), 214.0 (24), 200.1 (100), 186.1 (50).


2’,4’-Dimethoxy-4-nitrobiphenyl (35): 2,4-Di-
methoxybromobenzene (34 ; 182 mg) and 4-
(tri-n-butylstannyl)nitrobenzene (7; 383 mg)
were coupled by using the general procedure
with conditions B for 15 h. Column chroma-
tography (PE/DCM, 3:7) gave 35 (194 mg,
89%) as a bright yellow solid.


Rf = 0.38 (PE/DCM, 3:7); m.p. 124–125 8C; 1H
NMR (400 MHz, CDCl3): d= 3.84 (s, 3 H; CH3), 3.88 (s, 3H; CH3), 6.57–
6.63 (m, 2 H; H3’, 5’), 7.28 (d, J= 8.5 Hz, 1H; H6’), 7.67 (apparent d, J=


9.0 Hz, 2H; H2, 6), 8.24 ppm (apparent d, J =9.0 Hz, 2H; H3, 5); 13C
NMR (100.6 MHz, CDCl3): d= 55.5 and 55.6 (CH3), 99.1 and 105.1 (C3’,
5’), 121.0 (quat. C), 123.2 (C3, 5), 130.0 (C2, 6), 131.3 (C6’), 145.4, 146.2,
157.6 and 161.5 ppm (quat. C); IR (KBr): ñmax = 2968 (w), 2950 (w), 2841
(w), 1615 (s), 1598 (s), 1576 (s), 1511 (s, NO2 str), 1343 (s, NO2 str), 1311
(s), 1284 (s), 1212 (s), 1166 (s), 1142 (m), 1110 (m), 1050 (m), 1030 (m),
854 (m), 825 (s), 794 (m), 754 (m), 693 cm�1 (m); MS (CI + ): m/z (%):
277.2 [MNH4]


+ , 20), 260.2 (100), 244.2 (22), 230.2 (57), 214.2 (12), 198.1
(26), 183.1 (20); HRMS ([MH]+) requires m/z 260.0923, found 260.0930.


9-Vinylanthracene (37): 9-Bromoanthracene (36 ;
216 mg, 0.840 mmol) and tri-n-butylvinylstannane (28 ;
346 mg, 1.09 mmol) were coupled by using the general
procedure with conditions B for 15 h. Column chroma-
tography (PE) gave 37 (165 mg, 96 %) as a pale yellow
solid.


Rf =0.27 (PE); m.p. 57–60 8C; lit. [67] 60–63 8C; 1H
NMR (400 MHz, CDCl3): d = 5.68 (d, J =18.0 Hz, 1H;
C=CHb), 6.06 (d, J =11.5 Hz, 1H; C=CHa), 7.48–7.60


(m, 5H; Ar CH and C=CH), 8.00–8.08 (m, 2H; Ar CH), 8.35–8.40 (m,
2H; Ar CH), 8.42 ppm (s, 1 H; H10); 13C NMR (100.6 MHz, CDCl3): d=


122.9 (C=CH2), 125.1, 125.4, 126.0, 126.4 and 128.6 (Ar CH), 129.2 and
131.4 (quat. C), 133.6 (C=CH), 133.7 ppm (quat. C); IR (KBr): ñmax =


3050 (m), 1622 (m), 1442 (m), 1338 (m), 1158 (m), 991 (m), 932 (m), 884
(m), 843 (m), 734 cm�1 (s); MS (GC CI+ ): m/z (%): 205.1 ([MH]+ , 100);
HRMS ([MH]+) requires m/z 205.1017, found 205.1012.


(E)-Bis(7,8-dimethoxyquinol-5-yl)ethene
(40): 5-Bromo-7,8-dimethoxyquinoline
(38)[69] (236 mg, 0.880 mmol) and (E)-1,2-
bis(tri-n-butylstannyl)ethene (39)[68]


(255 mg, 0.420 mmol) were coupled by
using the general procedure with condi-
tions B [PdCl2 (3 mg, 0.017 mmol), PtBu3


(9 mL, 0.036 mmol), CuI (7 mg,
0.037 mmol), CsF (255 mg, 1.68 mmol),
DMF (2 mL)] for 15 h. Column chroma-


tography (DCM/acetone, 1:1) gave 40 (157 mg, 93 %) as a yellow solid.


Rf = 0.32 (DCM/acetone, 1:1); m.p. 211–212 8C; 1H NMR (400 MHz,
CDCl3): d= 4.12 (s, 3H; OCH3), 4.18 (s, 3H; OCH3), 7.34 (dd, J1 =4.0,
J2 =8.5 Hz, 2H; H3’, 3’’), 7.66 (s, 2H; H1, H2, or H6’, H6’’), 7.72 (s, 2H;
H1, H2, or H6’, H6’’), 8.46 (dd, J1 =1.5, J2 =8.5, 2 H; H4’, 4’’), 8.97 ppm
(dd, J1 =1.5, J2 =4.0 Hz, 2H; H2’, 2’’); 13C NMR (100.6 MHz, CDCl3):
d= 57.1 and 61.9 (OCH3), 113.3 (C1, 2, or C6’, 6’’), 119.4 (C3’, 3’’), 122.6
(quat. C), 127.8 (C1, 2, or C6’, 6’’), 130.8 (quat. C), 132.2 (C4’, 4’’),
143.59, 143.64 (quat. C), 150.5 (C2’, 2’’), 151.3 ppm (quat. C); IR (KBr):
ñmax = 2999 (w), 2935 (w), 2831 (w), 1594 (s), 1500 (m), 1476 (s), 1334
(s), 1307 (m), 1251 (m), 1165 (m), 1130 (s), 1082 (s), 790 cm�1 (m); MS
(ES + ): m/z (%): 827.1 (51), 425.0 ([MNa]+ , 45), 403.0 ([MH]+ , 100);
HRMS ([MH]+) requires m/z 403.1658, found 403.1653.


2-Phenyl-6-methylpyridine (42):[70] 2-Bromo-6-methyl-
pyridine (41; 144 mg) and phenyltri-n-butylstannane
(25 ; 341 mg) were coupled by using the general proce-
dure with conditions B for 15 h. Column chromatogra-
phy (DCM) gave 42 (129 mg, 91%) as a pale yellow
liquid.


Rf = 0.27 (DCM); 1H NMR (400 MHz, CDCl3): d= 2.65 (s, 3H; CH3),
7.11 (d, J =7.5 Hz, 1H; Ar CH), 7.38–7.55 (m, 4H; Ar CH), 7.64 (t, J=


7.5 Hz, 1H; Ar CH), 7.98–8.01 ppm (m, 2H; Ar CH); 13C NMR
(100.6 MHz, CDCl3): d = 24.8 (CH3), 117.6, 121.6, 127.0, 128.7 and 136.9
(Ar CH), 139.8, 157.0 and 158.4 ppm (quat. C); IR (thin film): ñmax =3061
(w Ar CH str), 2956 (w), 2923 (w), 1591 (s), 1572 (s), 1459 (s), 1160 (w),
1029 (w), 805 (m), 757 (s), 694 cm�1 (s); MS (ES + ): m/z (%): 169.5
([MH]+ , 100).


2-(Thiophen-2’-yl)-6-methylpyridine (43):[71] 2-Bromo-
6-methylpyridine (41; 144 mg) and 2-(tri-n-butylstan-
nyl)thiophene (18 ; 347 mg) were coupled by using the
general procedure with conditions B for 15 h. Column
chromatography (PE/DCM, 1:1) gave 43 (144 mg,


98%) as a pale yellow liquid.


Rf = 0.35 (PE/DCM, 1:1); 1H NMR (400 MHz, CDCl3): d= 2.59 (s, 3H;
CH3), 7.00 (d, J=7.5 Hz, 1H; Ar CH), 7.11 (dd, J1 =3.5, J2 =5.0 Hz, 1 H;
Ar CH), 7.38 (dd, J1 =1.0, J2 =5.0 Hz, 1 H; Ar CH), 7.45 (d, J =8.0 Hz,
1H; Ar CH), 7.54 (dd, J1 = 4.0, J2 =7.5 Hz, 1 H; Ar CH), 7.58 ppm (d,
J1 =1.0, J2 = 3.5 Hz, 1 H; Ar CH); 13C NMR (100.6 MHz, CDCl3): d=


24.6 (CH3), 115.9, 121.5, 124.4, 127.2, 127.9 and 136.8 (Ar CH), 145.2,
151.9 and 158.4 ppm (quat. C); IR (thin film): ñmax =3071 (w), 2959 (w),
2922 (w), 1587 (s), 1574 (s), 1532 (m), 1456 (s), 1434 (m), 1290 (w), 1232
(m), 1161 (m), 993 (w), 910 (m), 859 (m), 837 (m), 787 (s), 734 (s),
705 cm�1 (s); MS (ES + ): m/z (%): 175.6 ([MH]+ , 100); HRMS ([MH]+)
requires m/z 176.0534, found 176.0539.


4-Acetylbiphenyl (46): 4-Chloroacetophenone (45 ;
130 mg) and phenyltri-n-butylstannane (25 ; 341 mg)
were coupled by using the general procedure with
conditions B at 100 8C for 15 h. Column chromatog-
raphy (PE/DCM, 1:1) gave 46 (134 mg, 81%) as a
white solid.


Rf = 0.17 (PE/DCM, 1:1); m.p. 116–117 8C; lit. [73]
109–110 8C; 1H NMR (400 MHz, CDCl3): d= 2.64 (s, 3 H; CH3), 7.42 (t,
J =7.5 Hz, 1H; Ar CH), 7.49 (t, J= 7.5 Hz, 2 H; Ar CH), 7.63 (d, J=


7.5 Hz, 2 H; Ar CH), 7.69 (d, J=8.5 Hz, 2 H; H2, 6), 8.03 ppm (d, J=


8.5 Hz, 2H; H2, 6); 13C NMR (100.6 MHz, CDCl3): d=26.7 (CH3), 127.2,
127.3, 128.3, 128.9 and 129.0 (Ar CH), 135.8, 139.8 and 145.7 (quat. C),
197.7 ppm (C=O); IR (KBr): ñmax = 3072 (w), 2997 (w), 2916 (w), 1680 (s,
C=O str), 1602 (s), 1404 (m), 1358 (m), 1283 (m), 1264 (s), 1208 (m),
1180 (m), 961 (m), 842 (m), 766 (s), 720 (m), 691 (m), 596 cm�1 (m); MS
(GC CI + ): m/z (%): 197.1 ([MH]+ , 100), 196.1 (48), 181.1 (45), 152.1
(18), 131.1 (26), 87.0 (20), 71.1 (33), 70.1 (72); HRMS ([MH]+) requires
m/z 197.0966, found 197.0972; elemental analysis (%) calcd: C 85.68, H
6.16; found: C 85.33, H 6.18.
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Revealing Structural Effects, Part II: The Influence of Molecular Structure on
the Adsorption of Butanol Isomers on Platinum


Ricardo M. Souto,* Jos� L. Rodr�guez,* and Elena Pastor*[a]


Introduction


Geometric isomers exhibit different electroreactivity at
metal electrodes, which is assumed to result from structural
effects. This effect was found when considering the electro-
chemical reactions of butanol isomers on noble metal elec-
trodes, particularly at platinum electrodes, both in acid and
alkaline media.[1–7] Cyclic voltammetric data clearly estab-
lished differences in the potential ranges and the distribu-
tion of voltammetric current peaks for the oxidation of dif-
ferent C4-alcohols,[3–6] which were suggested to arise from
the occurrence of adsorbed intermediates, the nature of
which were very dependent on the molecular structure of
the isomer.[4,5] Unfortunately, electrochemical techniques
alone could not reveal the exact nature of those adspecies,
and the effect of the molecular structure on the actual reac-
tion mechanisms could not be established in these studies.


Recently, the electrochemical reactions of butanol isomers
at platinum electrodes in acid aqueous solution have been
studied on-line by differential electrochemical mass spec-
trometry (DEMS).[7] From the detection of the volatile
products formed during electroreduction and electro-oxida-
tion reactions, the similarities and the differences in the re-
activity of these compounds were established and analy-
zed.[7]Electrochemical reactions were considered to result
from the interaction of both adsorbed and dissolved alcohol
species with the electrode. The oxidation of the dissolved al-
cohol produces partially oxidized compounds such as alde-
hydes and ketones. The number of hydrogen atoms present
at the a-C atom appeared to be responsible for the different
paths for a given isomer. Thus, the partial oxidation pathway
does not take place for the tertiary alcohol, as no a-H atom
is present in this molecule. The dehydration is proposed to
occur for all isomers because in this pathway, only one H
atom is necessary in the C atom adjacent to the a-C atom.
These interpretations also explain the observations made by
Li and Sun on the electro-oxidation of n-butanol on a plati-
num electrode in acid solutions from FTIRS data.[8]


On the other hand, the formation of adsorbed species was
described to result from at least two different processes:


1) Electroadsorption of the butanol isomers by a dehydra-
tion process involving the OH group and one a-H atom.
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This reaction results in the formation of a C=C bond in
the adsorbate that interacts with the metallic surface
probably through its p system.


2) Dissociative chemisorption, in which the covalent bond
between the C atom attached to the OH group and the
rest of the chain was broken, with the production of
strongly adsorbed C1 species and a C3 alkane.


All the residues formed in these two processes oxidize to
CO2 and a fraction of them can suffer electroreduction to
form a C4 alkane.


Further insight into the nature of the adsorbed intermedi-
ates formed during the interaction of butanol isomers with a
platinum electrode in acid solution can be obtained by per-
forming the DEMS studies in the absence of the bulk reac-
tion. That is, by conducting adsorption experiments under
potentiostatic control, followed by electrolyte exchange in
an electrochemical flow cell. Accordingly, the present paper
is devoted to complete the investigation reported in Part I
with such experiments.[7] The main objective is to confirm
the two pathways involving adspecies described above in the
absence of the dissolved substances, thus allowing one to
discriminate between bulk and adsorbate reactivities. Addi-
tionally, it should be possible to investigate the eventual oc-
currence of other reactions involving adsorbed intermedi-
ates, which could be masked by the reactions of the dis-
solved molecules when they were present in the solution.


Experimental Section


Electrodes : For the analysis of the desorption products, differential elec-
trochemical mass spectrometry (DEMS) was used. The electrochemical
cell was a small flow-cell directly attached to the vacuum chamber of the
mass spectrometer, which allows the exchange of electrolyte keeping the
electrodes under potential control since they are always covered by elec-
trolyte (further details on the method have been described else-
where).[9, 10] The working electrode consisted of a porous metallic layer of
platinum sputtered on a microporous PTFE membrane, which formed
the interface between the electrochemical cell and the ion source of the
mass spectrometer. The potential of the working electrode was deter-
mined against a reversible hydrogen electrode (RHE) in aqueous 0.1 m


HClO4, and a wire of platinum was used as the counter electrode.


Before each experiment, the working electrodes were activated in 0.1m


HClO4 by applying repetitive potential cycles at 0.01 V s�1 between 0.01
and 1.50 V until a reproducible voltammogram was obtained. The real
area of the working electrode was measured through the voltammetric
charge within the hydrogen potential range for platinum,[11] and varied
between 19 and 20 cm2.


Chemicals : Solutions were prepared with Millipore MilliQ* plus water
(18.2 MW cm), and high purity chemicals (Fluka). The working electrolyte
was 0.1m HClO4. The four butanol isomers considered were 1-butanol,
isobutyl alcohol (2-methyl-1-propanol), sec-butyl alcohol (2-butanol), and
tert-butyl alcohol (2-methyl-2-propanol). The butanol isomers were
added to the supporting electrolyte to give a 0.2m concentration. Solu-
tions were carefully deaerated with 99.998 % argon. All measurements
were performed at room temperature.


Experimental procedure : Butanol isomers were adsorbed on the plati-
num electrode at controlled adsorption potential values (Ead), in the
range 0.05�Ead�0.70 V, taken in 0.05 V steps. In this way, adsorption of
the alcohols was produced at either a hydrogen-covered electrode or in
the double-layer region. The reactivity of the adspecies formed in this


way was subsequently investigated under either oxidation (anodic strip-
ping) or reduction (cathodic stripping) conditions. The complete experi-
mental procedure was as follows:


I) Adsorption : The electrode was activated in the base electrolyte.
Then, the potential was stopped at Ead during the anodic scan, and
the electrolyte solution containing the corresponding butanol isomer
was admitted in the flow cell.


II) Elimination of bulk butanol isomer : After an adsorption time of
3 min, the solution was completely replaced by pure base electrolyte
under potential control at Ead. To ensure a complete electrolyte re-
placement, about 10 times the volume needed to fill the electro-
chemical cell was allowed to flow through.


III) Stripping of the adlayer : After steps I and II, the residues were oxi-
dized or reduced in the absence of residual alcohol, by the applica-
tion of potential scans at a rate of 0.01 Vs�1, starting the potential
scan in the positive- or negative direction, respectively. Simultane-
ously, cyclic voltammograms (CVs), and mass spectrometric cyclic
voltammograms (MSCVs), at selected mass signal ratios (m/z), were
recorded. Thus, electro-oxidation of the adsorbed residues was ach-
ieved during the application of a positive potential scan starting at
Ead and going up to 1.50 V, followed by potential reversal down to
Ead. Successive potential cycles were recorded until the CV of a
“clean” platinum surface was obtained. Analogously, the adspecies
were electroreduced when the potential was cycled from Ead toward
0 V. The oxidation of the remaining species after reduction was
monitored by the CVs and the MSCVs recorded from Ead to 1.50 V.


The platinum surface and product assignment : Potential cycling of a plat-
inum electrode in an aqueous electrolyte produces changes in the surface
state of the metal. In this way, three potential regions are observed from
inspection of the CV for a platinum surface in 0.1 m HClO4, namely:


1) The “hydrogen region” (0.01–0.40 V): which is characterized by the
presence of adsorbed hydrogen on the electrode surface. The fea-
tures observed in the voltammetric curve correspond to the adsorp-
tion/desorption of hydrogen atoms bearing different energies. In this
potential range the reduction processes prevail, because oxidation re-
actions are not expected to occur at potentials at which the surface is
mainly covered with hydrogen. The formation of hydrocarbons from
alcohols at platinum in the hydrogen region was established many
years ago by chromatographic analysis.[12]


2) The “platinum oxide region”: at E>0.75 V the platinum oxide layer
commences to be formed during the positive potential scan, which is
subsequently electroreduced during the reverse sweep with the de-
velopment of a peak centred at 0.77 V. The presence of oxygen at
these potential values favors the formation of oxidation compounds.


3) The “double layer region”: in this potential region (0.40–0.75 V
during the positive run, narrower in the negative sweep), neither Had


nor Oad species are present at the surface.


Oxidation or reduction processes occur on platinum in different potential
ranges, depending on whether oxygen (at E>0.75 V) or hydrogen (at
E<0.40 V) is present at the metal surface. This fact must be considered
together with the fragmentation patterns of different molecules to identi-
fy the products from the recorded mass spectrometric curves. In a previ-
ous publication from our group,[7] a careful identification of the products
formed on platinum during the oxidation and the reduction of butanol
isomers was presented. In this way, the signal for m/z 44 recorded during
the anodic stripping experiments reported in this work could be attribut-
ed to the formation of CO2, whereas the formation of C4 and C3 alkanes
during cathodic stripping experiments was deduced from the MSCVs re-
corded for m/z 58 and m/z 44, respectively.


Results


The electrochemical behavior of the residues formed on
platinum at different values of Ead ranging from 0.05 to
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0.70 V was investigated by cyclic voltammetry combined
with electrochemical mass spectrometry.


Electro-oxidation of the adsorbed species formed from buta-
nol isomers on platinum : Figures 1–4 show the typical CVs
for the first positive potential scan and the corresponding


MSCVs for CO2 (m/z 44) production during oxidation of
the adlayers formed from each butanol isomers at four ad-
sorption potentials Ead, two of them (namely 0.05 or 0.10,
and 0.20 V) located in the hydrogen adsorption region of
the platinum electrode, whereas the other two values (i.e.,
0.50 and 0.70 V) are placed in its double-layer range. The
dependence of CV and MSCV profiles on Ead can be direct-
ly observed from the inspection of these figures.


Carbon dioxide is detected as the sole oxidation product
of the adspecies formed from the butanol isomers in all the
adsorption potential range, since no other species were de-
tected by checking different m/z ratios. Thus, the formation
of partially oxidized compounds (aldehydes or ketones),
which were detected by DEMS when the 1-butanol, isobutyl
alcohol, or sec-butyl alcohol were present in the bulk of the
solution,[7] as followed by the signal m/z 72 ([C4H8O]C+),
does not take place during the oxidation of the residues.
That is, platinum is a good catalyst for the oxidation of or-
ganic compounds to CO2 as it has been previously observed
with DEMS and FTIR for the adsorbates formed from
shorter chain alcohols on this metal.[13–17]


Figure 1. Direct electro-oxidation of the residues of 1-butanol formed at
platinum in 0.1 m HClO4 after adsorption at different Ead values as indi-
cated; v =0.01 Vs�1. A) CVs and B) MSCVs for CO2 (m/z 44). (g) CV
in pure supporting electrolyte.


Figure 2. Direct electro-oxidation of the residues of isobutyl alcohol
formed at platinum in 0.1m HClO4 after adsorption at different Ead


values as indicated; v=0.01 V s�1. A) CVs and B) MSCVs for CO2 (m/z
44). (g) CV in pure supporting electrolyte.


Figure 3. Direct electro-oxidation of the residues of sec-butyl alcohol
formed at platinum in 0.1m HClO4 after adsorption at different Ead


values as indicated; v=0.01 V s�1. A) CVs and B) MSCVs for CO2 (m/z
44). (g) CV in pure supporting electrolyte.


Figure 4. Direct electro-oxidation of the residues of tert-butyl alcohol
formed at platinum in 0.1m HClO4 after adsorption at different Ead


values as indicated; v=0.01 V s�1. A) CVs and B) MSCVs for CO2 (m/z
44). (g) CV in pure supporting electrolyte.
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The mass signal for m/z 44 exhibits two contributions
during the first positive potential scan centred around 0.75–
0.82 and 1.03–1.10 V, respectively. They are resolved as two
separate peaks for 1-butanol and isobutyl alcohol (see Fig-
ure 1 B and Figure 2B), but are overlapped in the case of
sec-butyl alcohol and tert-butyl alcohol (see Figure 3 B and
Figure 4B). The relative yield associated with these contri-
butions depends on the adsorption potential and the butanol
isomer. CO2 is also formed in the negative scan at potentials
below 0.95 V, that is, as soon as the electroreduction of plati-
num oxide has taken place, as indicated by the electroreduc-
tion peak centred at 0.80 V in the CVs depicted in Fig-
ure 1 A–4 A. Carbon dioxide is still formed in the following
sweeps (not shown in the figure for the sake of simplicity),
and three cycles are necessary to obtain a potential-inde-
pendent signal for m/z 44.


Integration of the ion current signals during three poten-
tial cycles for each adsorption potential Ead gives the total
yields of carbon dioxide evolved during the electro-oxida-
tion processes for the four butanol isomers, and these are
plotted in Figure 5 (full circles, solid line) as a function of
Ead. These plots can be considered as the adsorption curves
for each alcohol.


Electroreduction of the adsorbed species formed from buta-
nol isomers on platinum : The reduction of the adsorbates
was accomplished through consecutive potential cycles in
the hydrogen adsorption region, and it occurred at poten-
tials below 0.20 V. Four potential cycles between Ead and
0.01 V were performed after adsorption and electrolyte re-
placement. The typical CVs measured during the first poten-
tial scan for the residues produced at two Ead (0.20 and
0.50 V) are given in Figures 6 A–9 A for the different buta-


nol isomers. Partial removal of the adsorbates is produced,
especially during the first potential cycle as deduced from
the additional cathodic current in the negative scan in these
figures. Analogously, the first MSCV presents the highest
mass intensity, which decays drastically during the following
potential scans (not shown). The cathodic current is more
noticeable for 1-butanol (Figure 6A).


The formation of C3 and C4 alkanes was detected during
the reduction of the adsorbates (Figure 6B–9B), which are
followed through the mass signals for m/z 44 ([C3H8]C+) and


Figure 5. Ion charge densities for CO2 (m/z 44) determined by integration
of the MSCVs recorded during the oxidation of the residues as a function
of Ead : (*) direct electro-oxidation and (&) oxidation of the residues re-
maining on the surface after potential cycling in the hydrogen range of
platinum. A) 1-butanol, B) isobutyl alcohol, C) sec-butyl alcohol, and D)
tert-butyl alcohol.


Figure 6. A) First CVs during the electroreduction of the residues of 1-
butanol formed at platinum in 0.1 m HClO4 at different Ead values as indi-
cated. B) Corresponding MSCVs for propane (m/z 44) and 1-butane (m/z
58) in the hydrogen region. C) First CV for the oxidation of the residues
remaining on the surface after A and B. D) Corresponding MSCVs for
CO2 (m/z 44). CV and MSCV for the direct electro-oxidation of the ad-
sorbates formed at Ead =0.20 V are also plotted (dotted-dashed line). v=


0.01 Vs�1.


Figure 7. A) First CVs during the electroreduction of the residues of iso-
butyl alcohol formed at platinum in 0.1m HClO4 at different Ead values
as indicated. B) Corresponding MSCVs for propane (m/z 44) and isobu-
tane (m/z 58) in the hydrogen region. C) First CVs for the oxidation of
the residues remaining on the surface after A and B. D) Corresponding
MSCVs for CO2 (m/z 44). CV and MSCV for the direct electro-oxidation
of the adsorbates formed at Ead =0.20 V are also plotted (dotted-dashed
line). v =0.01 Vs�1.
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for m/z 58 ([C4H10]C+), respectively. The first mass signal can
be assigned to the formation of propane for all the butanol
isomers. It must be observed that the same m/z value was
related to the production of CO2 for E>0.40 V. However,
considering the state of the platinum surface, which is cov-
ered by Had at E<0.20 V, no oxidation to CO2 but to a re-
duction product instead has to be responsible for the contri-
bution to this mass signal in this potential range. According-
ly, the signal for m/z 58 is assigned to 1-butane in the case
of the residues from 1-butanol and sec-butyl alcohol, or to


isobutane in the case of isobutyl alcohol and tert-butyl alco-
hol. The onsets for the production of these alkanes correlate
well with the initiation of the reduction current in the corre-
sponding CVs.


In general, the signal for the C4 hydrocarbon (m/z 58)
shows a steady increase for E<0.10 V and presents the max-
imum value near the cathodic potential limit. The produc-
tion of this alkane diminishes during the subsequent anodic
scan. Conversely, the potential dependence displayed by
propane (m/z 44) for 1-butanol and isobutyl alcohol shows a
pronounced increase during the cathodic scan for E<0.20 V,
attaining a maximum at 0.10 V, just at the potential where
H2 evolution starts. During the remainder of the cathodic
scan and subsequent anodic sweep, the mass current contin-
uously decreases. As a difference to the primary alcohols, in
the case of sec- and tert-butyl alcohol adsorbates, the signals
for the production of propane (m/z 44) closely follows that
of isobutane (m/z 58).


The integrated ion charges for m/z 58 and m/z 44 as a
function of the adsorption potential are given in Figure 10.
It should be noted that, for the sake of comparison, the inte-


grated values for m/z 58 measured for the residues from iso-
butyl alcohol and tert-butyl alcohol are multiplied by a
factor of 5 because isobutane presents a fragmentation for
this signal about five times lower than that for 1-butane.[18, 19]


After reduction of the adsorbates, the CVs (Figures 6C–
9C) and MSCVs for CO2 (m/z 44) (Figures 6D–9D) were
also recorded to monitor the oxidation of the organic resi-
due not desorbed during cycling in the hydrogen region.
The corresponding CVs and MSCVs for CO2 production ob-
tained during the direct electro-oxidation of the adsorbates
formed at Ead = 0.20 V are plotted for comparison in Figur-
es 6C–9C and Figures 6D–9D, respectively. Some differences


Figure 8. A) First CVs during the electroreduction of the residues of sec-
butyl alcohol formed at platinum in 0.1m HClO4 at different Ead values
as indicated. B) Corresponding MSCVs for propane (m/z 44) and n-
butane (m/z 58) in the hydrogen region. C) First CVs for the oxidation of
the residues remaining on the surface after A and B. D) Corresponding
MSCVs for CO2 (m/z 44). CV and MSCV for the direct electro-oxidation
of the adsorbates formed at Ead =0.20 V are also plotted (dotted-dashed
line). v =0.01 Vs�1.


Figure 9. A) First CVs during the electroreduction of the residues of tert-
butyl alcohol formed at platinum in 0.1m HClO4 at different Ead values
as indicated. B) Corresponding MSCVs for propane (m/z 44) and isobu-
tane (m/z 58) in the hydrogen region. C) First CVs for the oxidation of
the residues remaining on the surface after A and B. D) Corresponding
MSCVs for CO2 (m/z 44). CV and MSCV for the direct electro-oxidation
of the adsorbates formed at Ead =0.20 V are also plotted (dotted-dashed
line). v =0.01 Vs�1.


Figure 10. Ion charge densities for (*) C3 alkanes (m/z 44) (&) and C4 al-
kanes (m/z 58) determined by integration of the curves obtained for
these m/z values during the electroreduction of the residues as a function
of Ead. A) 1-butanol, B) isobutyl alcohol, C) sec-butyl alcohol, and D)
tert-butyl alcohol.
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are observed when comparing the currents recorded after
the electroreduction process with those for the direct oxida-
tion of the adsorbates. That is, the onset for the oxidation of
the residues to CO2 is shifted to less positive potentials, with
a peak clearly displayed around 0.55 V. The second contri-
bution appears in practically the same potential range to
that in the case of the direct oxidation. These current re-
sponses resemble those obtained for the adsorbates formed
in the hydrogen adsorption region (see Figures 1–4 for Ead =


0.07 or 0.10 V).
The total yields of CO2 during the subsequent oxidation


of the non-electroreduced residues was again determined
from the integration of the ion-current signals for the ratio
m/z 44 measured during three potential cycles, and these are
also plotted in Figure 5 (full squares, dashed line) for the
four butanol isomers at the different Ead values tested. It
can be noted that the total amounts of CO2 evolved from
the electrode at all the Ead values are now much smaller
(50–90 % depending on the isomer and Ead) than those ob-
tained for the direct oxidation of the residues formed at
these potentials.


Discussion


Preliminary considerations : All the four butanol isomers are
found to adsorb irreversibly at platinum electrodes, in both
the double layer and the hydrogen potential ranges of this
metal. The stripping of the residues was performed through
both electro-oxidation and electroreduction, and the yields
of their products were determined by DEMS. The results
obtained allow us to make the following remarks:


1) The adlayer of the four butanol isomers formed at plati-
num is electro-oxidized at E>0.50 V to CO2 (m/z 44,
[CO2]C+) as the sole oxidation product (see Figures 1–4).
Three potential cycles up to 1.50 V are necessary to com-
plete the stripping of the adsorbates. This result suggests
that oxidation occurs through a stepwise mechanism in-
volving the gradual rupture of the C�C chain. Most of
the molecule is oxidized during the first potential excur-
sion, but some portion needs further potential scans to
be completely desorbed as CO2.


2) Three different contributions can be detected in the first
MSCVs for m/z 44 during the oxidative desorption of
the residues (see Figures 1B–4B). That is, there are two
different potential ranges for the formation of CO2


during the positive potential scan, which are observed in
the double layer (0.50 V<E<0.90 V) and in the plati-
num oxide (E>0.90 V) regions. CO2 is also formed in
the negative potential scan when the Pt oxide layer is re-
duced.


3) The relative yield associated with these oxidation contri-
butions depends on the adsorption potential and on the
nature of the alcohol. CO2 formation in the 0.50 V<E<
0.90 V potential range is more pronounced for the two
primary alcohols (see Figures 1B and 2B for 1-butanol


and isobutyl alcohol, respectively). As this potential
range corresponds to that for the oxidation of adsorbed
CO (see below), it is concluded that the fragmentation
of the C4 initial chain into C1 and C3 species is favored
for these alcohols. This process is also favored as the po-
tential is set at more negative values.


4) The amount of residues formed at platinum can be de-
termined as a function of the adsorption potential
through the integration of the ion current signals mea-
sured for the m/z 44 signal (Figure 5). These plots repre-
sent the adsorption curve for each butanol. It is observed
that, except for tert-butyl alcohol, butanol isomers dis-
play a maximum value of about 24 � 10�13 C cm�2 in the
potential range 0.20–0.50 V. In the case of tert-butyl alco-
hol, though a similar maximum value is attained, the po-
tential region in which it occurs is narrower (namely,
0.35–0.40 V). From these results, a common initial inter-
mediate with a similar structure seems to be involved for
the four isomers.


5) C3 (propane, m/z 44, [C3H8]C+) and C4 (butane or isobu-
tane, m/z 58, [C4H10]C+) hydrocarbons are detected from
the electroreduction of the adsorbates. These compounds
are formed at E<0.20 V during the application of repet-
itive potential cycling in the range between Ead and 0 V
(see Figures 6A,B–9A, B).


6) The relative yields of propane and either butane or iso-
butane depend on Ead and on the nature of the alcohol.
The potential dependences for the production of these
hydrocarbons are depicted in Figure 10.


7) The highest C3/C4 ratios are observed for 1-butanol and
isobutyl alcohol, rather than for tert-butyl alcohol. Ac-
cordingly, the fragmentation is favored for the primary
alcohols, and then, COad species are probably formed
from primary butanols, as previously assumed.


8) The residues remaining at the electrode after the electro-
reduction process also oxidize to CO2 (see Figur-
es 6C, D–9C,D). The coverage of the surface by the ad-
species diminishes as a result of the reductive stripping
process, and the decrease amounts to 60 % for 1-butanol
and isobutyl alcohol, 80 % for sec-butyl alcohol, and
90 % for tert-butyl alcohol (see Figure 5). This diminu-
tion is related with the production of C3 and C4 hydro-
carbons during the reduction.


9) The electro-oxidation of the residues mentioned in point
8) mainly displays the feature occurring in the 0.50 V<


E<0.90 V potential range, whereas that occurring at E>
0.90 V in the corresponding MSCVs for the direct oxida-
tion has greatly decreased and contributes very little to
the total CO2 yields (see Figures 6D–9D). The voltam-
metric and mass responses are similar to those obtained
for the same butanol adsorbed at Ead = 0.07 or 0.10 V.
Therefore, during reduction of the adsorbate in the Had


potential region or during adsorption at these low poten-
tials, “CO-like” species (see below), which oxidizes in
the 0.50–0.90 potential range, are formed.
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Revision of the adsorption and electrochemical reactions
of shorter chain alcohols at Pt in acidic solutions : Comple-
mentary information could be obtained from the considera-
tion of the adsorption and electrochemical reactions of C2


and C3 alcohols on Pt electrodes in acid solution, which
have been the object of thorough investigation in our
group.[14–18] On the basis of those studies, conclusions regard-
ing the reactivity of the alcohol group and the influence of
the hydrocarbon chain were extracted from the comparison
of their electrochemical responses under oxidation and re-
duction conditions. The compounds studied were, namely,
ethanol,[13] 1-propanol,[14] isopropyl alcohol,[15] allyl alcohol
(2-propen-1-ol),[16] and propargyl alcohol (2-propyn-1-ol).[17]


Thus, both primary and secondary saturated alcohols, as
well as unsaturated primary C3 alcohols, have been investi-
gated. The electro-oxidation and the electroreduction prod-
ucts detected from adsorbate experiments on platinum with
these alcohols are summarized in Table 1. In the cases
where more than one product was obtained simultaneously,
the yield ratios of the products are also given.


Though different products were detected during the
cathodic stripping of the adsorbates formed at platinum
from the different organic compounds, they all form CO2 as
the only oxidation product. But even in this case, differences
were found for each alcohol as for the potential range for
CO2 formation and the number of oxidation cycles necessa-
ry to achieve complete electro-oxidation. Thus, the residues
formed from ethanol were almost completely stripped in
one cycle up to 1.50 V, and the small rest of adsorbate that
remained at the surface was oxidized during the reverse
scan, after the reduction of the Pt oxide. In this case, oxida-
tion mainly took place in the potential region where “CO-
like” adsorbates are oxidized (namely 0.60–0.80 V).[20] For 1-
propanol, at least two oxidation cycles were needed for
complete electro-oxidation, and the main contribution to
the CO2 signal was found at more positive potentials. This
effect was even more dramatic for the adsorbates from 2-
propanol as their oxidation occurred around 1.04 V, and no
“CO-like” species were observed. Intermediate situations
were encountered for the two unsaturated C3 alcohols con-
sidered, which exhibited varying fractions of CO2 formed in


the 0.60–0.80 V region as compared to the mass signal locat-
ed at more positive potentials.


When the electroreduction is considered, a great diversity
in the composition of the products, as well as in their yields,
is observed. In general, hydrocarbons with the same number
of C atoms as the original molecule or containing one less
were detected for all cases, with the exception of 2-propa-
nol, which forms propane as the only reduction product.
This is a strong indication that cleavage of the hydrocarbon
chain mainly occurs for the primary alcohols, that is, for
those compounds that contain a hydrogen atom linked to
the carbon atom bearing the OH group. This correlates well
with the absence of “CO-like” adsorbates for 2-propanol. In
the case of the unsaturated alcohols, the different extent of
hydrogenation of the organic chain resulted in the produc-
tion of mixtures of C3 hydrocarbons during the electroreduc-
tion of the adsorbates.


These results indicate that at platinum electrodes, the re-
active center for the saturated alcohols is the a-C atom. Ad-
sorption can occur as at least one H atom at the a-C atom is
lost, and the residue is then directly linked to a site at the
platinum surface through this a-C atom. In this way, the Cn


chain is retained. In addition to this process, a fraction of
the residues formed from primary alcohols result from the
cleavage of the hydrocarbon chain, which is responsible for
the formation of “CO-like” and Cn�1 species. The necessary
condition for this reaction to take place is the presence of
the OH group at the extreme of the carbon chain. The
extent of cleavage as compared to the adsorption of the
complete hydrocarbon chain depends on the length of the
chain; it amounts to 86 % for ethanol, 78 % for 1-propanol,
33 % for allyl alcohol, and 4 % for propargyl alcohol.


In the case of allyl and propargyl alcohols, electrochemi-
cal reactivity is influenced by the existence of another reac-
tion center in addition to the a-C atom, which is the unsatu-
rated C�C bond. Accordingly, residues are formed after the
abstraction of either the vinyl or the acetylenic hydrogen
atoms for allyl or propargyl alcohols, respectively. Thus, the
alcohol group is not directly involved in the adsorption
process, as the interaction between the Pt site and the or-
ganic compound is established through the unsaturated C�C
bond. The subsequent hydrogenolysis of the C�O bond in
the residues produces propene or propyne, respectively. Fi-
nally, an additional pathway is observed during the adsorp-
tion of propargyl alcohol, which is due to the rupture of the
triple bond. The adspecies formed in this reaction is electro-
reduced to propylene.


Reactions of adsorbed butanol isomers at platinum electro-
des : In our previous study,[7] the electrochemical behavior of
butanol isomers at platinum electrodes in acidic medium,
when present in the bulk solution, was explained by consid-
ering six different reaction pathways (for details, see Part
I),[7] namely:


Reaction 1: Complete oxidation : It results in the formation
of CO2 during the oxidation of the four butanol isomers.


Table 1. Electro-oxidation and electroreduction products from a series of
alcohols at platinum in acid media, detected by on-line differential elec-
trochemical mass spectrometry (DEMS) from adsorbate experi-
ments.[13–17]


Alcohol Oxidation
products


Reduction products


ethanol CO2 ethane, methane
ratio 1:6


n-propanol CO2 propane, ethane
ratio 1:3.5


2-propanol CO2 propane
allyl alcohol CO2 propane, propene, ethane


ratio 1:1:1
propargyl CO2 propane, propene, propyne, ethane
alcohol ratio 10:12:2:1
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Reaction 2: Partial oxidation : During the oxidation of the
primary and the secondary butanol isomers, compounds con-
taining a carbonyl group (i.e. aldehydes and ketones) are
also obtained. tert-butyl alcohol does not exhibit this reac-
tion.


Reaction 3: Dehydration : It leads to the formation of strong-
ly adsorbed intermediates containing a C=C bond. This re-
action takes places for the four isomers since they all con-
tain a H-atom at the carbon adjacent to the a-C atom.


Reaction 4: Hydrogenation : Hydrogen is added to the C=C
bond in the adsorbates formed through reaction pathway
(3), and leads to the corresponding C4 alkanes.


Reaction 5: Fragmentation : Alternatively, the C4 chain in the
adsorbates can be broken with the formation of C3 and C1


species.


Reaction 6: Hydrogenolysis : C4 alkanes are also formed by a
direct reaction between the alcohol molecules in the bulk of
the solution and the hydrogen adsorbed on the electrode.


The formation of irreversibly adsorbed species was pro-
posed before.[7] The results obtained in this work allow us to
unambiguously establish which of the preceding reaction
pathways involve the participation of these residues. Thus, it
is possible to conclude that:


1) The sole oxidation product for the adsorbed species is
CO2, which is formed through reaction 1 at E > 0.50 V,
as shown by the potential dependence of the mass re-
sponse for m/z 44 [Eq. (1)].Partial oxidation (reaction 2)


Adsorbateþ x H2O! x0CO2 þ x00Hþ þ x00e� ð1Þ


does not occur for the adsorbates in any case.


2) The intensity of the signal for m/z 58 at E<0.20 V is
lower for the isolated adsorbates than for the molecules
in the bulk solution, especially in the case of 1-butanol
and isobutyl alcohol. This can be explained by consider-
ing that adsorption involves a dehydration reaction (re-
action 3) with the formation of alkene species [Eq. (2)],
which undergoes hydrogenation (reaction 4) in the H2


evolution region giving the corresponding butane isomer
[Eq. (3)].A common nomenclature for butanol isomers
is used (Scheme 1).


3) All butanol isomers undergo fragmentation (reaction 5)
during their adsorption at platinum, thus accounting for
the formation of propane (m/z 44 at E<0.20 V). In addi-
tion to the adsorption potential, the extent of this reac-
tion depends strongly on the structure of the alcohol,
and it is favoured for the primary butanol isomers. For
these alcohols, acetyl adsorbed species can be formed
[Eq. (4)], which suffers the fragmentation by interaction
with Had [Eq. (5)].For secondary and tertiary butanol


isomers, the formation of these adsorbates should in-
volve an isomerization process, probably through the
alkene intermediate, which hinders the reaction. As the
intensities measured for the production of propane from
adsorbed species are similar to those determined when
the molecule is present in the bulk solution, it is con-
cluded that the reaction has to proceed through adsor-
bed species.


4) Fragmentation is favored for primary butanol isomers,
and therefore, this reaction competes with the dehydra-
tion process thus decreasing the ratio of butane formed
from the corresponding adsorbed species. The formation
of the C4 alkane during the hydrogenolysis of the alcohol
molecules in the bulk solution is responsible for the
higher intensities measured for butane formation.[7]


Conclusion


The formation of strongly adsorbed residues from the four
butanol isomers at Pt with poisoning effects, which were
considered in our previous publication concerning the elec-


Scheme 1.
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trochemical reactions of butanol isomers,[7] has been con-
firmed. The extent of adsorption is observed to depend on
both the nature of the butanol isomer and the applied po-
tential. All the alcohols show the highest coverages in the
0.25�0.50 V potential range with a decrease for Ead>0.50 V.


The a-C atom is the reactive center in the molecules. The
electroadsorption process has been interpreted as the dehy-
dration of the molecule at the CH-CaOH group and the ad-
sorbate is then bound to Pt surface through the C=Ca bond
formed. This reaction explains why primary and secondary
butanol isomers exhibit the highest adsorption rates, but
also applies to the adsorption of tert-butyl alcohol mole-
cules.


Primary alcohols predominantly undergo cleavage of the
Ca
�C bond during adsorption, thus producing CO-like spe-


cies and propane. The yields of the C3 alkane resulting from
the electroreduction of these adsorbates in the hydrogen
region of Pt are very similar for both 1-butanol and isobutyl
alcohol at most Ead values, and give C3 to C4 alkane ratios of
around 2.5:1. This may indicate that the main effect con-
cerning the rupture of the C�C bond arises from the pres-
ence of the OH group at the extreme of the C�C chain. In
this case, the formation of acetyl intermediates accounts for
the experimental results. The C3 alkane/C4 alkane ratio is
almost 1:1 for sec-butyl alcohol and very small for tert-butyl
alcohol. Thus, cleavage is a major effect for the primary al-
cohols but hardly occurs for tert-butyl alcohol.
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From a Monomer to a Protein-Sized, Doughnut-Shaped Coordination
Oligomer—The Influence of Side Chains of C3-Symmetric Ligands in
Supramolecular Chemistry


Iris M. M�ller,* Daniela Mçller, and Kirsten Fçcker[a]


Introduction


The rapidly growing field of supramolecular coordination
chemistry can be divided into two classes by the formed
products, namely polymers and discrete cage molecules. The
polymers are well known because of the possible applica-
tions of such compounds as new materials, heterogeneous
catalysts, and ion exchangers.[1] The rational design of dis-
crete cage molecules can be carried out by following the
molecular library method,[2] in which the stochiometry and
symmetry elements of the product are predestined by the
molecular starting fragments. Up to now, in most cases using
this design strategy cages have been formed with the metal
centres representing the corners, which are linked by two-
fold bridging ligands that represent the edges. The use of li-
gands covering the faces of the cage is much more scarce,
and even then often only a small part of the face is covered,
which leads, for example, for triangular units to the forma-


tion of adamantanoid instead of tetrahedral coordination
cages with wide openings at the corners.[3]


We previously reported the metal binding properties of
tris(2-hydroxybenzylidene)triaminoguanidinium chloride
[H6L]+ (Scheme 1a) and its use as a tris-chelating ligand
with threefold symmetry.[4] This ligand could be used to
form coordination cages with the outer shape of a tetrahe-
dron and the formula [{(CdCl)3L}4]


8�,[5] and even with the
outer shape of an octahedron and the formula [(Pd3L)8{m-
(bar)}12]


16�.[6]


The structural characterisation of large cage compounds
by X-ray crystallography is often difficult due to rapid sol-
vent loss and a typical high degree of disorder of both coun-
terions and solvent molecules. We were able to increase the
scattering power of the ligands by the introduction of heavy
atoms, in this way we synthesised the new ligand tris(5-
bromo-2-hydroxybenzylidene)triaminoguanidinium chloride,
[H6Br3L]+ , (Scheme 1b).[7] This can also be used to build a
molecular tetrahedron under similar conditions to those ap-
plied previously ([{(CdCl)3Br3L}4]


8�).[8] But there is one im-
portant difference between the two coordination cages
[{(CdCl)3L}4]


8� and [{(CdCl)3Br3L}4]
8�. While the first one


can only be formed in the presence of a tetrahedral counter
cation small enough to be encapsulated, the second one can
also be formed in absence of tetrahedral cations, providing


Abstract: Herein we describe the im-
portance of side chains in C3-symmetric
ligands in supramolecular chemistry.
The reaction of the new ligand tris(5-
bromo-2-methoxybenzylidene)triamino-
guanidinium chloride [H3Me3Br3L]Cl
(1) with ZnCl2 results in the formation
of the monomeric complex (Et3NH)2-
[(ZnCl2)3Me3Br3L] (2), in which the
ligand remains in a conformation less
favourable for the coordination of
metal centres. The use of the related
tris(5-bromo-2-hydroxybenzylidene)tri-


aminoguanidinium chloride, [H6Br3L]Cl,
under similar conditions, results in the
formation of two different dimeric
compounds (NH4)[{[Zn(NH3)]3Br3L}2-
{m-(OH)}3]·


1=4MeOH (3) and [Zn{Zn2-
(OH2)3(NH3)Br3L}2] (4), depending on
the solvent mixture used. The compa-
rable reaction of the ligand tris-


(5-bromo-2-hydroxy-3-methoxybenzyl-
idene)triaminoguanidinium chloride
[H6(OMe)3Br3L]Cl (5), leads to the for-
mation of a doughnut-shaped, protein-
sized coordination oligomer
(Et3NH)18[{Zn[Zn2Cl{(OMe)3Br3L}]2}6-
(m-Cl)6(OH2)6]·x CH3CN (6), which
comprises six dimeric [Zn5-
{(OMe)3Br3L}2] units. Whereas 3 and 4
decompose in DMSO solution, 6 is sur-
prisingly stable in the same solvent.
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that other cations and solvent molecules are available to fill
the inner space. Owing to the steric influence of the bro-
mine atoms the capsule is closed more tightly.


Herein we describe more derivatives of [H6L]+ and their
use for the coordination of Zn2+ ions. The resulting com-
plexes (a monomeric and two dimeric species, as well as a
protein-sized cyclic oligomer) demonstrate the importance
of the side chain.


Results and Discussion


To date the coordination cages formed by C3-symmetric li-
gands were highly charged, therefore the first new ligand we
present here is tris(5-bromo-2-methoxybenzylidene)triami-
noguanidinium chloride [H3Me3Br3L]Cl, (1), which should
form [M3Me3Br3L]3n�2 triangular building blocks, and result
in cage compounds with lower charge. [H3Me3Br3L]Cl can
easily be obtained from a Schiff base reaction of 5-bromo-2-
methoxybenzaldehyde and triaminoguanidinium chloride.
As the other ligands of this class, the [H3Me3Br3L]+ ion can
adopt two different conformations (Figure 1a). In solution
conformation 2 is predominant, which is less favourable for
the coordination of metal centres. In a 1H,1H NOESY ex-
periment of 1 in [D6]DMSO no cross peak between H-C(6)


and H-C=N was observed. This behaviour has been ob-
served for other ligands of this class, and the conformation
of the ligands usually change readily on metalation of their
N and O atoms.[4,7]


The reaction of [H3Me3Br3L]Cl with ZnCl2 in acetone in
the presence of Et3N as base results in the formation of


Scheme 1. C3-symmetric ligands as triangular building blocks, and known
closed coordination cages formed by these ligands.[5, 6,8]


Figure 1. possible conformations of the new ligands: a) [H3Me3Br3L]+ (1), b) [H6(OMe)3Br3L]+ (5). Crystal structures of c) [(ZnCl2)3Me3Br3L]2� (2 ;
counter cations omitted for clarity) and d) [H6(OMe)3Br3L]Cl (5).
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bright yellow crystals of (Et3NH)2[(ZnCl2)3Me3Br3L] (2). To
our surprise the X-ray analysis of 2 showed that no change
in the conformation had occurred. The triply deprotonated
ligand bonds to three ZnCl2 units in a chelating manner, and
the methoxy groups are not involved in the coordination
(Figure 1c). The observed bond lengths and angles fall
within the expected ranges; the central C�N bond
(1.350(9) �) is significantly shorter than a C�N single bond
(1.469 �),[9] in accordance with the partial double-bond
character (Table 1). The Zn2+ centres adopt distorted tetra-
hedral coordination geometries with observed angles at the
metals of 79.6(6) to 118(2)8 (Table 2). To see whether this
tetrahedral coordination geometry forces the system to
adopt this coordination mode we performed a similar reac-
tion with the ligand [H6Br3L]Cl, which has already been
shown to change its conformation in the presence of base or
Cd2+ ions.[7,8] The reaction of [H6Br3L]Cl with ZnCl2 in a
mixture of DMF, water and methanol in the presence of


NH3 as base results in the for-
mation of orange-red crystals of
a dimeric complex (NH4)-
[{{Zn(NH3)}3Br3L}2{m-
(OH)}3]·


1=4MeOH (3). The
result of the X-ray structure
analysis is shown in Figure 2.
Two triangular [{Zn-
(NH3)}3Br3L]+ units are orien-
tated parallel to each other,
with the Zn2+ centres being
linked by bridging OH� groups.


In 3, the ligand adopts the fa-
vourable conformation for the
complexation of metals, and the
Zn2+ centres exhibit distorted


trigonal-bipyramidal coordination spheres with both axial
and one equatorial position occupied by the ligand. Each
[{Zn(NH3)}3Br3L]+ unit is chiral, as best appreciated in the
screw direction of the central CN6 core. Both triangular


Table 1. Selected bond lengths [�] and angles [8] of [H6Br3L]+ ,[4] and the compounds 2–6.


[H6Br3L]+ 5 2 3 4 6


C�N1 1.336(2) 1.334(6) 1.350(9) 1.35(1) 1.35(3) 1.36(4)
N1�N2 1.389(3) 1.39(1) 1.394(8) 1.38(1) 1.38(2) 1.38(3)
N2=C 1.278(3) 1.28(1) 1.29(1) 1.29(1) 1.29(2) 1.29(2)
C�O 1.348(4) 1.36(1) 1.36(1) 1.31(1) 1.32(3) 1.36(2)
C�Br 1.906(3) 1.90(1) 1.91(1) 1.90(1) 1.90(2) 1.89(2)
N1-C-N1 120.0(1) 120(1) 120.0(6) 120.0(8) 120(2) 120(2)
C-N1-N2 117.4(2) 117(1) 115.1(8) 113.1(6) 113(1) 112(2)
C-N1-Zn – – 113.7(5) 113.9(7) 114(1) 112(2)
N2-N1-Zn – – 131(1) 132.5(7) 131(2) 133(2)
N1-N2=C 115.1(2) 115(1) 115.3(9) 117(1) 116(2) 116(2)
C=N2-Zn – – 133(2) 126.6(5) 126(2) 127(2)
N1-N2-Zn – – 111.3(8) 116(1) 117(2) 116(2)
C-O-C – 117.0(7) 118(2) – – 118(2)
C-O-Zn – – – 129(1) 128(2) 123(4)


Table 2. Selected bond lengths [�] and angles [8] at the Zn2+ centres
(tetrahedral in 2, trigonal bipyramidal 3, 4, 6).


2 3 4 6


Zn�N1 2.00(1) 2.09(2) 2.09(2)
2.18(4)[a]


2.06(2)
2.20(5)[a]


Zn�N2 2.092(8) 2.08(2) 2.08(3)
2.14(2)[a]


2.10(3)
2.13(3)[a]


Zn�OL – 2.06(2) 2.06(2)
2.09(3)[a]


2.11(6)
2.10(1)[a]


Zn�OH2 – – 2.07(3) 2.01(3)
Zn�NH3 – 2.11(2) 2.15(8) –
Zn�Cl 2.22(1) – – 2.25(1)
Zn�(m-Cl) – – – 2.38(1)/2.48(1)
Zn�(m-OH) – 1.98(1) – –
Zn�(m-OL) – – – 2.05(2)
N1-Zn-N2 79.6(6) 76.3(5) 76.0(4)


73.5(3)[a]
76.6(9)
73.0(8)[a]


N1-Zn-OL – 161(2) 161(2)
156(3)[a]


157(5)
155(1)[a]


N2-Zn-OL - 86.7(9) 87(1)
86(2)[a]


84(2)
83(1)[a]


N2-Zn-L’ 114(2) 119(2) 118(4) 117(2)–126(2)
N2-Zn-L’’ – 130(3) 129(4) 125(3)–154(2)
L’-Zn-L’’ 118(2) 111(3) 112(4) 82(1)–117(2)


[a] Octahedral Zn2+ .


Figure 2. [{{Zn(NH3)}3Br3L}2{m-(OH)}3]
� (3 ; counter cation and disorder


omitted for clarity). a) schematic drawing, b) crystal structure in the
same orientation, c) side view.
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units in a dimer exhibit the same chirality, leading to a
chiral complex. In this way a close Br···Br contact can be
avoided. Both enantiomers are found in the same unit cell,
as 3 crystallizes in the centrosymmetric space group R3̄. The
ligand undergoes no further distortion due to the metala-
tion, and all bond lengths and angles fall within the expect-
ed ranges (Table 1). Complex 3 exhibits disorder with one
Zn centre being twisted out of the triangular plane at an oc-
cupancy of 0.25. Instead of being bonded to the bridging
OH� group it bonds to a methanol molecule (d(Zn···O)=


2.359(2) �). It remains distorted trigonal bipyramidally co-
ordinated but this time two equatorial and one axial posi-
tion are occupied by the ligand, and the other axial position
is taken by the NH3 coligand.


If the same reaction is performed in the absence of meth-
anol, the formation of yellow crystals of [Zn{Zn2(OH2)3-
(NH3)Br3L}2] (4) is observed. This is again a dimeric com-
plex, but this time there are two different types of Zn2+ cen-
tres. One of them (Zn12, Figure 3) adopts a distorted octa-


hedral coordination geometry and bonds two [Br3L]5� units
with a trans angle of 170(1)8. In addition, each ligand coor-
dinates two Zn2+ centres with distorted trigonal-bipyramidal
geometry, occupying the two axial and one equatorial posi-
tion. The four remaining coordination sites are taken by
water and ammonia molecules.


The bond lengths and angles observed for all the Zn cen-
tres in 4 remain effectively unchanged compared to those in
2 and 3 (Table 2). Each ligand coordinates in this way three
metal atoms and remains undistorted. Again the complete
dimeric complex is chiral and both enantiomers can be
found in the unit cell (centrosymmetric space group P1̄).


To obtain information about possible reactions from one
dimeric species to another, we studied their stability in so-
lution. Both compounds exhibit very low solubilities in
common solvents, but in [D6]DMSO we were able to dis-
solve sufficient quantities to allow 1H NMR experiments. To
our surprise both spectra were identical, with that of 4, as
an example, being depicted in Figure 4a. Only a few signals


are observed, indicating that the compound formed in so-
lution exhibits high symmetry. The observed chemical shifts
are different than the ones measured for protonated
[H6Br3L]+ ,[7] so it seems reasonable to assume that a
[Zn3Br3L]+ species has been formed. The free coordination
sites at the metals should be occupied by water and/or am-
monia molecules. No change in the chemical shift of the
other organic solvents present (methanol, DMF and
DMSO) is observed.


We were able to demonstrate so far that the side chain at
the ligand has an important influence on the resulting prod-
ucts with Zn2+ . The exchange of a hydroxyl group by a me-
thoxy group led to the ligand being unable to change its
conformation into the one favourable for the coordination
of metal centres. Whereas the reaction of [H6L]+ with Zn2+


leads to the formation of a monomeric [{Zn(NH3)-
(OH2)}3L]+ species,[4] the introduction of a heavy atom in
the 5-position leads to the formation of two different dimer-


Figure 3. [Zn{Zn2(OH2)3(NH3)Br3L}2] (4 ; protons of the coordinated H2O
and NH3 molecules omitted for clarity). a) schematic drawing, b) crystal
structure.


Figure 4. 1H NMR spectra (400 MHz, [D6]DMSO, 22 8C): a) [Zn{Zn2-
(OH2)3(NH3)Br3L}2] (4), b) (Et3NH)18[{Zn{Zn2(Cl)(OMe)3Br3L}2}6(m-Cl)6-
(OH2)6] (6).
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ic species 3 and 4 in which the zinc atoms exhibit different
environments.


To combine both influences in one ligand, we decided to
synthesise the new ligand tris(5-bromo-2-hydroxy-3-meth-
oxybenzylidene)triaminoguanidinium chloride [H6-
(OMe)3Br3L]Cl (5 ; Figure 1b). As for the other ligands of
this class, 5 can adopt two conformations, with the one less
favourable for the coordination of metals being found in the
solid state (Figure 1d). Again we performed 1H,1H NOESY
experiments and this time a strong cross peak between H-
C=N and H-C(6) is observed, indicating that in [D6]DMSO
solution the favourable conformation 1 is already predomi-
nant.


Encouraged by this result we allowed 5 to react with Zn2+


in a mixture of acetonitrile and DMF in the presence of
Et3N. After two weeks, yellow crystals of
(Et3NH)18[{Zn[Zn2Cl{(OMe)3Br3L}]2}6(m-Cl)6(OH2)6]·x CH3-
CN (6) were formed. The crystal structure of the protein-
sized cyclic coordination oligomer 6 with a diameter of
3.2(1) nm is shown in Figure 5.


The ring is formed by six dimeric units (space group P1̄).
Adoption of a higher symmetry is apparently prohibited due
to the torsion of the dimers relative towards one other.
Each dimeric unit is related to that found in 4. Again one
central Zn2+ ion (Zn12, Figure 5) is coordinated in a distort-
ed manner by two [(OMe)3Br3L]5� units with trans angles of
174(1)8. Each ligand bonds two additional metal ions by oc-
cupying both axial and one equatorial positions (Zn1 &
Zn16 or Zn2 & Zn32 respectively) in their distorted trigo-
nal-bipyramidal coordination spheres. But in this case two
Zn atoms come into close contact with one other (Zn1 and
Zn2) at an observed distance of 3.043(6) �. These two
metal atoms are linked by two phenolate oxygen atoms of
the ligands, leading to the formation of a four-membered
ring. The fifth coordination site is occupied by Cl� coligands.
Two further metal ions (Zn16 and Zn23) in each dimeric
unit participate in the linkage to neighbouring dimers by
one bridging phenolate oxygen (Figure 5, O235 and O635a,
respectively) and one bridging Cl� ion (Cl23 and Cl61a, re-
spectively). The remaining coordination site at Zn23 is occu-
pied by a water molecule. The observed bond lengths and
angles in the ligand as well as at the metal centres remain
nearly unchanged, only the distortion at some of the trigo-
nal-bipyramidal Zn2+ centres becomes more pronounced.
The complete doughnut-shaped ring (Figure 6) contains


thirty Zn2+ ions, twelve [(OMe)3Br3L]5� ligands, eighteen
Cl� coligands and six water molecules, leading to an overall
charge of 18�. Of the expected eighteen Et3NH+ counter
cations, only twelve could be located and refined in the X-
ray structure analysis and are hydrogen-bonded to the phe-
nolate oxygen atoms of the twelve ligands (one to each)
with an observed N···O distance of 2.72(6) �. The remaining
six Et3NH+ ions are located outside the ring and disordered
with acetonitrile and water molecules.


Complex 6 exhibits sufficient solubility in [D6]DMSO to
allow a 1H NMR experiment to be run. The most interesting
part of the spectrum is depicted in Figure 4b. In the range
d= 8.7–8.3 ppm four singlets with intensities of 4+4+24+


Figure 5. [{Zn[Zn2Cl{(OMe)3Br3L}]2}6(m-Cl)6(OH2)6]
18� (6 ; counter cations


and protons omitted for clarity). a) dimeric building unit, b) complete
ring formed by six dimeric units.


Figure 6. Space-filling drawing of 6, including the twelve hydrogen-
bonded Et3NH+ ions.
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4=36 H can be found, which fit to the H-C=N protons of
twelve ligands. In addition to the signal of DMF (d=


7.95 ppm)[10] eight sets of doublets (4J~2 Hz) can be found
from d= 7.7 to 6.6 ppm with intensities of 4+4+ 4+4+4+


24+4+ 24=72 H, corresponding to the aromatic protons
(H-C(4) & H-C(6)) of twelve ligands. Two signals for the me-
thoxy groups can be seen (d=3.8 ppm, 12 H and d=


3.7 ppm, 96 H), and the number of protons is in accordance
with that expected for twelve [(OMe)3Br3L]5� units. The
high number of different signals suggests that the cyclic
oligomer remains unchanged in solution. The charge could
also be confirmed by the number of CH2 protons (d=


2.8 ppm, ~110 H, expected 108= 18 � 3 �2) and CH3 protons
(d=1.2 ppm, ~160 H, expected 162=18 � 3 � 3) for the
Et3NH+ counter cations.


In conclusion, we were able to show the importance of
side chains in C3-symmetric ligands for supramolecular
chemistry, which are seemingly not involved in coordination
nor have any obvious steric influence. The use of
[Me3Br3L]2� and [Br3L]5� for the coordination of Zn2+ ions
results in the formation of a monomeric (2) and two dimeric
species (3, 4), respectively. Analogous reactions with a
new ligand combining both side chain influences
([(OMe)3Br3L]5�, 5) led to the formation of a doughnut-
shaped and protein-sized coordination oligomer 6 built up
of six dimeric units. Whereas compounds 3 and 4 undergo
decomposition in DMSO solution, the ring anion of 6 shows
surprisingly high stability in the same solvent.


Experimental Section


Tris(5-bromo-2-hydroxybenzylidene)triaminoguanidinium chloride
[H6Br3L]Cl was prepared by literature methods.[7]


[H3(C25H21N6O3Br3)]Cl (1): Triaminoguanidinium chloride (2.3928 g,
0.017 mol) was dissolved in a hot mixture of ethanol (54 mL) and water
(27 mL). A solution of 5-bromo-2-methoxybenzaldehyde (10.8561 g,
0.0505 mol) in ethanol (180 mL) was slowly added. The resulting suspen-
sion (pH~3) was allowed to cool to room temperature. The precipitate
of tris(5-bromo-2-methoxybenzylidene)triaminoguanidinium chloride (1)
was collected, washed with acetone (100 mL) and dried under reduced
pressure. Yield: 10.63 g (0.015 mol, 89.1 %). Elemental analysis calcd (%)
for C25H24N6O3Br3Cl·2 H2O·0.5 (CH3)2CO (796.73): C 39.95, H 3.92, N
10.55; found: C 40.05, H 4.17, N 10.57; 1H NMR (400 MHz, [D6]DMSO,
22 8C): d=12.28 (s, 3H; N-H), 9.02 (s, 3H; H-C=N), 8.46 (d, 4J(H,H) =


3.0 Hz, 3 H; H-C(6)), 7.64 (dd, 3J(H,H) =9.0 Hz, 4J(H,H) =3.0 Hz, 3H; H-
C(4)), 7.14 (d, 3J(H,H) =9.0 Hz, 3 H; H-C(3)), 3.91 ppm (s, 9H; OCH3);
13C NMR (100 MHz, [D6]DMSO, 22 8C): d= 157.21 (C(2)), 148.74 (C+),
145.01 (C=N), 134.70 (C(4)), 128.58 (C(6)), 122.86 (C(1)), 114.20 (C(3)),
112.53 (C(5)), 55.98 ppm (OCH3).


(C6H16N)2[(ZnCl2)3(C25H21N6O3Br3)] (2): Dry zinc chloride (20.8 mg,
0.15 mmol) and tris(5-bromo-2-methoxybenzylidene)triaminoguanidini-
um chloride (36.9 mg, 0.050 mmol) were dissolved in acetone (1.5 mL).
Triethylamine (0.5 mL) was added. After a couple of hours yellow crys-
tals of 2 were formed. Yield: 56.7 mg (0.043 mmol, 86.0 %). Elemental
analyses calcd (%) for C37H53N8O3Br3Zn3Cl6 (1306.47): C 34.02, H 4.09,
N 8.58; found: C 34.02, H 4.38, N 8.52; 1H NMR (400 MHz, [D3]CH3CN,
22 8C): d= 8.75 (s, 3 H; H-C=N), 8.52 (d, 4J(H,H) =2.0 Hz, 3 H; H-C(6)),
7.59 (dd, 3J(H,H) =8.5 Hz, 4J(H,H) =2.0 Hz, 3H; H-C(4)), 7.01 (d, 3J-
(H,H) =8.5 Hz, 3 H; H-C(3)), 3.93 (s, 9H; OCH3), 3.12 (q, 3J(H,H) =


7.0 Hz, 12H; CH2 Et3NH+), 1.25 ppm (t, 3J(H,H) =7.0 Hz, 18 H; CH3


Et3NH+); 13C NMR (100 MHz, [D3]CH3CN, 22 8C): d=158.78 (C(2)),


148.23 (C+), 144.89 (C=N), 135.68 (C(4)), 131.24 (C(6)), 123.97 (C(1)),
114.50 (C(3)), 113.73 (C(5)), 57.15 (OCH3), 47.97 (CH2 (Et3NH+)),
9.33 ppm (CH3 (Et3NH+)).


(NH4)[{{Zn(NH3)}3(C22H12N6O3Br3)}2(m-OH)3(CH3OH)0.25] (3): Tris(5-
bromo-2-hydroxybenzylidene)triaminoguanidinium chloride (71.8 mg,
0.10 mmol) was dissolved in N,N-dimethylformamide (DMF) (2 mL).
This solution was added to a suspension of dry zinc chloride (85.4 mg,
0.63 mmol) in DMF (2 mL). Water (1.4 mL) and methanol (0.2 mL) were
added. After slow diffusion of ammonia gas into the reaction mixture,
orange-red crystals of 3 were formed. Yield: 22.3 mg (0.012 mmol,
24.0 %). Elemental analyses calcd (%) for C44H49N19O9Zn6Br6·22CH3OH
(2564.67): C 30.91, H 5.38, N 10.38; found: C 30.93, H 3.34, N 10.46;
1H NMR (400 MHz, [D6]DMSO, 22 8C): d= 8.41 (s, 1 H; H-C=N), 6.94
(dd, 3J(H,H) =8.8 Hz, 4J(H,H) =2.0 Hz, 1H; H-C(4)), 6.87 (d, 4J(H,H) =


2.0 Hz, 1 H; H-C(6)), 6.41 (d, 3J(H,H) =8.8 Hz, 1H; H-C(3)).


[Zn{Zn2(OH2)3(NH3)(C22H12N6O3Br3)}2] (4): Tris(5-bromo-2-hydroxyben-
zylidene)triaminoguanidinium chloride (67.6 mg, 0.098 mmol) was dis-
solved in DMF (2 mL). This solution was added to a suspension of dry
zinc chloride (40.2 mg, 0.30 mmol) in DMF (2 mL). Water (0.7 mL) was
added. After slowly diffusion of ammonia gas into the reaction mixture
yellow crystals of 4 were formed. Yield: 26.3 mg (0.015 mmol, 30.6 %).
Elemental analyses calcd (%) for C44H42N14O12Br6Zn5·DMF (1838.36): C
30.71, H 2.69, N 11.43; found: C 30.75, H 3.10, N 11.50; 1H NMR
(400 MHz, [D6]DMSO, 22 8C): d=8.42 (s, 1H; H-C=N), 6.98 (dd, 3J-
(H,H) =9.0 Hz, 4J(H,H) =2.0 Hz, 1 H; H-C(4)), 6.91 (d, 4J(H,H) =2.0 Hz,
1H; H-C(6)), 6.43 (d, 3J(H,H) =9.0 Hz, 1 H; H-C(3)).


[H6(C25H18N6O6Br3)]Cl (5): Triaminoguanidinium chloride (2.007 g,
0.014 mol) was dissolved in a hot mixture of methanol (46 mL), water
(62 mL) and hydrochloric acid (pH ~3). A solution of 5-bromo-2-hy-
droxy-3-methoxybenzaldehyde (10.852 g, 0.047 mol) in methanol
(247 mL) was slowly added. The resulting suspension was allowed to cool
to room temperature. The precipitate of 5 was filtrated, washed with di-
ethyl ether and dried under reduced pressure. Yield: 10.227 g (0.013 mol,
92.9 %). Elemental analysis calcd (%) for C25H24N6O6Br3Cl·2 H2O
(815.69): C 36.81, H 3.46, N 10.30; found: C 37.06, H 3.60, N 10.24.
1H NMR (400 MHz, [D6]DMSO, 22 8C): d =12.07 (s, 1 H; NH), 9.94 (s,
1H; OH), 9.05 (s, 1H; H-C=N), 7.99 (d, 4J(H,H) =2.0 Hz, 1 H; H-C(6)),
7.22 (d, 4J(H,H) =2.0 Hz, 1H; H-C(4)), 3.89 (s, 3 H; OCH3); 13C NMR
(100 MHz, [D6]DMSO, 22 8C) : d =149.15 (C+), 148.75 (C(3)), 146.19 (C=


N), 146.04 (C(2)), 121.26 (C(6)), 120.02 (C(1)), 116.40 (C(4)), 110.78 (C(5)),
56.32 (CH3). Suitable crystals for X-ray structural analysis of 5 were
grown by diffusion of HCl gas into a solution of 5 in ethanol.


(C6H16N)18[Zn30(C25H18N6O6Br3)12Cl12(m-Cl)6(H2O)6]·xCH3CN·yH2O (6):
ZnCl2 (82.06 mg, 0.60 mmol) was dissolved in a mixture of acetonitrile
(3.6 mL) and DMF (0.4 mL). Tris(5-bromo-2-hydroxy-3-methoxybenzyli-
dene)triaminoguanidinium chloride (131.38 mg, 0.169 mmol) was added.
Triethylamine (2.0 mL) was slowly diffused into the reaction mixture.
After two weeks, yellow crystals of 6 were formed. Yield: 124.55 mg
(0.0093 mmol, 66.0 %). Elemental analysis calcd (%) for
(C6H16N)18[Zn30(C25H18N6O6Br3)12Cl18(H2O)6] ·12CH3CN ·12H2O
(14114.22): C 36.76, H 4.11, N 10.12; found: C 36.73, H 4.63, N 9.93;
1H NMR (400 MHz, [D6]DMSO, 22 8C) : d=8.7–8.3 (4 s, 2+2 +12+2 H;
6� 3 H-C=N), 7.7–6.6 (8 d, 4J(H,H) = 2.0–2.4 Hz, 2+2 +2+ 2+2 +12+


2+ 12H; 6 � 3 H-C(4) + 6 � 3 H-C(6)), 3.8–3.7 (2 s, 6+48 H; 6� 3 OCH3),
2.8 (m, ~55H; 9� 3 CH2 of Et3NH+), 1.2 (m, ~80H; 9� 3 CH3 of
Et3NH+).


X-ray analysis (see Table 3): Intensity data for 5 and 6 were collected on
an Oxford Diffraction Xcalibur2, for 2 on a Nonius Kappa CCD (rotat-
ing anode), for 3 on a STOE IPDS 2 and for 4 on an AXS Smart/CCD
diffractometer always using MoKa radiation and employing the w scan
method. All data were corrected for Lorentz and polarisation effects. Ab-
sorption corrections were performed for 4 by SADABS and for 2, 3, 5
and 6 by the Gauss method. All structures were solved by using direct
methods (SHELXS-97)[11] and refined by using a full-matrix least-squares
refinement procedure (SHELXL-97).[12] The protons were placed at geo-
metrically calculated positions. Owing to the large number of disordered
solvent molecules (and counter cations in 6) and the resulting low data-
to-parameter ratio we decided to correct the X-ray data of 3, 4 and 6 by
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employing the SQUEEZE routine in PLATON.[13] The solvent molecules
(and remaining counter cations in 6) occupy up to 47 % of the cell
volume (~9100 �3 of 34994 �3 in 3, ~3300 �3 of 8438 �3 in 4 and ~
8500 �3 of 18045 �3 in 6). Nevertheless the twelve hydrogen-bonded
Et3NH+ ions of the expected eighteen cations in 6 were located in the
difference syntheses and refined. They were all disordered but could be
modelled with bond lengths fixed to literature values.


CCDC-257809–CCDC-257813 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Table 3. Crystal data for 2–6.


2 3 4 5 6


formula (C37H53N8O3Br3


Zn3Cl6)·0.5 C3H6O
(C44H49N19O9Br6


Zn6)·0.25 CH3OH
C44H42N14O12


Br6Zn5


(C25H24N6O6


Br3Cl)·2H2O
C408H519N90O78


Cl18Br36Zn30


Mr 1335.45 1867.71 1765.23 815.71 13 405.07
crystal size
[mm]


0.10 � 0.09 � 0.08 0.22 � 0.22 � 0.22 0.43 � 0.22 � 0.21 0.31 � 0.24 � 0.19 0.38 � 0.24 � 0.19


crystal system monoclinic trigonal triclinic monoclinic triclinic
space group C2/c R3̄ P1̄ Cc P1̄
T [K] 100 293 213 100 100
a [�] 13.560(2) 36.945(5) 17.318(4) 28.286(1) 18.359(2)
b [�] 24.006(4) 36.945(5) 21.023(4) 16.2256(9) 31.567(3)
c [�] 32.797(4) 29.605(6) 25.005(5) 14.1171(8) 33.861(3)
a [8] 90 90 88.68(3) 90 69.034(9)
b [8] 95.44(1) 90 86.29(3) 110.845(5) 80.009(9)
g [8] 90 120 68.24(3) 90 87.097(8)
V [�3] 10 628(3) 34 994(10) 8438(3) 6055.1(6) 18 045(3)
1calcd [gcm�3] 1.669 1.595 1.390 1.790 1.234
2qmax [8] 49.56 49.00 50.00 50.50 50.00
data collected 69 305 71 902 48129 24 574 114 125
unique data 9062 12 919 29262 10 378 62 394
Rint 0.0289 0.1003 0.0803 0.0716 0.1215
observed data
[I>2s(I)]


8603 7844 11004 9559 15 629


m [mm�1] 3.944 4.957 4.290 4.143 3.09
Tmin/Tmax 0.707/0.768 0.320/0.338 0.314/0.406 0.353/0.610 0.348/0.575
refined pa-
rameters


730 783 1459 781 1570


R1 [I>2s(I)] 0.0671 0.0541 0.0741 0.0414 0.0957
wR2 (all data) 0.1586 0.1356 0.2066 0.1008 0.2560
residual e�


[e��3]
1.224/�1.180 0.801/�0.717 1.459/�1.223 1.333/�0.803 1.443/�0.936
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Introduction


Tetraethynylethene (3,4-diethynylhex-3-ene-1,5-diyne, TEE,
C10H4) and its silylated derivatives such as 1[1] are versatile
building blocks for the synthesis of large one- and two-di-
mensional scaffolds,[2] such as poly(triacetylene) oligomers,
expanded radialenes, dehydroannulenes, and most recently
radiaannulenes.[3] Conjugation of TEEs with the N,N-dime-
thylanilino (DMA) donor (D) and p-nitrophenyl acceptor


(A) groups resulted in a new class of intramolecular charge-
transfer (CT) chromophores,[4] which showed very good
second- and third-order nonlinear optical (NLO) properties.
By studying a variety of donor–acceptor-substituted TEEs,
structure–property relationships for the first[5] and second
hyperpolarizability[6] (b and g) were established.


Tetracyanoethene (TCNE, 2) is isoelectronic with TEE
and one of the strongest organic electron acceptors known.
TCNE has been widely used for the formation of intermo-
lecular charge-transfer salts, and its chemical reactivity to-
wards nucleophiles and in cycloadditions has been exten-
sively studied.[7]


The family of hybrid compounds between TEE and
TCNE, the cyanoethynylethenes (CEEs), was until recently
rather unexplored. Miller and co-workers,[8] and later Hopf
et al.[9] reported the synthesis of some geminal dicyanodi-
ethynylethenes [2-(1-ethynylprop-2-ynylidene)malononi-
triles] . The latter authors demonstrated the enhanced reac-
tivity of their C�C triple bonds in Diels–Alder reactions[9a]


Abstract: An extensive series of silyl-
protected cyanoethynylethenes (CEEs)
and N,N-dimethylanilino donor-substi-
tuted CEEs have been synthesized.
More extended chromophores were
constructed by selective silyl deprotec-
tion and subsequent oxidative acetylen-
ic coupling. The strong electron-accept-
ing nature of the CEEs was revealed
by a combination of 13C NMR spectro-
scopic and electrochemistry measure-
ments. Donor-substituted CEEs display
strong intramolecular charge-transfer


(CT) character, resulting in intense,
bathochromically shifted CT bands in
the UV/Vis spectrum. Their structural
diversity establishes them as suitable
models for the study of p-conjugation
and band gap tuning in strong charge-
transfer chromophores. The extent of
p-conjugation in the donor-substituted


CEEs was investigated by a combina-
tion of ground-state techniques, such as
X-ray crystallography, electrochemistry,
B3 LYP calculations, and NMR spec-
troscopy. The comparison of these
ground-state results with the features
observed in the UV/Vis spectra reveals
that—contrary to expectations—more
extensive p-conjugation can lead to
larger band gaps in molecules with
strong donor and acceptor moieties.


Keywords: alkynes · charge trans-
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two-photon absorption
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and in a [2+2] cycloaddition with tetrathiafulvalene (TTF),
followed by ring opening.[9b] A small series of aryl-substitut-
ed tricyanomonoethynylethenes was reported by Ukhin and
co-workers,[10] and by Heinze, Dulog, and co-workers.[11]


CEEs combine the scaffolding capacity of TEEs with the
electron-accepting properties of TCNE, thereby providing a
versatile class of modular building blocks for the construc-
tion of novel conjugated p-systems. In addition, introduction
of electron donors should result in the formation of strong
intramolecular charge-transfer (CT) chromophores. Here,
we report the synthesis of the monomeric and dimeric, silyl-
protected CEEs 3–11[12] and the N,N-dimethylanilino
(DMA) donor-substituted derivatives 12–24.[13] We demon-


strate the use of CEEs as modules in acetylenic scaffolding
and characterize their electronic properties in a systematic
study. In particular, X-ray crystallography, electrochemistry,


density functional calculations, and NMR spectroscopy are
applied to analyze the extent of p-electron conjugation and
the efficiency of particular donor–acceptor conjugation
paths in these novel chromophores; physical quantities that
greatly influence properties such as optical nonlinear-
ities.[6a,14]


Results and Discussion


Synthesis of monomeric cyanoethynylethenes : Monocyano-
triethynylethenes were prepared in a Knoevenagel reaction
between penta-1,4-diyne-3-ones 25–27[15–17] and 4-(triisopro-
pylsilyl)but-3-ynenitrile, obtained by cyanation of (3-bromo-
propynyl)triisopropylsilane[18] with CuCN in DMF.[19] Thus,
the reaction of SiiPr3-protected 27 in the presence of
H�nig�s base (8 h, reflux) provided monocyanotriethynyle-
thene 3 in an excellent yield of 97 % (Scheme 1). With the
sterically less encumbered, SiEt3-protected ketone 26,[16] the
conversion was finished within a minute at 20 8C, yielding 4,
the isomers of which could not be separated, besides rela-
tively large amounts of the monodeprotected isomers (Z)-28
and (E)-28 that were separable by chromatography. The iso-
meric mixture 4 was readily transformed into (Z)-28 and
(E)-28 by protodesilylation (K2CO3, THF/MeOH).


Hopf and Kreutzer[9a] had reported a high-yielding synthe-
sis of the SiMe3-protected geminal dicyanodiethynylethene
5[8] by reacting SiMe3-protected ketone 25 with malononi-


trile using Al2O3 as catalyst.[20]


This method was also applied
to afford differentially protect-
ed CEE 6 in a good yield of
85 %. All attempts to monode-
protect 6 under formation of 29
failed under standard condi-
tions (nBu4NF in THF at
�78 8C, or K2CO3 or borax in
THF/MeOH), and only decom-
position was observed. Fortu-
nately, yields between 60 % and
95 % (thin-layer chromatogra-
phy (TLC)) of free alkyne 29
were obtained by simply dis-
solving 6 in MeOH/THF (5:1)
in the absence of any base. This
facile deprotection demon-
strates in an impressive way the
high electrophilicity of the Si
center due to the strongly elec-
tron-withdrawing nature of the
appended CEE chromophore.


Remarkably and, to the best
of our knowledge, without prec-
edence in the chemistry of sily-


lated alkynes, the deprotection of 6 was found to be reversi-
ble. Upon changing from MeOH/THF to THF, deprotected
CEE 29 had reverted back to SiMe3-protected 6. Monitoring
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the slow addition of MeOH to a solution of 6 in THF re-
vealed that the deprotection started to proceed at a THF/
MeOH ratio of 1:1.


The preparation of the trans-dicyanodiethynylethene 7
started from dibromofumaronitrile (30) obtained by bromi-
nation of dicyanoacetylene (Scheme 1).[21] Cross-coupling of
30 with iPr3Si�C�CH under standard Sonogashira condi-
tions (CuI, [PdCl2(PPh3)2], Et3N)[22] yielded only a mixture
of uncharacterized products. On the other hand, the use of
the more hindered base iPr2NH resulted in a 30 % yield of
7, besides some unidentified products. Changing to the even
more hindered H�nig�s base lowered the yield to 19 %, and
more by-products were observed.


Dulog et al. reported the synthesis of several aryl-substi-
tuted tricyanomonoethynylethenes[11] from TCNE and cop-
per(i) arylacetylides, prepared from the corresponding acety-
lenes with CuOAc. The yield of this nucleophilic addition–


elimination reaction increased with increasing electron-do-
nating character of the aryl ring. Attempts to synthesize the
SiiPr3-protected CEE 8 by this method failed. Presumably,
the copper acetylide was not formed in the reaction of
iPr3Si�C�CH with CuOAc. However, when the copper ace-
tylide was generated by transmetalation of iPr3Si�C�C�Li
with CuBr[23] and subsequently reacted with TCNE, CEE 8
was isolated in a yield of 33 % (Scheme 1).


Synthesis of dimeric cyanoethynylethenes : The dimeric
CEEs (Z,Z)-11 and (E,E)-11 were prepared in good yields
by homocoupling of monodeprotected monocyanotriethyny-
lethenes (Z)-28 and (E)-28, respectively, under Hay condi-
tions (CuCl, TMEDA, CH2Cl2, air, Scheme 1).[24] Dimer
(E,E)-11 was found to be rather unstable and was converted
under influence of light or heat into the more stable (Z,Z)
isomer. The initial, NMR-based configurational assignment
of isomers (Z)-28 and (E)-28 was confirmed by an X-ray
crystal structure analysis of (Z,Z)-11.[12]


Attempted oxidative homocoupling[25] of free alkyne 29 to
give 9 under Hay[24] or Eglinton (Cu(OAc)2, MeOH, pyri-
dine, O2) conditions[26] led to immediate decomposition of
the starting material. This was also the result of coupling at-
tempts with Cu(OAc)2 and various nitrogen bases such as
2,6-lutidine, aniline, 2,6-dimethylaniline, or imidazole in
CH2Cl2. On the other hand, a yield of 22 % of 9 was ob-
tained with Cu(OAc)2 in CH2Cl2 in the absence of any nitro-
gen bases to avoid nucleophilic attack on the CEE. The
acidifying effect of the electron-withdrawing cyano groups
in 29 was evidently large enough to achieve the oxidative
coupling in the absence of any base. Under similar base-free
conditions, the mixed TEE/CEE dimer 10 was prepared by
reacting 29 with 2.5 equivalents of 31.[15]


All silyl-protected monomeric and dimeric CEEs are air-
stable compounds, but with increasing electron-accepting
power, the sensitivity towards nucleophiles increases. For ex-
ample, (E)- and (Z)-28 with one cyano group are stable
under Hay coupling conditions, whereas dinitrile 29 decom-
poses instantaneously under these conditions. CEE 8, con-
taining three cyano groups, is readily prone to nucleophilic
attack and decomposes even slowly in MeCN.


Synthesis of donor-substituted CEEs : In contrast to the high
reactivity of CEE 8, the DMA donor-substituted tricyano-
ethynylethene 19, prepared according to Dulog et al.[11] by
reacting TNCE with the copper(i) acetylide formed from
N,N-dimethyl-4-ethynylaniline (Scheme 1), features high sta-
bility. Solutions of 19 are bright blue, and the shiny metallic
solid can be sublimed undecomposed at 100 8C/0.1 mbar. A
pronounced stabilization of CEEs upon introduction of
DMA donor moieties is a general feature and can be readily
explained by intramolecular charge-transfer stabilization,
which reduces the electrophilicity of the electron-deficient
CEE core. A similar stabilization has also been observed
upon introduction of DMA donor groups into the C(sp)-
rich, electron-deficient all-carbon cores of perethynylated
dehydroannulenes and radiaannulenes.[3]


Scheme 1. Synthesis of monomeric and dimeric CEEs. a) iPr3SiC�C-
CH2CN, iPr2EtN, EtOH, D ; 97 %; b) iPr3SiC�CCH2CN, iPr2EtN, EtOH,
20 8C; 4 (47 %), (Z)-28 (27 %), (E)-28 (15 %); c) K2CO3, THF/MeOH
1:1, 20 8C; (Z)-28 (46 %), (E)-28 (29 %); d) CH2(CN)2, Al2O3 (act. II-III),
CH2Cl2, 40 8C; 85%; e) THF/MeOH 1:5; 20 8C; f) iPr3SiC�CH or p-
Me2NC6H4C�CH, [PdCl2(PPh3)2], iPr2NH, CuI, THF, 20 8C; 7 (30 %), 18
(52 %); g) iPr3SiC�CLi, CuBr, THF, 50 8C; 8 (33 %) or p-Me2NC6H4-
C�CH, CuOAc, THF, 50 8C; 19 (29 %); h) CuCl, TMEDA, CH2Cl2,
20 8C; (Z,Z)-11 (91 %), (E,E)-11 (85 %); i) Cu(OAc)2, CH2Cl2, 20 8C;
22% (from 6); j) 31 (2.5 equiv), Cu(OAc)2, CH2Cl2, 20 8C; 27% (from 6).
TMEDA =N,N,N’,N’-tetramethylethylenediamine.
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The trans-disubstituted CEE 18 with two DMA donor
moieties was readily prepared by Sonogashira cross-coupling
between dibromofumaronitrile 30 and N,N-dimethyl-4-ethy-
nylaniline (Scheme 1). CEE 18 is a stable, metallic solid and
sublimes undecomposed at 160 8C/0.1 mbar.


The synthesis of several DMA-substituted CEEs started
with the addition of lithiated N,N-dimethyl-4-ethynylaniline
to the protected propargyl aldehydes 32 and 33 or twofold
addition to ethyl formate, yielding the rather unstable alco-
hols 34–36, respectively (Scheme 2).[27–29] Subsequent oxida-


tion with MnO2 gave ketones 37–39.[28,29] Knoevenagel reac-
tion of 37 with 4-(triisopropylsilyl)but-3-ynenitrile in the
presence of H�nig�s base provided a mixture of (E)- and
(Z)-12, which could be separated by column chromatogra-
phy in the dark. The configuration of the two isomers was
unambiguously assigned with the help of one-dimensional
NOE 1H NMR experiments. The two SiiPr3 groups within
one molecule showed separate signals in the 1H NMR spec-
trum and could be selectively irradiated. For (Z)-12, both ir-
radiations resulted in an NOE transfer to the proton meta to
the Me2N group of the aryl ring at d=7.4 ppm. In the case
of (E)-12, only one of the two irradiations resulted in a
small NOE effect. This assignment also agrees with the ob-
servation that (Z)-12 is a solid and (E)-12 an oil; two SiiPr3


groups in cis positions often prevent good packing of TEEs
and CEEs into a solid.


The Knoevenagel reaction of SiMe3-protected ketone 38
with malononitrile, catalyzed by Al2O3, gave 15 in a yield of
77 % (Scheme 2). The same transformation of the less reac-
tive ketone 39 with malononitrile afforded 17 in a yield of
only 65 %. The SiMe3 protecting group in CEE 15 was re-


moved under mild conditions in MeOH/THF (see above),
and slow addition of Hay catalyst to deprotected 15 in
CH2Cl2 afforded dimer 20. Heterocoupling of deprotected
15 with Me3Si�C�CH gave 16 in yields up to 24 %. Depro-
tection of 16 with MeOH/THF and homocoupling in the
presence of Cu(OAc)2 in THF provided the octa-1,3,5,7-tet-
raynediyl-spaced “dimeric” CEE 21 in a high yield of 79 %.


CEEs 13 and (E)/(Z)-14 with geminal donor–acceptor
functionalization were obtained in excellent yields by Sono-
gashira cross-coupling between N,N-dimethyl-4-ethynylani-
line and vinyl chlorides 40 or 41, respectively (Scheme 3).


Compounds 40 and 41 were prepared by deprotonation of
diethyl 1-chloro-1-cyanomethylphosphonate[30] with nBuLi,
followed by reaction with ketones 27 or 25, respectively. The
configuration of (E)- and (Z)-14 was again assigned by one-
dimensional NOE 1H NMR spectroscopy. Upon irradiation
of the SiiPr3 protons of (E)-14 or the SiMe3 protons of (Z)-
14, an NOE transfer to the meta protons of the aniline ring


Scheme 2. Synthesis of donor-substituted CEEs. a) p-Me2NC6H4C�CLi,
THF, �15 8C!0 8C; 34 (60 %), 35 (80 %); b) nBuLi, ethyl formate, THF,
�15 8C!0 8C; 36 (57 %); c) MnO2, CH2Cl2, or EtO2, 20 8C; 37 (80 %), 38
(84 %), 39 (81 %); d) iPr3SiC�CCH2CN, iPr2EtN, EtOH, 20 8C; (Z)-12
(30 %), (E)-12 (50 %); e) CH2(CN)2, Al2O3 (act. II-III), CH2Cl2, D ; 15
(77 %), 17 (65 %); f) THF/MeOH 1:1, then H�C�C�SiMe3, CuCl,
TMEDA, CH2Cl2, air, 20 8C; 24 %; g) THF/MeOH 1:1, then CuCl,
TMEDA, CH2Cl2, air, 20 8C; 19%; h) THF/MeOH 1:1, then Cu(OAc)2,
THF, air, 20 8C; 79 %.


Scheme 3. Synthesis of CEEs with geminal donor-acceptor alignment.
a) Diethyl 1-chloro-1-cyanomethylphosphonate, nBuLi, THF, �78 8C,
then 27 or 25 ; 40 (92 %), 41 (86 %); b) p-Me2NC6H4C�CH, [PdCl2-
(PPh3)2], CuI, iPr2NH, THF, 20 8C; 13 (94 %), (E)-14 (58 %) and (Z)-14
(42 %).


Scheme 4. Synthesis of CEEs 22–24 : a) CuOAc, THF/MeCN 6:1, TCNE,
50 8C; 22 (21 %), 44 (7 %); b) CEE 6, Cu(OAc)2, MeOH/THF 1:1 or 2:3,
20 8C; 23 (13 %), 45 (18 %); c) CuCl, TMEDA, air, CH2Cl2, 20 8C; 70 %.
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was observed. No NOE was detected upon irradiation of the
second silyl protecting group in the molecules.


Another series of extended donor-acceptor chromophores
was obtained starting from TEEs 42 and 43[31] (Scheme 4).
Nucleophilic substitution of TCNE by the copper(i) acety-
lide formed from 42 afforded CEE 22 with two DMA donor
and three cyano acceptor groups in 21 % yield (Scheme 4).
On the other hand, efforts to react the bis(copper(i) acety-
lide) of 43 with two TCNE molecules were only partially
successful and afforded the monosubstitution product 44 in
low yield (�7 %).


The oxidative heterocoupling of TEE 42 with CEE 29
(Scheme 1) in CH2Cl2 in the presence of Cu(OAc)2 was
found to be very slow, with heterodimer 23 being formed in
only 9 % yield over a period two weeks (Scheme 4). When
CEE 6 was deprotected in situ to 29 in THF/MeOH 1:1 and
reacted with 42 in the presence of Cu(OAc)2, 23 was isolat-
ed in 13 % yield after 6–8 h. Finally, the extended chromo-
phore 24 with four donor and four acceptor residues was ob-
tained by oxidative heterocoupling of bisdeprotected TEE
43 with an excess of 29 to give 45 (18 % yield), followed by
homocoupling (CuCl, TMEDA, air, CH2Cl2, 70 % yield).


NMR investigations : We analyzed the 13C NMR spectra of
the CEEs in CDCl3 in order to identify possible effects of p-
electron conjugation on the chemical shifts. The data for
monomeric CEEs are listed in Table 1.


The chemical shift of C atoms strongly depends on hy-
bridization and the electron density at the nucleus. The
higher the electron density, the more shielding occurs and
an upfield shift will be observed.[32] Hall and co-workers in-
vestigated the chemical shifts of olefins with CN substitu-
ents.[33] An upfield shift was observed for the C atoms of the
CN groups with an increasing number of such groups con-
nected to the double bond. This upfield shift is also ob-
served upon going from 3 (1CN), through 7 (2CN) and 8
(3 CN), to TCNE (2). Remarkable is the larger upfield shift
in going from 3 to geminally substituted 5 (Dd=�3.44 ppm)
compared to the change from 3 to trans-substituted 7 (Dd=


�2.23 ppm). Similarly, Hall and co-workers reported an ad-


ditivity increment for a geminal substituent of �3.93 ppm
and a smaller one of �1.60 ppm for a trans substituent.


The chemical shift of the alkyne g-C atom (and g’-C atom
if applicable; for atom labeling, see structural formulae of
compounds 3 and 4 above) around d=99 ppm is weakly de-
pendent on the substituents at the double bond (maximum
Dd= 3.7 ppm). In contrast, the chemical shift of the alkyne
d-C (and d’-C) atom is more sensitive to structural variation
with a maximum difference in chemical shift of 16.9 ppm (1
versus 8). The difference in chemical shift between the g-
and d-C atoms (Ddd�g) in a single compound increases with
the number of CN groups. In TEE 1 (0 CN), the difference
is only 4.3 ppm, whereas in 8 (3 CN) the difference increases
to 25.44 ppm. This shift difference can be seen, together
with the chemical shift for the CN carbon atom, as a meas-
ure for the acceptor strength of the CEEs. The lower the
value of dCN and the larger Ddd�g, the higher the acceptor
strength of the molecule. Geminal CEE 6 was indeed identi-
fied as a better electron acceptor than trans-substituted
CEE 7 in electrochemical measurements (vide infra).


The a-, g- (and g’-), and para-C atoms (for the labeling,
see structural formulae of compounds 12–14 above) of the
donor-substituted CEEs could not be unambiguously as-
signed in the 13C NMR spectra, since their chemical shift
values were too similar. A minimum value is indicated for
the g-C (and g’-C) atoms in Table 2. The extended structures
20–24 were not taken into consideration, since the spectral
assignment was too complicated.


As for the parent CEEs (vide supra), an upfield shift is
observed for the CN carbon atom resonance with increasing
number of CN residues. The introduction of the DMA
donor groups results in a downfield shift of dCN (relative to
the parent CEEs). This downfield shift is a measure for the
effectiveness of donor–acceptor (D–A) conjugation in the
ground state. For cross-conjugated 13, a downfield shift
DdCN of only 0.2 ppm is observed (comparison with 3). The
linearly conjugated (E)-12 and (Z)-12, on the other hand,
show downfield shifts DdCN =1.0 and 0.7 ppm, respectively.
From these results, it can be concluded that the cis D–A
conjugation path in (E)-12 is more effective than the trans
D–A path in (Z)-12. Also, linear conjugation is much more
efficient than cross-conjugation.


Table 1. 13C NMR chemical shifts (75 MHz, CDCl3) of representative
CEEs and reference compounds.[a]


Number of dCN dC�C,g,g’ dC�C,d,d’


CN groups


1[1b] 0 – 101.0 105.3
3 1 115.10 98.99 106.74


101.72 107.60
101.73 108.62


7 2 112.87 97.27 114.42[b]


5[16] 2 111.66 97.53 117.87
8 3 109.59 96.77 122.21


109.74
110.66


2[30] 4 107.84 – –


[a] Chemical shifts (d) are indicated in ppm downfield from SiMe4, using
the residual signal of CHCl3 as an internal reference. [b] Assignment not
certain, value possibly 114.97.


Table 2. 13C NMR chemical shifts [in ppm; 75 MHz, CDCl3] of donor-
substituted CEEs.


dCN dC�C,d,d’ dC�C,g,g’ dipso dortho dmeta


(E)-12 116.08 86.88 �99.68 151.14 111.49 133.95
(Z)-12 115.81 86.56 �99.76 151.06 111.40 133.79


13 115.34 83.52 �102.09 150.95 111.46 133.37
15 112.86 88.56 89.82 152.28 111.55 135.37


113.02
17 112.52 84.58 87.58 151.98 111.53 135.03
18 114.08 84.37 �106.47 151.42 111.58 133.93
19 111.36 91.00 91.06 153.41 112.10 136.38


111.40
111.55
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Whereas the chemical shift difference between the alkyne
g- (and g’) and d- (and d’-) carbon atoms (Ddd�g) increases
with the acceptor strength (vide supra), the introduction of
a DMA donor group reduces this difference. The value of
Ddd�g becomes smaller with increasing intramolecular CT
from the donor to the acceptor moiety. A decrease in Ddd�g


from �12.8 to 1.3 ppm, and to 0.06 ppm is observed upon
changing from (E)-12 (1 CN), to 15 (2 CN), and to 19
(3 CN), respectively.


The downfield shift of the aryl C-atoms and the protons
in meta positions relative to the DMA group (Tables 2 and
3, respectively) can also be considered as a measure for the


efficiency of donor–acceptor conjugation. The downfield
shifts decrease from (E)-12, to (Z)-12, and to geminal 13,
suggesting a more effective conjugation pathway for the lin-
early D–A-substituted chromophores. The increase in the
number of CN groups per DMA donor moiety upon chang-
ing from (E)-12 (1 CN), to 15 (2 CN), and to 19 (3 CN) also
produces a downfield shift evidencing enhanced D–A conju-
gation.


From the NMR spectral data in Table 2, the efficiency of
D–A conjugation, that is, the amount of CT can be deter-
mined as 19>15>17>18> (E)-12> (Z)-12>13.


Interestingly, the 1H NMR spectra of the extended chro-
mophores 22 and 24 exhibit a strong differentiation between
the DMA groups within each molecule (Table 3). The up-
field resonance indicates weaker participation in D–A con-
jugation pathways, the downfield one stronger conjugation.


X-ray structures and bond-length alternation : All donor-
substituted CEEs except (E)-12 are solids. The monomeric
chromophores are shiny metallic substances and the larger
structures black amorphous materials. The crystal structures
of 18 and 19 are shown in Figure 1 (for details, see refer-
ence [13]).


Bond-length alternation in the DMA moiety can be ex-
pressed by the quinoid character (dr) of the aryl ring
[Eq. (1)].[34] The quinoid character is a good indication for
the amount of CT from the DMA donor to the CEE accep-
tor moiety in the ground state.


dr ¼ ½ða�bÞ þ ðc�bÞ�=2 � ½ða0�b0Þ þ ðc0�b0Þ�=2 ð1Þ


In benzene, the dr value equals 0 and values between 0.08
and 0.10 are found in fully quinoid rings (see Figure 1 for


the definition of bond lengths a, a’, b, b’, c, and c’). Calculat-
ed from the X-ray crystal structures (Figure 1), CEE 18 ex-
hibits a dr of 0.033 and 19 has a value of 0.037. The dr
values for DMA rings in donor–acceptor substituted
TEEs,[4] calculated from several X-ray structures, generally
do not exceed 0.025. This demonstrates the enhanced intra-
molecular CT in donor-substituted CEEs relative to the
TEEs.


The dr values calculated on the B3 LYP/6–31G** level of
theory[35] for 18 (0.0315) and 19 (0.0382) are in good agree-
ment with those determined from the X-ray crystal structure
data. The dr values of the monomeric donor-substituted
CEEs were calculated (Table 4) and suggested a higher
amount of CT in the ground state for cis D–A-substituted
(E)-12 than for trans D–A-substituted (Z)-12 and geminally
substituted 13 (dr=0.0318, 0.0314, and 0.0309, respectively).
The comparison of constitutional isomers 17 and 18 shows
two cis and two trans D–A pathways for 17, and two gemi-


Table 3. 1H NMR chemical shifts [in ppm; 300 MHz, CDCl3] of donor-
substituted CEEs.


dortho dmeta Compound dortho dmeta


(E)-12 6.63 7.42 19 6.70 7.54
(Z)-12 6.63 7.37 20 6.67 7.55


13 6.63 7.36 21 6.67 7.52
15 6.65 7.51 22 6.65, 6.67 7.47, 7.54
16 6.65 7.50 23 6.62, 6.68 7.43, 7.46
17 6.65 7.53 24 6.58, 6.73 7.44, 7.50
18 6.65 7.46


Figure 1. Top: ORTEP representation of 19 with vibrational ellipsoids
obtained at 243 K and shown at the 30% probability level. Selected bond
lengths [�]: C1�C2 1.392(2), C1�C6 1.401(2), C2�C3 1.366(2), C3�C4
1.415(2), C4�C5 1.410(3), C4�N7 1.356(2), C5�C6 1.370(2), C10�C11
1.209(2), C1�C10 1.410(2), C11�C12 1.394(2), C12�C15 1.365(3), C15�
C16 1.432(2), C16�N17 1.139(2). Bottom: ORTEP representation of 18
with vibrational ellipsoids obtained at 120 K and shown at the 30 % prob-
ability level. Selected bond lengths [�]: C1�C1’ 1.372(4), C1�C2
1.441(3), C2�N3 1.146(3), C1�C4 1.417(3), C4�C5 1.207(3), C5�C6
1.422(3), C6�C(7) 1.397(3), C7�C8 1.370(3), C8�C9 1.410(3), C6�C11
1.401(3), C10�C11 1.374(3), C9�C10 1.411(3), C9�N12 1.368(2).


Table 4. Quinoid character of monomeric donor-substituted CEEs.


Calculated dr
(B3 LYP/6–31G**)


Experimental dr
(X-ray)


(E)-12 0.0318 –
(Z)-12 0.0314 –


13 0.0309 –
17 0.0320 –
18 0.0315 0.033
19 0.0382 0.037
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nal and two cis D–A pathways for 18. Considering that
cross-conjugation is less effective than linear conjugation, a
larger dr is expected and indeed calculated for 17. The larg-
est amount of conjugation is found for 19.


The calculations support the order of efficient D–A conju-
gation in these molecules as found by the NMR studies
(vide supra), being 19>17>18> (E)-12> (Z)-12>13.


Electrochemistry : The redox properties of the CEEs were
studied by using cyclic voltammetry (CV) and rotating disk
voltammetry (RDV) in CH2Cl2 with nBu4NPF6 (0.1 m) as the
supporting electrolyte. The redox potentials versus Fc+/Fc
(ferricinium/ferrocene couple) are listed in Table 5 together
with the values for TEEs 1 and 46,[36] and TCNE (2).[37]


All monomeric CEEs show a reversible one-electron re-
duction step, followed by a second irreversible step. The in-
troduction of additional CN groups (from 1 (0 CN), to 3
(1 CN), to 7 (2CN), to 8 (3 CN), and TCNE (2 ; 4 CN)) re-
sults in an anodic shift of the first reduction potential.[38] On
the basis of the first reduction potentials for the monomeric
CEEs, the increase in electron acceptor strength upon sub-
stituting one RC�C� by one N�C� group can be quantified
to an average of 380 mV. Replacing one RC�C�C�C�CR
by a NC�C�CN fragment increases the average electron ac-
ceptor strength by 830 mV. A linear correlation (R2=0.996)
exists between the calculated adiabatic electron affinities
(B3 LYP, 6–31G**, Gaussian program[35]) and the first reduc-
tion potentials for TEE 1, CEEs 3–8, and TCNE (2).


The dimeric CEEs exhibit two reversible one-electron re-
duction steps, eventually followed by an irreversible third
step. By comparing the values of the dimers with those of
their analogous monomeric CEEs, it can be concluded that
an increase in conjugation length results in an anodic shift
and thus acceptor strength. This finding represents another
example[2] for the efficiency of p-electron conjugation across
buta-1,3-diynediyl fragments, a hot topic of current theoreti-
cal calculations.[39]


All donor-substituted CEEs give one or two reversible ox-
idation steps (except 17, 22, and 23), depending on the
number of DMA groups (Table 6). A reversible reduction
(except for 19) is followed by one or more, mainly irreversi-
ble reduction steps.


The CV data show that the DMA donor and CEE accep-
tor cores in monomeric donor-substituted CEEs are clearly
conjugated. In a p-conjugated system, the presence of an
electron-donating group hinders the electron reduction and
an electron-withdrawing group makes the oxidation more
difficult. The oxidation of the DMA unit in the TEEs is not
influenced by the presence of other electron-accepting sub-
stituents (such as p-nitrophenyl) and has an average first ox-
idation potential of +0.44 V.[34b, 40] In contrast, large shifts to
more positive potentials are induced by the introduction of
cyano groups in the CEEs. The highest first oxidation poten-
tial is obtained for 19 (+0.79 V). This is in agreement with
the largest amount of CT from the donor to the acceptor
moiety for this molecule within the CEE series, as observed
by NMR spectroscopy and X-ray crystal structure analysis
(vide supra).


The increase in the number of CN groups, with one DMA
group present in the molecule, causes an approximately cu-
mulative shift to more positive potentials for the oxidation
of the DMA group. From (E)-12 (1CN), to 15 (2 CN), and
to 19 (3CN), the observed shifts of the oxidation potential
are +120 mV, +230 mV, and + 350 mV, respectively, rela-
tive to the TEE with one DMA group (oxidation potential
+0.44 V[34b, 40]). The difference in the first reduction poten-
tial between the donor-substituted CEEs and their parent
CEEs also increases by the introduction of additional CN
groups. The values shift by 60 mV, 90 mV, and 140 mV for
(E)-12, 15, and 19, respectively, to more negative potentials
relative to their DMA-free analogues 3 (Ered,1 =�1.58 V), 6


Table 5. Cyclic voltammetry data of silyl-protected TEEs and CEEs in
CH2Cl2 (+0.1 m nBu4NPF6).[a] For an overview of the compounds, see
structural formulae in text.


Cyclic voltammetry Rotating disk voltammetry
Eo [V][b] DEp [mV][c] Ep [V][d] E1/2 [V][e] Slope [mV][f]


1[g] �1.96 320[h] �2.02 60
�2.50 80
�2.74 160


3 �1.58 90 �1.60 65
�2.34 �2.35 80


7 �1.25 100 �1.38 60
�2.05


6 �1.15 70
�1.95


8 �0.72 85 �0.72 60
�1.69 �1.70[i]


2[j] �0.32
�1.35


46[g] �1.52 80[h] �1.52 70
�1.89 70[h] �1.88 60


�2.90 �2.74 110
(Z,Z)-11 �1.07 75 �1.10 60


�1.37 75 �1.39 60
(E,E)-11 �1.06 60


�1.36 60
10 �0.90 80 �0.90 70


�1.44 70 �1.48 75
9 �0.57 90 �0.59 62


�0.84 90 �0.89 60
�2.24


[a] Potentials versus the ferricinium/ferrocene couple. Working electrode:
glassy carbon electrode; counter electrode: Pt; reference electrode: Ag/
AgCl. [b] Eo = (Epc+Epa)/2, where Epc and Epa correspond to the cathodic
and anodic peak potentials, respectively. All reductions are one-electron
transfers. [c] DEp =Eox�Ered, in which subscripts ox and red refer to the
conjugated oxidation and reduction steps, respectively. [d] Ep = Irreversi-
ble peak potential at v= 0.1 V s�1. [e] E1/2 =Half-wave potential.
[f] Slope =Slope of the linearized plot of E versus log [I/(Ilim�I)]. Ilim is
the limiting current and I the current. [g] Solvent: THF; working elec-
trode: Hg.[36] [h] Scan rate v=10 V s�1. [i] Small amplitude wave. [j] Quasi
reversible electron transfers.[37]
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(Ered,1 =�1.15 V), and 8 (Ered,1 =�0.72 V). Both facts indi-
cate an increase in interaction between the DMA donor and
the CEE acceptor core with a larger number of CN groups.
The differences in the reduction potential are relatively
small compared to the average gain in acceptor strength of
~380 mV per additional cyano group (vide supra).


The shifts to more positive oxidation and more negative
reduction potentials can be considered as a lowering and an
elevation of the HOMO and LUMO levels, respectively.
The constitutional isomers (E)-12, (Z)-12, and 13 have
similar reduction potentials (~�1.64 V). The first oxida-
tion potentials are identical for the trans D–A- ((Z)-12)
and cis D–A-conjugated isomers ((E)-12), but less posi-
tive for geminally conjugated 13 (Table 6). The larger differ-
ences in the first oxidation potential indicate that the
HOMO is more sensitive to a change in substitution pattern
than the LUMO. This was confirmed by theoretical calcula-
tions.[41a]


Chromophore 22 shows hardly any interaction between
the DMA and the tricyanovinyl acceptor groups. The first
oxidation potential is only shifted by 60 mV to more positive
potentials relative to the average potential for DMA oxida-
tions in TEEs (+0.44 V[34b, 40]). The first reduction potential
of 22 is 190 mV more positive and the first oxidation poten-
tial 290 mV less positive than the corresponding potentials
of 19, which also contains a tricyanovinyl and DMA group.
This clearly shows that there is much less D–A interaction
in the expanded chromophore 22 than in highly conjugated,
monomeric 19.


Similarly, heterodimeric 23 shows rather isolated donor
and acceptor parts. The oxidation potential is 130 mV less
positive than the value for monomeric 17, which contains a
similar geminal donor and geminal acceptor substitution
pattern. The first reduction potential is only 30 mV more
negative than that of the related DMA-free heterodimer 10
(Ered,1 =�0.90 V, Table 5). Both facts indicate that there is
only weak interaction between the donor and acceptor parts
separated by the extended spacer.


In heterotetrameric 24, a distinction between two isolated
DMA groups (Eox =++ 0.45 V) and two DMA groups that in-
teract with the CEE cores (Eox =++ 0.61 V) is observed. This
differentiation between the DMA groups is visible in the
1H NMR spectrum (vide supra); it is also present in the re-
lated TEE dimer with four DMA groups (Eox =++0.37 V and
Eox =++0.54 V).[42]


UV/Vis spectroscopy : A general feature of the UV/Vis spec-
tra of the donor-substituted CEEs is their very intense and
dominant CT band with transition dipole moments M up to
9.8 Debye (Figure 2; for the transition dipole moments, see
Supporting Information). Thus, the spectrum of 19 features
a CT band with a lmax of 591 nm (2.10 eV) and a molar ex-
tinction coefficient of 43 800 m


�1 cm�1 (Figure 2). Upon pro-
tonation of the DMA moiety with trifluoroacetic acid
(TFA), the solution of 19 turns from blue to colorless and
the longest wavelength absorption band disappears almost
completely. The CT band can be fully regenerated upon
neutralization with Et3N. Comparison of 19 with its known
alkyne-free analogue 4-(tricyanovinyl)-N,N-dimethylaniline
(lmax = 530 nm, e�40 000 m


�1 cm�1)[43] indicates a bathochro-
mic shift of lmax of 61 nm (0.24 eV) for 19. Thus, the
HOMO–LUMO gap is significantly reduced by the intro-
duction of the ethynyl spacer.


Table 6. Cyclic voltammetry data of donor-substituted CEEs in CH2Cl2


(+0.1m nBu4NPF6).[a] For an overview of the molecules, see structural
formulae in the text.


Cyclic voltammetry Rotating disk voltammetry
Eo [V][b] DEp [mV][c] Ep [V][d] E1/2 [V][e] Slope [mV][f]


(E)-12 +0.56 80 +0.59 (1 e�) 60
�1.64 90 �1.70 (1 e�) 70


�2.26
�2.37


(Z)-12 +0.56 75 +0.59 (1 e�) 70
�1.63 75 �1.67 (1 e�) 75


�2.25 �2.39 (2 e�) 150
�2.35


13 +0.52 80 +0.55 (1 e�) 70
�1.64 100 �1.67 (1 e�) 100


�2.47
15 +0.67 125 +0.67 (1 e�) 70


�1.24 125 �1.32 (1 e�) 100
17 +0.63 +0.65 (2 e�) 50


�1.31 60 �1.35 (1 e�) 70
�2.02 �2.06 75
�2.20


18 +0.50 70 [g]


+0.58 70
�1.38 70


�1.95 �1.44 (1 e�) 100
�2.05
�2.20


19 +0.79 65 +0.79 (1 e�) 60
�0.86 �0.85 (1 e�) 60


20 +0.69 120 +0.70 (2 e�) [g]


�0.74 60 �0.77 (1 e�) 60
�0.92 70 �0.95 (1 e�) 60


�2.25 �2.31 (2 e�) 75
21 +0.72 70 +0.70[g]


�0.81 90 �0.88 (1 e�) 80
�1.75 �1.79 (2 e�) 160


22 +0.56 +0.57 (2 e�) 85
�0.67 65 �0.67 (1 e�) 70


�1.39 �1.47 (1 e�) 120
23 +0.50 +0.56 (2 e�) 120


�0.93 70 �0.94 (1 e�) 70
�1.49 60 �1.48 (1 e�) 90


24 +0.61 65 +0.64 (2 e�) 60
+0.45 70 +0.46 (2 e�) 60
�0.89 75 �0.90 (2 e�) 75
�1.40 65 �1.40 (1 e�) 60
�1.50 70 �1.52 (1 e�) 75


[a] Potentials versus the ferricinium/ferrocene couple. Working electrode:
glassy carbon electrode; counter electrode: Pt; reference electrode: Ag/
AgCl. [b] Eo = (Epc+Epa)/2, where Epc and Epa correspond to the cathodic
and anodic peak potentials, respectively. [c] DEp =Eox�Ered, in which sub-
scripts ox and red refer to the conjugated oxidation and reduction steps,
respectively. [d] Ep = Irreversible peak potential at sweep rate v=


0.1 Vs�1. [e] E1/2 =Half-wave potential. [f] Slope =Slope of the linearized
plot of E versus log [I/(Ilim�I)]. Ilim is the limiting current and I the cur-
rent. [g] Electrode inhibition during oxidation. No plateau-limiting cur-
rent could be observed.
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The change from the monomeric donor-substituted CEEs
to the more extended chromophores results in a red shift of
the maximum (lmax) of the CT absorption band. Changing
from monomeric 15 to dimeric 20 (Figure 3) moves lmax by
0.31 eV. Extending 15 by one ethynyl unit to give 16 results
in a bathochromic shift of 0.13 eV. The dimerization of silyl-
deprotected 16 to give 21 provides an additional shift of
0.21 eV. The structureless absorption spectrum of 20 changes
by the insertion of an additional buta-1,3-diynediyl moiety
(to 21) into a spectrum with a remarkable fine structure of
the higher energy absorption bands (Figure 3). The spectral
data of all donor-substituted CEEs are summarized in
Table 7.


Optical versus electrochemical HOMO–LUMO gap : A plot
of the optical band gap, calculated from lmax of the CT band


or the end-absorption lend in the UV/Vis spectrum,
against the difference between the first oxidation potential
and the first reduction potential in the CV (the electrochem-
ical band gap, Table 7) shows a linear correlation (R= 0.976
for lend and R=0.987 for lmax) between the two quantities
(Figure 4). This suggests that the same orbitals are involved
in electrochemistry and in absorption spectroscopy. TD-
B3 LYP/6–31G** calculations had also indicated that the CT
absorption bands in the UV/Vis spectra of donor-substi-
tuted CEEs are determined by HOMO–LUMO transi-
tions.[41]


This correlation allows the use of the electrochemical
data for the explanation of the features seen in the UV/Vis
spectra. A decrease in the band gap of 0.28 eV for each ad-
ditional CN group is observed (compare (E)-12 to 15 and
19). The CV data show that the oxidation potential becomes
~120 mV more positive and the reduction potential
~�380 mV less negative with each additional cyano group


Figure 2. UV/Vis spectra of selected monomeric donor-substituted CEEs
in CHCl3.


Figure 3. Shift of the CT band in the UV/Vis spectrum (CHCl3) upon
changing from monomeric donor-substituted CEEs 15 and 16 to the di-
meric derivatives 20 and 21.


Table 7. Summary of the UV/Vis spectra of donor-substituted CEEs in
CHCl3 and electrochemical band gaps determined by CV in CH2Cl2.


[a]


Compound lmax [nm (eV)] lend [nm (eV)] D(Eox,1�Ered,1) [V]


(E)-12 467 (2.65) 570 (2.18) 2.20
(Z)-12 464 (2.67) 570 (2.18) 2.19


13 470 (2.64) 575 (2.16) 2.16
15 520 (2.38) 660 (1.89) 1.91
16 551 (2.25) 730 (1.69) -
17 524 (2.37) 700 (1.77) 1.94
18 563 (2.20) 685 (1.81) 1.88
19 591 (2.10) 750 (1.65) 1.65
20 600 (2.07) 860 (1.44) 1.43
21 608 (2.04) 870 (1.42) 1.53
22 734 (1.69) 1030 (1.20) 1.23
23 554 (2.24) 925 (1.34) 1.43


649 (1.91)[b]


24 548 (2.26) 925 (1.34) 1.34
707 (1.75)[b]


[a] The optical band gap is either determined from lmax of the CT band
or from the optical end-absorption lend. [b] Shoulder.


Figure 4. Linear correlation between the optical band gap Egap, deter-
mined from lmax (*) and lend (&), and D(Eox,1�Ered,1).
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(vide supra). The decrease of the HOMO–LUMO gap can
therefore be mainly attributed to the lowering of the
LUMO level rather than to the elevation of the HOMO
level. However, the HOMO is more sensitive to the substi-
tution pattern within the constitutional isomers.


In a p-conjugated system, the presence of an electron-do-
nating group hinders the electron reduction and an electron-
withdrawing group makes the oxidation more difficult (vide
supra). This has severe implications on the size of the opti-
cal band gap: with more efficient p-conjugation in a mole-
cule, the oxidation will get more difficult, that is, the
HOMO level will be lowered. The more difficult reduction
will result in a higher LUMO level. This means that within
a series of constitutional isomers, the most conjugated mole-
cule will have a larger band gap!


This principle can be demonstrated by comparing the con-
stitutional isomers 17 and 18. Chromophore 17 has four lin-
early conjugated D–A pathways, whereas 18 features two
linearly and two cross-conjugated D–A pathways. Hence,
D–A conjugation in 17 is more efficient. On the other hand,
the longest wavelength absorption maximum lmax of 18 is
bathochromically shifted by 39 nm (0.17 eV) relative to 17
and has a much higher molar extinction coefficient (63 800
vs 47 300 m


�1 cm�1). The CV data indicate that the highest
conjugated molecule 17 has a much lower HOMO level
than 18, which results in a larger band gap. B3 LYP calcula-
tions show a more pronounced CT in the HOMO level of 17
than of 18, which can explain the experimentally found
energy lowering of this level.[41a]


Similarly, the lower band gap of geminally D–A-substitut-
ed 13 can be explained by the disfavored D–A cross-conju-
gation, resulting in an elevation of the HOMO level (Eox,1 =


+0.52 V for 13, Eox,1 =++0.56 V for 12) and a lower band
gap with respect to (E)- and (Z)-12 with linear D–A conju-
gation pathways.


Now that it has been shown that an increase in D–A con-
jugation can lead to an increase of the band gap, the ex-


tremely small band gap of chromophore 22 (Figure 5) can
be explained. Electrochemistry indicated a lack of interac-
tion between the donor-substituted TEE part and the
strongly accepting tricyanovinyl group in 22 (vide supra).
With respect to 19, which contains the same tricyanovinyl
acceptor group and a DMA donor, but exhibits a larger
amount of conjugation, the band gap is lowered with more
than 0.40 eV! The end-absorption reaches into the near-IR
(1030 nm, 1.20 eV).


Additional proof for the rather isolated donor and accept-
or parts in 22 and in 23 is obtained from the UV/Vis spectra.
The spectrum of the bis-SiiPr3-protected analogue of bis-
donor-substituted TEE 43 (Scheme 4) shows two peaks at
300 and 428 nm.[4] These bands can be recognized in the
spectra of 22 and 23 (311, 416–434 nm). The low extinction
coefficient of the CT band suggests little coupling between
the donor and acceptor parts of the molecule.


The undisturbed strong electron acceptor and donor moi-
eties cause a lowering of the LUMO level and an elevation
of the HOMO level with respect to monomer 17, resulting
in a smaller band gap for 23. Going from dimeric 23 to tet-
rameric 24, the shoulder moves from 649 nm to 707 nm
(shift of 0.16 eV), but the end-absorption remains approxi-
mately the same. The UV/Vis spectrum of tetrameric 24 is
virtually identical to the spectrum of a dimeric TEE with
four DMA groups[42] (which forms the core of 24). The lmax


and end-absorption of 24 are 95 nm (0.48 eV) and 275 nm
(0.57 eV) bathochromically shifted compared to this TEE
dimer. Again, the relatively low extinction coefficient of the
CT band suggests that the donor and acceptor parts are only
weakly coupled.


The above examples show that the band gap can be tuned
by insertion of acetylenic (and also olefinic) spacer units,
which sometimes “insulate” strong donor and acceptor moi-
eties. The presence of noninteracting donors and acceptors
in one molecule can result in an extremely small HOMO–
LUMO gap, but also give relatively small extinction coeffi-
cients. Contrary to chemical intuition, efficient conjugative
interactions between donors and acceptors can increase the
band gap.


Solvatochromism in the fluorescence and UV/Vis spectra :
Some of the donor-substituted CEEs showed a bright
yellow/orange fluorescence in hexane solutions. Molecule 18
displays the highest fluorescence intensity, with a quantum
yield of 58 % in hexane/CHCl3 19:1. All monodonor–mono-
acceptor-substituted CEEs are fluorescent. No quantum
yields were determined for (E)-12 and (Z)-12 due to their
photoisomerization in hexane. The geminally substituted de-
rivative 13 also shows a good luminescence quantum yield
of 39 %.


The fluorescence is highly dependent on solvent polarity
as shown in Table 8. The quantum yield is almost zero in the
relatively polar solvent CHCl3. An increase in the percent-
age of hexane in the solvent mixture results in a tremendous
enhancement of the fluorescence efficiency. This solvato-
chromic behavior is observed for all fluorescent CEEs. Also,


Figure 5. UV/Vis spectra of extended donor-substituted CEE chromo-
phores in CHCl3.
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an increase in the Stokes shift is measured upon changing to
more polar solvents. Similarly, lmax of the CT band in the
UV/Vis spectra becomes red-shifted upon going from
hexane to CHCl3. Both effects can be explained by the excit-
ed state being more polar than the ground state.[47]


The absorption maxima of the DMA-substituted mono-
cyanotriethynylethenes 12 and 13 have smaller solvent shifts
upon changing from CHCl3 to hexane (0.07–0.10 eV) than
the CEEs with two or more cyano groups (0.17–0.20 eV).
This suggests that a larger dipole moment change from the
ground to the excited state occurs in the chromophores with
more electron-accepting moieties (Table 9).


The centrosymmetric chromophore 18 has no dipole
moment, but shows solvatochromic effects similar to those
of the noncentrosymmetric donor-substituted CEEs. Ac-
cording to the Franck–Condon principle,[48] the excited state
of 18 should have the same geometry as the ground state
and therefore no dipole moment. A change in the dipole
moment upon electronic excitation can therefore not be
used to explain the observed solvatochromism. However, a
similar solvatochromism has been observed in other centro-
symmetric molecules. These effects have mainly been attrib-
uted to a localized excitation in one part of a molecule, gen-
erating a dipole moment in the excited state, while conserv-
ing the geometry[49] or to a solvent-induced symmetry break-
ing.[50]


The UV/Vis spectrum of 18 (Figure 2, Table 7) indicates a
strong CT from the ground to the excited state. The charge
from the donors is transported to the cyano acceptors, gen-
erating a partially positive charge on the donors and a nega-
tive charge on the acceptors, that is, a quadrupole. There-
fore, we propose that the increase in electric moment from
the ground to the excited state through a change in the
quadrupole moment is the most likely explanation for the
solvatochromic effects observed for 18.[51] Localized excita-
tion in one part of the molecule or solvent-induced symme-
try breaking are unlikely in a small, conjugated molecule
such as 18.


Two-photon absorption : The donor-substituted CEEs show
good p-conjugation, large transition dipole moments (up to
9.8 Debye, see Supporting Information), large changes in
electric moment from the ground to the excited state, and
small band gaps. These are all prerequisites for good NLO
properties.[6b, 14] Therefore, two-photon absorption (TPA)
measurements were carried out on compound 17, using the
Z scan technique.[52] Due to the limited wavelength range of
the laser, CEEs 19 and 18 could not be measured. Since
compound 20 shows a weak (one-photon) absorption
around 800–900 nm, the TPA cross-section cannot be deter-
mined at 900 nm. For CEE 17, a cross-section value of s2 =


8.8 � 10�49 cm4 s per photon in 1,1,2,2-tetrachloroethane at
900 nm was measured. This value is approximately three
times higher than the value for the AF-50 standard (3.0 �
10�49 cm4 s per photon at 796 nm in benzene).[53a] These TPA
cross-sections are difficult to compare, since the values are
highly dependent on the experimental setup, the monitoring
wavelength, the solvent used, the intensity level, and espe-
cially on the pulse duration. Nevertheless, this first TPA
cross-section value indicates the high potential of the donor-
substituted CEEs for nonlinear optical applications, consid-
ering the small size and small number of functional groups.


Conclusion


Following initial reports on some isolated cyanoethynyl-
ethenes (CEEs)[8–11] a comprehensive family of these chro-
mophores has been prepared. With increasing number of
CN groups, the electron-accepting properties as determined
by electrochemistry, become strongly enhanced. In fact, the
dimeric CEEs start to rival the benchmark tetracyanoethene
(TCNE) in their acceptor capacity. Based on the data in this
paper, we actually predict that the still elusive, dimeric CEE
with six peripheral CN groups will be similar or possibly
even superior to TCNE in its electron-accepting capacity.
As a distinct advantage over TCNE, the CEEs are versatile
building blocks for integration into larger entities and their
scaffolding power has been proven by the synthesis of ex-
tended, DMA (N,N-dimethylanilino) donor-functionalized
charge-transfer chromophores. The charge-transfer conjuga-
tion pathways in these molecules were comprehensively in-
vestigated by means of X-ray crystallography, NMR spectro-


Table 8. Fluorescence data for several donor-substituted CEEs. Quantum
yields fF are measured against rhodamine 6G,[44] unless otherwise stated.
lex and lem are the excitation and emission wavelength, respectively.


Solvent lex


[nm]
lem,max


[nm]
fF Stokes shift


[cm�1]


13[a] hexane 340 481 0.39 487
15 hexane 480 528 0.044 1679


hexane/CHCl3 9:1 480 581 0.006 3196
17 hexane/CHCl3 9:1 480 558 0.012 2529


hexane/CHCl3 1:1 480 594 0.002 2850
18 hexane/CHCl3 19:1 [b] 570 0.58 1540


hexane/CHCl3 9:1 [b] 582 0.45 1757
hexane/CHCl3 1:1 [b] 620 0.054 2053
CHCl3 643 0.008 2210


19 hexane/CHCl3 19:1 540[c] 672 0.002 3672


[a] Reference: anthracene.[45] [b] Excitation at three different wave-
lengths 480, 485, 490 nm; quantum yield averaged. [c] Reference: sulfo-
rhodamine 101 (fF =0.90).[46]


Table 9. Solvent effects in the UV/Vis spectra of several donor-substitut-
ed CEEs.


lmax [nm (eV)] in solvent
hexane hexane/


CHCl3 19:1
hexane/
CHCl3 9:1


hexane/
CHCl3 1:1


CHCl3


(E)-12 453 (2.74) 467 (2.65)
(Z)-12 448 (2.77) 464 (2.67)


13 458 (2.71) 470 (2.64)
15 485 (2.56) 490 (2.53) 520 (2.38)
17 489 (2.54) 508 (2.44) 524 (2.37)
18 524 (2.37) 528 (2.35) 550 (2.25) 563 (2.20)
19 539 (2.30) 543 (2.28) 572 (2.16) 591 (2.10)


Chem. Eur. J. 2005, 11, 3325 – 3341 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3335


FULL PAPERCyanoethynylethenes



www.chemeurj.org





scopy, electrochemistry, and theoretical calculations. In
CEEs, cis donor–acceptor conjugation is more effective than
trans conjugation and both are far superior to geminal cross-
conjugation. The conjugation effectiveness was particularly
nicely revealed by large changes in the first oxidation and
reduction potentials of the donor-substituted CEEs with re-
spect to the isolated donor and acceptor moieties. According
to the electrochemical data, differences between the band
gaps of constitutional isomers observed by UV/Vis spectro-
scopy can mainly be explained by a change in the energetic
level of the HOMO of the molecules. The higher conjugated
molecules show a lower HOMO level, which leads to a
larger band gap! By the introduction of acetylenic spacers
between the donor and the acceptor parts in chromophores
22–24, the conjugation in the molecules was diminished,
which resulted in very small band gaps. This shows that the
generally accepted rule that more p-conjugation leads to a
bathochromic shift in the UV/Vis spectrum is not always
valid.[41a, 54] On the other hand, the reduced amount of cou-
pling between the donor and acceptor parts also results in a
lower transition dipole moment and molar absorption coeffi-
cient. Thus, this investigation has provided new insights into
conjugation effects in strong charge-transfer chromophores
and useful guidelines for tuning the band gaps of such sys-
tems. Finally, the facts that the donor-substituted CEEs can
be sublimed without decomposition and 17 shows a high
value for the two-photon absorption cross-section make
these compounds very promising for applications in opto-
electronic devices.


Experimental Section


Materials and general methods : Chemicals were purchased from Acros,
Aldrich, Fluka, and GFS and used as received. THF was distilled from
Na/benzophenone. CH2Cl2 was distilled from CaH2. All reactions except
the oxidative couplings were carried under an inert atmosphere by apply-
ing a positive pressure of Ar. Compounds 5,[9a] 25,[15] 26,[16] 27,[17] (3-bro-
mopropynyl)triisopropylsilane,[18] 30,[21] 31,[15] 32 and 33„[17] 34, 36, and
37,[29] N,N-dimethyl-4-ethynylaniline and 39,[28] diethyl 1-chloro-1-cyano-
methylphosphonate,[30] 42 and 43[31] were prepared according to literature
procedures. Protocols for the following compounds are included in the
Supporting Information: 4-(triisopropylsilyl)but-3-ynenitrile, 35, 38, 40,
(E)- and (Z)-41, and 45. The Hay catalyst was prepared from CuCl
(0.065 g, 0.65 mmol) and TMEDA (0.080 g, 0.70 mmol) in CH2Cl2


(5.0 mL), resulting in a concentration of 0.13 mmol mL�1. Column chro-
matography (CC) and plug filtrations were carried out with Fluka SiO2


60 (particle size 40–63 mm, 230–400 mesh) and distilled technical solvents.
Reversed-phase column chromatography was carried out with SiO2 100
C18-Reversed-Phase (particle size 40–63 mm) from Fluka with an over-
pressure of about 0.3 bar and distilled technical solvents. Size exclusion
chromatography (GPC) was carried out with Bio-beads S-X3 and S-X1
from the company Bio-Rad and distilled technical solvents. Melting
points (m.p.) were measured in open capillaries with a B�chi Melting
Point B540 apparatus and are uncorrected. 1H NMR and 13C NMR spec-
tra were measured on Varian Gemini 200 or 300 MHz spectrometers.
Chemical shifts are reported in ppm downfield from SiMe4, using the sol-
vent�s residual signal as an internal reference. Coupling constants (J) are
given in Hz. The resonance multiplicity is described as s (singlet), d (dou-
blet), t (triplet), and m (multiplet). Infrared spectra (IR) were recorded
on a Perkin–Elmer FT1600 spectrometer or a Perkin–Elmer Spectrum
BX II. UV/Vis spectra were recorded on a Varian CARY-5 or Varian


CARY-500 spectrophotometer. The spectra were measured in CHCl3 in a
quartz cuvette of 1 cm. The absorption wavelengths are reported in nm
with the extinction coefficient in m


�1 cm�1 in brackets. Shoulders are indi-
cated as sh. Fluorescence spectra were measured on a Jobin Yvon
Horiba Spex Fluorolog 3 spectrophotometer. Quantum yields were deter-
mined vs. rhodamine 6G (fF =0.95),[44] sulforhodamine 101 (fF =0.90),[46]


or anthracene (fF =0.32).[45] EI mass spectra were measured at 70 eV on
a Hitachi–Perkin–Elmer VG-TRIBRID spectrometer. High-resolution
(HR) FT-MALDI spectra were measured on an Ionspec Fourier Trans-
form instrument with 2,5-dihydroxybenzoic acid (DHB) or trans-2-[3-(4-
tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) in
MeOH/H2O as matrix, and the compound in CH2Cl2 (two layer techni-
que). The most important signals are reported in m/z units, with M as the
molecular ion and the intensities in brackets. Elemental analyses were
performed by the Mikrolabor at the Laboratorium f�r Organische
Chemie, ETH Z�rich.


Electrochemistry : Electrochemistry measurements were carried out at
20 8C in CH2Cl2 containing 0.1 m nBu4NPF6 in a classical three-electrode
cell. CH2Cl2 was purchased in spectroscopic grade from Merck, dried
over molecular sieves (4 �), and stored under Ar prior to use. nBu4NPF6


was purchased in electrochemical grade from Fluka and used as received.
The working electrode was a glassy carbon disk electrode (3 mm in diam-
eter) used either motionless for CV (0.1 to 10 Vs�1) or as rotating disk
electrode for rotating disk voltammetry (RDV). The auxiliary electrode
was a platinum wire, and the reference electrode was an aqueous Ag/
AgCl electrode. All potentials are referenced to the ferricinium/ferrocene
(Fc+/Fc) couple, used as an internal standard. The accessible range of po-
tentials on the glassy carbon electrode was +1.4 to �2.4 V versus Fc+/Fc
in CH2Cl2. The electrochemical cell was connected to a computerized
multipurpose electrochemical device AUTOLAB (Eco Chemie BV,
Utrecht, The Netherlands), and controlled by the GPSE software, run-
ning on a personal computer.


Two-photon absorption (TPA): TPA cross-sections were measured by
using an open-aperture Z scan method.[52] A mode-locked Ti:Sapphire
laser (Spectra-Physics, Mai Tai, ~100 fs, 80 MHz) was used as the laser
source. The repletion rate of the pulses was reduced to 100 Hz by using a
mechanical chopper for all measurements. After passing through an f=


12 cm lens, the laser beam was focused and passed through a 5 mm
quartz cell filled with the sample solution (10�3–10�2


m). The laser intensi-
ty at the sample was in the range of 0.5–5 GW cm�2. The transmitted
laser beam from the sample cell was detected by using a photodiode,
while changing position of the sample cell along the beam direction (Z
axis). The two-photon cross-section was estimated by simulation.[52] AF-
50 and ZnSe were used as references.[53]


X-ray analysis : The crystal structures of (Z,Z)-11, 18, and 19 are de-
scribed in references [12] and [13]. CCDC-182715, 207516, and 207517
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


2,3-Bis[(triisopropylsilyl)ethynyl]-5-(triisopropylsilyl)pent-2-en-4-yneni-
trile (3): iPr2EtN (12 mL, 0.070 mmol) was added to a solution of 27
(17.4 mg, 0.0445 mmol) and 4-(triisopropylsilyl)but-3-ynenitrile (14.9 mg,
0.0673 mmol) in EtOH (1.5 mL). After heating for 8 h at 80 8C, the so-
lution was passed through a plug (CH2Cl2/hexane 1:1), affording 3
(26.0 mg, 97%) as a colorless oil. 1H NMR (300 MHz, CDCl3): d=


1.10 ppm (m, 63H); 13C NMR (75 MHz, CDCl3): d =11.19, 11.22, 11.25,
18.60, 18.66, 18.69, 98.99, 101.72, 101.73, 106.30, 106.74, 107.60, 108.62,
115.10, 124.70 ppm; IR (CCl4): ñ =2945, 2892, 2867, 2226, 1463, 1384,
1368, 1289, 1236, 1186, 1071, 1015, 997, 919, 883 cm�1; UV/Vis (CHCl3): l


(e)=300 (12 000), 341 (25 400), 355 nm (26 300); EI-MS (70 eV): m/z (%):
550 (100) [M�iPr]+ , 508 (49) [M+H�2 iPr]+ ; elemental analysis calcd
(%) for C36H63NSi3 (594.16): C 72.77, H 10.69, N 2.36; found: C 72.75, H
10.57, N 2.15.


(E)- and (Z)-2,3-Bis[(triisopropylsilyl)ethynyl]-5-(triethylsilyl)pent-2-en-
4-ynenitrile (4): iPr2EtN (59 mL, 0.35 mmol) was added to a solution of
26 (99.7 mg, 0.286 mmol) and 4-(triisopropylsilyl)but-3-ynenitrile
(76.0 mg, 0.345 mmol) in EtOH (6 mL). After stirring for 5 min at RT,
the mixture was directly subjected to CC (hexane/CH2Cl2 2:1), which af-
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forded (E)-28 (18 mg, 15 %) and a mixture of 4 and (Z)-28. The latter
mixture was subjected to reversed-phase CC (MeCN/CH2Cl2 5:1), afford-
ing 4 (74 mg, 47%) and (Z)-28 (33 mg, 27%). 1H NMR (300 MHz,
CDCl3): d=0.68 (m, 6 H), 1.02 (m, 9H), 1.10 ppm (m, 42H); 13C NMR
(75 MHz, CDCl3): d=4.13, 7.44, 7.48, 11.22, 11.25, 18.59, 18.65, 18.68,
98.95, 98.99, 100.88, 100.98, 101.56, 101.64, 106.45, 106.65, 107.02, 107.39,
107.56, 107.68, 108.78, 108.91, 114.98, 115.05, 124.61, 124.93 ppm; IR
(CCl4): ñ= 2960, 2945, 2891, 2867, 2226, 1463, 1415, 1384, 1368, 1291,
1235, 1187, 1071, 1014, 997, 920, 883 cm�1; UV/Vis (CHCl3): l (e) =279
(sh, 7400), 296 (10700), 340 (25500), 354 nm (26300); EI-MS (70 eV): m/z
(%): 551 (5) [M]+ , 508 (100) [M�iPr]+ , 466 (47) [M+H�2 iPr]+ ; HR-EI-
MS: m/z calcd for C30H50NSi3


+ : 508.3251; found: 508.3240 [M�iPr]+ .


(Z)- and (E)-3-ethynyl-5-(triisopropylsilyl)-2-[(triisopropylsilyl)ethynyl]-
pent-2-en-4-ynenitrile ((Z)-28 and (E)-28): iPr2EtN (59 mL, 0.35 mmol)
was added to a solution of 26 (100 mg, 0.287 mmol) and 4-(triisopropylsi-
lyl)but-3-ynenitrile (76.4 mg, 0.345 mmol) in EtOH (6 mL). After stirring
for 5 min at RT, the mixture was directly subjected to CC (hexane/
CH2Cl2 2:1). The solvent was evaporated in vacuo. The residue was dis-
solved in MeOH/THF (1:1, 20 mL), and K2CO3 (18 mg, 0.13 mmol) was
added. After 10 min, reversed phase TLC (MeOH) showed complete de-
protection and H2O and Et2O were added. The aqueous layer was ex-
tracted with Et2O. The collected organic fractions were washed with sat.
NaCl solution and dried with MgSO4. CC (hexane/CH2Cl2 2:1) afforded
(Z)-28 (58 mg, 46%) as a colorless, unstable solid and (E)-28 (35 mg,
29%) as an unstable oil.


Data for (Z)-28 : 1H NMR (300 MHz, CDCl3): d= 1.12 (m, 42H),
3.708 ppm (s, 1H); 13C NMR (75 MHz, CDCl3): d =1.17, 11.21, 18.62,
78.96, 89.99, 98.56, 100.65, 108.39, 108.40, 109.15, 114.45, 124.40 ppm; IR
(CCl4): ñ= 3306, 2945, 2919, 2893, 2867, 2224, 2103, 1463, 1384, 1368,
1288, 1234, 1188, 1071, 1019, 997, 984, 920, 883 cm�1; UV/Vis (CHCl3): l


(e)=263 (5000), 334 (21 400), 348 nm (22 000); EI-MS (70 eV): m/z (%):
394 (100) [M�iPr]+ , 352 (29) [M+H�2 iPr]+ ; HR-EI-MS: m/z calcd for
C24H36NSi2


+ : 394.2386; found: 394.2375 [M�iPr]+ .


Data for (E)-28 : 1H NMR (300 MHz, CDCl3): d= 1.11 (m, 42H),
3.715 ppm (s, 1 H); 13C NMR (75 MHz, CDCl3): d=11.24, 18.66, 79.02,
88.85, 98.64, 100.98, 108.10, 108.74, 109.82, 114.94, 123.39 ppm; IR (CCl4):
ñ= 3307, 2945, 2892, 2867, 2224, 2101, 1463, 1384, 1367, 1287, 1173, 1071,
1018, 998, 920, 883 cm�1; UV/Vis (CHCl3): l (e)=286 (8500), 331
(20 200), 345 nm (21 500); EI-MS (70 eV): m/z (%): 394 (72) [M�iPr]+ ,
352 (93) [M+H�2 iPr]+ ; HR-EI-MS: m/z calcd for C24H36NSi2


+ :
394.2386; found: 394.2373 [M�iPr]+ .


2-{1-[(Triisopropylsilyl)ethynyl]-3-(trimethylsilyl)prop-2-ynylidene}malo-
nonitrile (6): A mixture of 25 (750 mg, 2.45 mmol), CH2(CN)2 (243 mg,
3.67 mmol), and Al2O3 (activity II-III, 1.10 g) in CH2Cl2 (2 mL) was
heated to reflux for 50 min. The mixture was extracted with CH2Cl2 and
subsequently passed through a plug (CH2Cl2). The filtrate was evaporat-
ed in vacuo, affording 6 (738 mg, 85 %) as a dark yellow oil. 1H NMR
(300 MHz, CDCl3): d=0.30 (s, 9 H), 1.13 ppm (m, 21H); 13C NMR
(75 MHz, CDCl3): d=1.11, 10.90, 18.31, 96.77; 97.85, 99.65, 111.73,
111.77, 116.07, 117.54, 134.12 ppm; IR (CHCl3): ñ =2947, 2868, 2231,
2139, 1501, 1463, 1296, 1253, 1177, 1005, 882, 851 cm�1; UV/Vis (CHCl3):
l (e)=305 (16 700), 324 nm (15 900); EI-MS (70 eV): m/z (%): 310 (100)
[M�H�iPr]+; HR-FT-MALDI-MS (DHB): m/z calcd for C20H31N2Si2


+ :
355.2026; found: 355.2021 [M+H]+ .


(E)-2,3-Bis[(triisopropylsilyl)ethynyl]but-2-enedinitrile (7): [PdCl2-
(PPh3)2] (7.2 mg, 0.010 mmol) and CuI (3.0 mg, 0.016 mmol) were added
to a degassed solution of 30 (50 mg, 0.21 mmol), iPr2NH (129 mg,
0.18 mL, 1.3 mmol) and iPr3SiC�CH (116 mg, 0.14 mL, 0.63 mmol) in
THF (4 mL). The mixture was stirred for 48 h at RT under Ar and subse-
quently passed through a plug (CH2Cl2/hexane 1:1). The solvent was
evaporated and the oily mixture dried for 18 h at 10�2 Torr. CC (CH2Cl2/
hexane 1:1) resulted in 7 (29 mg, 30 %) as a light yellow solid. M.p.>
250 8C (decomp); 1H NMR (300 MHz, CDCl3): d=1.12 ppm (m, 42H);
13C NMR (75 MHz, CDCl3): d=10.89, 18.34, 97.27, 112.87, 114.42,
114.97 ppm; IR (CCl4): ñ =2946, 2892, 2867, 2227, 2154, 2062, 1462, 1385,
1368, 1235, 1189, 1071, 1019, 997, 978, 919, 883 cm�1; UV/Vis (CHCl3):
340 (sh, 14600), 351 nm (16 000); EI-MS (70 eV): m/z (%): 439 (7)
[M+H]+ , 395 (100) [M�iPr]+ ; elemental analysis calcd (%) for


C26H42N2Si2 (438.80): C 71.71, H 9.65, N 6.38; found: C 71.09, H 9.55, N
6.23.


2-Cyano-3-[(triisopropylsilyl)ethynyl]but-2-enedinitrile (8): nBuLi
(1.27 mL, 1.6m in hexane, 2.03 mmol) was added to a cold solution (0 8C)
of iPr3SiC�CH (0.45 mL, 2.0 mmol) in THF (3.0 mL). After stirring for
15 min, the solution was added to a cold solution (0 8C) of CuBr (291 mg,
2.03 mmol) in THF (10 mL). After stirring for 1 h at 0 8C, a solution of
TCNE (200 mg, 1.56 mmol) in THF (2.5 mL) was added. The mixture
was stirred for 1 h at RT, after which it was heated to 50 8C for 45 min.
The solvent was evaporated and the remaining extracted with hexane.
The solvent was evaporated and the yellow oily solid extracted in the
cold with MeCN. The resulting dark oil was rapidly filtered through a
short plug (CH2Cl2), yielding 8 (146 mg, 33%) as a yellow oil. 1H NMR
(300 MHz, CDCl3): d =1.15 ppm (m, 21 H); 13C NMR (75 MHz, CDCl3):
d=11.10, 18.50, 96.77, 103.19, 109.59, 109.74, 110.66, 122.21, 126.00 ppm;
IR (CCl4): ñ =2948, 2893, 2868, 2222, 2150, 1525, 1462, 1386, 1370, 1285,
1167, 997, 972, 920, 883 cm�1; UV/Vis (CHCl3): l (e) =297 (9300), 330 nm
(11 500); EI-MS (70 eV): m/z (%): 283 (9) [M]+ , 240 (24) [M�iPr]+ , 212
(44) [M�iPrSi]+ ; HR-EI-MS: m/z calcd for C16H21N3Si+ : 283.1505;
found: 283.1504 [M]+ .


3,8-Bis[(triisopropylsilyl)ethynyl]-2,9-dicyanodeca-2,8-diene-4,6-diynedi-
nitrile (9): MeOH/THF 5:1 (300 mL) was added to 6 (500 mg,
1.41 mmol). After stirring for 10 min at RT, CH2Cl2 (200 mL) and H2O
(200 mL) were added. The aqueous layer was extracted with CH2Cl2, and
the collected organic layers were washed twice with sat. NaCl solution.
After drying with MgSO4 and concentration to ~200 mL, Cu(OAc)2


(520 mg, 2.86 mmol) was added. After stirring for 18 h at RT, the mixture
was passed through a plug (CH2Cl2). Afterwards, GPC (CH2Cl2) and sub-
sequent fast CC (CH2Cl2) resulted in 9 (88 mg, 22 %) as a yellow solid.
M.p. 75–77 8C; 1H NMR (300 MHz, CDCl3): d=1.13 ppm (m, 42H);
13C NMR (75 MHz, CDCl3): d=10.90, 18.34, 81.56, 86.27, 98.24, 99.83,
111.14, 111.17, 120.13, 131.28 ppm; IR (KBr): ñ=2944, 2892, 2864, 2228,
2140, 1499, 1462, 1385, 1368, 1286, 1173, 1159, 1069, 1019, 997, 985, 920,
881, 709, 676 cm�1; UV/Vis (CHCl3): l (e)= 316 (27 500), 330 (27 000),
356 (sh, 23 300), 391 nm (17 300); FT-MALDI-MS (DCTB): m/z : 608
[M+2Na]+ , 585 [M+Na]+ ; HR-FT-MALDI-MS: m/z calcd for
C34H42N4Si2Na+ : 585.2846; found: 585.2847 [M+Na]+ .


2-{9-(Triisopropylsilyl)-1,6,7-tris[(triisopropylsilyl)ethynyl]non-6-ene-
2,4,8-triynylidene}malononitrile (10): MeOH/THF 5:1 (18 mL) was added
to 6 (30 mg, 0.085 mmol). After stirring for 10 min at RT, CH2Cl2


(20 mL) and H2O (20 mL) were added. The aqueous layer was extracted
with CH2Cl2, and the collected organic layers were washed twice with sat.
NaCl solution. After drying with MgSO4 and concentration to ~30 mL,
31 (123 mg, 0.208 mmol) and Cu(OAc)2 (106 mg, 0.584 mmol) were
added. After stirring for 42 h at RT, the mixture was passed through a
short plug (CH2Cl2). CC (CH2Cl2/hexane 1:3) and subsequent GPC
(CH2Cl2) resulted in 10 (22 mg, 27 %) as a yellow oil. 1H NMR
(300 MHz, CDCl3): d =1.10 ppm (m, 84 H); 13C NMR (75 MHz, CDCl3):
d=11.04, 11.10, 11.19, 18.45, 18.51, 18.58, 18.61, 78.12, 79.77, 89.99, 91.19,
97.18, 98.99, 100.49, 103.27, 103.32, 105.39, 107.90, 111.51, 111.80, 114.44,
116.49, 123.37, 129.74, 132.66 ppm; IR (CHCl3): ñ =2960, 2892, 2867,
2152, 2133, 1724, 1602, 1500, 1463, 1379, 1367, 1261, 1180, 1094, 1073,
1010, 882 cm�1; UV/Vis (CHCl3): 331 (28 400), 340 (28 100), 355 (27 000),
377 (sh, 15700), 443 (sh, 9200), 477 nm (10 400); FT-MALDI-MS (DHB):
m/z : 896 [M+Na]+ , 874 [M+H]+ , 830 [M�iPr]+ ; HR-FT-MALDI-MS:
m/z calcd for C54H84N2Si4Na+ : 895.5609; found: 895.5603 [M+Na]+ .


(2Z,8Z)-2,3,8,9-Tetrakis[(triisopropylsilyl)ethynyl]deca-2,8-diene-4,6-di-
ynedinitrile ((Z,Z)-11): Hay catalyst (0.44 mL, 0.057 mmol) was added to
a solution of (Z)-28 (25.5 mg, 0.0582 mmol) in CH2Cl2 (15 mL). After
stirring for 3 h at RT, the solvent was evaporated in vacuo. CC (hexane/
CH2Cl2 2:1) afforded (Z,Z)-11 (23.2 mg, 91%) as a bright yellow soild.
M.p.>130 8C (decomp); 1H NMR (300 MHz, CDCl3): d= 1.12 ppm (m,
84H); 13C NMR (75 MHz, CDCl3): d =11.18, 11.20, 18.61, 82.28, 84.50,
98.76, 99.22, 109.41, 110.72, 110.84, 114.27, 123.33 ppm; IR (CCl4): ñ=


2946, 2892, 2867, 2224, 2133, 1462, 1385, 1368, 1285, 1231, 1189, 1099,
1071, 1019, 997, 920, 883 cm�1; UV/Vis (CHCl3): 298 (sh, 17 700), 317
(20 500), 335 (22 000), 353 (21 800), 372 (18 700), 391 (18 600), 424 nm
(20 400); FT-MALDI-MS (DHB): m/z : 896 [M+Na]+ , 874 [M+H]+ , 830
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[M�iPr]+ ; HR-FT-MALDI-MS: m/z calcd C54H84N2Si4Na+ : 895.5609;
found: 895.5608 [M+Na]+ .


(2E,8E)-2,3,8,9-Tetrakis[(triisopropylsilyl)ethynyl]deca-2,8-diene-4,6-diy-
nedinitrile ((E,E)-11): Hay catalyst (0.27 mL, 0.035 mmol) was added to
a solution of (E)-28 (15.4 mg, 0.0352 mmol) in CH2Cl2 (10 mL). After
stirring for 3 h at RT, the solvent was evaporated in vacuo. CC (hexane/
CH2Cl2 2:1), afforded (E,E)-11 (13 mg, 85%) as a yellow oil. 1H NMR
(300 MHz, CDCl3): d =1.11 ppm (m, 84 H); 13C NMR (75 MHz, CDCl3):
d=11.26, 18.69, 82.28, 83.43, 99.22, 99.86, 109.12, 111.03, 111.63, 114.64,
122.28 ppm; IR (CCl4): ñ =2946, 2892, 2867, 2219, 2186, 2140, 1463, 1384,
1368, 1283, 1261, 1234, 1178, 1073, 1019, 998, 920, 883 cm�1; UV/Vis
(CHCl3): l (e)=286 (sh, 11 900), 317 (sh, 16 900), 351 (21 700), 371
(23 300), 389 (22 000), 421 nm (25 000); FT-MALDI-MS (DHB): m/z : 896
[M+Na]+ , 874 [M+H]+ , 830 [M�iPr]+ ; HR-FT-MALDI-MS: m/z calcd
for C54H84N2Si4Na+ : 895.5609; found: 895.5600 [M+Na]+ .


(E)-2,3-Bis{[4-(dimethylamino)phenyl]ethynyl}but-2-enedinitrile (18):
[PdCl2(PPh3)2] (7.2 mg, 0.010 mg) and CuI (3.0 mg, 0.016 mmol) were
added to a degassed solution of 30 (50 mg, 0.21 mmol), N,N-dimethyl-4-
ethynylaniline (184 mg, 1.27 mmol), and iPr2NH (129 mg, 0.18 mL,
1.3 mmol) in THF (5 mL). The mixture was stirred for 4 d at RT under
Ar and subsequently passed through a plug (CH2Cl2). Recrystallization
from CH2Cl2/hexane resulted in 18 (40 mg, 52 %) as a blue/green metallic
solid. M.p. 258 8C; 1H NMR (300 MHz, CDCl3): d =3.06 (s, 12H), 6.65 (d,
J =9.0 Hz, 4 H), 7.46 ppm (d, J=9.0 Hz, 4H); 13C NMR (75 MHz,
CDCl3): d=40.11, 84.37, 106.47, 108.97, 109.96, 111.58, 114.08, 133.93,
151.42 ppm; IR (KBr): ñ =3445, 2923, 2852, 2156, 1599, 1527, 1443, 1374,
1345, 1227, 1191, 1101, 1060, 940, 810 cm�1; UV/Vis (CHCl3): l (e)=266
(sh, 13400), 297 (25 000), 325 (sh, 15 000), 563 (65 900); (CHCl3/hexane
1:1): 263 (sh, 13 700), 293 (25 800), 319 (sh, 15400), 550 nm (68 500); UV/
Vis (CHCl3/hexane 1:9): ñ=258 (13 600), 289 (26 400), 314 (14 700),
528 nm (77 800); UV/Vis (CHCl3/hexane 1:19): 258 (13 400), 288 (26 300),
313 (14 500), 493 (sh, 51 100), 524 nm (81 100); fluorescence (reference
rhodamine 6G; CHCl3): fF =0.0077; fluorescence (reference rhodami-
ne 6G; CHCl3/hexane 1:1): fF =0.054; fluorescence (reference rhodami-
ne 6G; CHCl3/hexane 1:9): fF =0.45; fluorescence (reference rhodami-
ne 6G; CHCl3/hexane 1:19): fF =0.58; FT-MALDI-MS (DHB): m/z : 364
[M]+ ; HR-FT-MALDI-MS: m/z calcd for C24H20N4


+ : 364.1688; found:
364.1683 [M]+ .


2-Cyano-3-{[4-(dimethylamino)phenyl]ethynyl}but-2-enedinitrile (19):
CuOAc (84 mg, 0.69 mmol) was added to a solution of N,N-dimethyl-4-
ethynylaniline (100 mg, 0.69 mmol) in THF (3 mL). After heating for
20 min to 50 8C, the mixture was cooled to RT. A solution of TCNE
(71 mg, 0.55 mmol) in THF (2.5 mL) was slowly added. After stirring for
1 h at RT and subsequent CC (CH2Cl2), 19 (39 mg, 29%) was obtained as
a blue metallic solid. M.p.>164 8C (decomp); 1H NMR (300 MHz,
CDCl3): d= 3.17 (s, 6 H), 6.70 (d, J=9.0 Hz, 2 H), 7.54 ppm (d, J =9.0 Hz,
2H); 13C NMR (75 MHz, CDCl3): d=40.24, 91.00, 91.06, 104.21, 111.36,
111.40, 111.55, 112.10, 120.52, 125.31, 136.38, 153.41 ppm; IR (KBr): ñ=


3460, 2920, 2168, 1601, 1538, 1475, 1381, 1245, 1197, 1120, 1063, 967, 936,
817, 791 cm�1; UV/Vis (CHCl3): l (e)=286 (10 700), 341 (sh, 7100),
591 nm (43 800); UV/Vis (CHCl3/hexane 1:1): l (e)=280 (9900), 291
(9900), 317 (7800), 572 nm (41 900); UV/Vis (CHCl3/hexane 1:9): l (e)=


274 (10 600), 289 (11 200), 314 (9100), 325 (sh, 8200), 543 nm (48 900);
UV/Vis (CHCl3/hexane 1:19): l (e)=273 (10 400), 288 (11 200), 309
(9100), 327 (sh, 8000), 539 nm (52 500); fluorescence (reference sulfo-
rhodamine 101; CHCl3/hexane 1:19): fF = 0.002; EI-MS (70 eV): m/z (%):
246 (100) [M]+ , 230 (10) [M�H�Me]+ , 221 (11) [M+H�CN]+ ; HR-EI-
MS: m/z calcd for C15H10N4


+ : 246.0905; found: 246.0904 [M]+ .


(Z)- and (E)-2,3-Bis[(triisopropylsilyl)ethynyl]-5-[4-
(dimethylamino)phenyl]pent-2-en-4-ynenitrile ((Z)-12 and (E)-12):
iPr2EtN (50 mL, 0.29 mmol) was added to a solution of 37 (85 mg,
0.24 mmol) and 4-(triisopropylsilyl)but-3-ynenitrile (64 mg, 0.29 mmol) in
EtOH (15 mL). After stirring for 5 d at RT in the dark, the solvent was
evaporated. Subsequent CC (CH2Cl2/hexane 2:1) afforded (Z)-12 (40 mg,
30%) as a red solid and (E)-12 (67 mg, 50%) as a dark orange oil (iso-
lated yield after multiple purifications, since compounds isomerize in
hexane).


Data for (Z)-12 : M.p. 90 8C; 1H NMR (300 MHz, CDCl3): d=1.14 (m,
42H), 3.04 (s, 6H), 6.63 (d, J=9.0 Hz, 2H), 7.37 ppm (d, J =9.0 Hz, 2H);
13C NMR (75 MHz, CDCl3): d=11.28, 11.35, 18.68, 18.75, 40.11, 86.56,
99.76, 101.71, 102.92, 105.65, 105.88, 106.92, 107.47, 111.40, 115.81, 126.01,
133.79, 151.06 ppm; IR (CCl4): ñ =2944, 2927, 2888, 2866, 2181, 2142,
1606, 1526, 1463, 1443, 1367, 1344, 1237, 1194, 1151, 1009, 996, 944,
883 cm�1; UV/Vis (CHCl3): l (e)=292 (20 300), 338 (14 800), 464 nm
(24 400); FT-MALDI-MS (DCTB): m/z : 556 [M]+ , 513 [M�iPr]+ , 471
[M+H�2 iPr]+ ; HR-FT-MALDI-MS: m/z calcd for C35H52N2Si2


+ :
556.3669; found: 556.3670 [M]+ .


Data for (E)-12 : 1H NMR (300 MHz, CDCl3): d=1.12 (m, 42H), 3.03 (s,
6H), 6.63 (d, J =8.0 Hz, 2 H), 7.42 ppm (d, J =8.0 Hz, 2 H); 13C NMR
(75 MHz, CDCl3): d =11.33, 11.70, 18.58, 18.75, 40.12, 86.88, 99.68,
101.82, 102.19, 105.62, 105.72, 107.17, 107.35, 111.49, 116.08, 125.55,
133.95, 151.14 ppm; IR (CCl4): 2945, 2891, 2866, 2185, 2133, 1605, 1526,
1463, 1444, 1367, 1349, 1250, 1133, 1070, 997, 883 cm�1; UV/Vis (CHCl3):
l (e)=289 (17 100), 328 (12 000), 467 nm (25 000); FT-MALDI-MS
(DCTB): m/z : 556 [M]+ , 513 [M�iPr]+ , 471 [M+H�2 iPr]+ ; HR-FT-
MALDI-MS: m/z calcd for C35H52N2Si2


+ : 556.3669; found: 556.3669
[M]+ .


2-(1-{[4-(Dimethylamino)phenyl]ethynyl}-3-(trimethylsilyl)prop-2-ynyl-
idene)malononitrile (15): A mixture of 38 (250 mg, 0.928 mmol),
CH2(CN)2 (107 mg, 1.62 mmol), and Al2O3 (activity II-III, 485 mg) in
CH2Cl2 (2 mL) was heated to reflux for 1 h. The mixture was extracted
with CH2Cl2 and passed through a plug (CH2Cl2). The filtrate was evapo-
rated in vacuo, affording 15 (227 mg, 77%) as a dark metallic solid. M.p.
179 8C; 1H NMR (300 MHz, CDCl3): d=0.32 (s, 9H), 3.09 (s, 6H), 6.65
(d, J=9.0 Hz, 2H), 7.51 ppm (d, J =9.0 Hz, 2H); 13C NMR (75 MHz,
CDCl3): d=�0.66, 40.08, 88.55, 89.82, 97.83, 105.33, 111.55, 112.86,
113.02, 114.64, 115.53, 134.06, 135.37, 152.28 ppm; IR (neat): ñ =2961,
2905, 2225, 2151, 1600, 1531, 1478, 1412, 1380, 1361, 1254, 1240, 1192,
1142, 1132, 1065, 1005, 986, 945, 843, 814, 796, 759, 719 nm; UV/Vis
(CHCl3): l (e)=293 (26 000), 314 (sh, 11 400), 326 (sh, 10800), 520 nm
(36 800); UV/Vis (CHCl3/hexane 1:9): l (e) =286 (26 700), 312 (10 900),
323 (10 100), 348 (sh, 4300), 490 nm (37 400); UV/Vis (hexane): l (e)=


284 (29 300), 311 (11 900), 323 (10 800), 348 (4100), 485 nm (42 700); fluo-
rescence (reference rhodamine 6G; CHCl3/hexane 1:9): fF =0.006; fluo-
rescence (reference rhodamine 6G; hexane): fF =0.044; FT-MALDI-MS
(DHB): m/z : 317 [M]+ ; HR-FT-MALDI-MS: m/z calcd for C19H19N3Si+ :
317.1348; found: 317.1340 [M]+ .


2-(1-{[4-(Dimethylamino)phenyl]ethynyl}-5-(trimethylsilyl)penta-2,4-di-
ynylidene)malononitrile (16): THF/MeOH 1:1 (20 mL) was added to 15
(30 mg, 0.094 mmol). After stirring for 1 h at RT, CH2Cl2 (20 mL) and
H2O (20 mL) were added. The aqueous layer was extracted with CH2Cl2,
and the collected organic layers were washed twice with sat. NaCl so-
lution. After drying with MgSO4 and concentration to ~20 mL, Me3SiC�
CH (185 mg, 1.89 mmol) and Hay catalyst (0.18 mL, 0.023 mmol) were
added. After stirring for 20 min at RT, the solvent was evaporated. Sub-
sequent CC (CH2Cl2) resulted in 16 (7.6 mg, 24%) as a green metallic
solid. M.p. 148 8C; 1H NMR (300 MHz, CDCl3): d= 0.28 (s, 9H), 3.10 (s,
6H), 6.65 (d, J =9.2 Hz, 2 H), 7.50 ppm (d, J =9.2 Hz, 2 H); 13C NMR
(75 MHz, CDCl3): d=�0.81, 40.02, 69.57, 86.12, 89.01, 89.17, 89.95,
102.63, 105.17, 111.71, 112.84, 112.93, 116.54, 132.93, 135.58, 152.58 ppm;
IR (neat): ñ =2923, 2855, 2162, 2100, 1599, 1532, 1472, 1442, 1394, 1366,
1250, 1183, 1056, 1000, 942, 893, 843, 816, 763 cm�1; UV/Vis (CHCl3): l


(e)=302 (20 900), 320 (21 000), 356 (13 900), 376 (sh, 10000), 551 nm
(32 500); FT-MALDI-MS (DHB): m/z : 341 [M]+ ; HR-FT-MALDI-MS:
m/z calcd for C21H19N3Si+ : 341.1348; found: 341.1340 [M]+ .


2-(3-[4-(Dimethylamino)phenyl]-1-{[4-(dimethylamino)phenyl]ethynyl}-
prop-2-ynylidene)malononitrile (17): A mixture of 39 (37 mg,
0.12 mmol), CH2(CN)2 (23 mg, 0.35 mmol), and Al2O3 (activity II-III,
103 mg) in CH2Cl2 (2 mL) was heated to reflux for 1 h. The mixture was
extracted with CH2Cl2 and passed through a plug (CH2Cl2). The filtrate
was evaporated in vacuo, affording 17 (28 mg, 65 %) as a green metallic
solid. M.p.>240 8C (decomp); 1H NMR (300 MHz, CDCl3): d=3.08 (s,
12H), 6.65 (d, J =9.0 Hz, 4 H), 7.53 ppm (d, J=9.0 Hz, 4H); 13C NMR
(75 MHz, CDCl3): d =40.07, 84.58, 87.58, 105.94, 111.53, 112.52, 114.06,
134.94, 135.03, 151.98 ppm; IR (KBr): ñ=3422, 2923, 2853, 2179, 2145,
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1601, 1528, 1459, 1441, 1365, 1280, 1234, 1188, 1103, 981, 943, 813 cm�1;
UV/Vis (CHCl3): l (e)=296 (25 600), 347 (4000), 524 nm (47 300); UV/
Vis (CHCl3/hexane 1:1): l (e) =293 (25 100), 326 (sh, 7300), 345 (sh,
3200), 508 nm (49 000); UV/Vis (CHCl3/hexane 1:9): l (e) =287 (25 500),
323 (sh, 7300), 339 (sh, 2700), 489 nm (55 500); fluorescence (reference
rhodamine 6G; CHCl3/hexane 1:9): fF = 0.012; fluorescence (reference
rhodamine 6G; CHCl3/hexane 1:1): fF =0.002; FT-MALDI-MS (DHB):
m/z : 364 [M]+ , 387 [M+Na]+ ; elemental analysis calcd (%) for C24H20N4


(364.45): C 79.10, H 5.53, N 15.37; found: C 79.14, H 5.64, N 15.22.


3,8-Bis{[4-(dimethylamino)phenyl]ethynyl}-2,9-dicyanodeca-2,8-diene-
4,6-diynedinitrile (20): MeOH/THF 1:1 (20 mL) was added to 15 (75 mg,
0.24 mmol). After stirring for 30 min at RT, CH2Cl2 (20 mL) and H2O
(20 mL) were added. The aqueous layer was extracted with CH2Cl2, and
the collected organic layers were washed twice with sat. NaCl solution.
After drying with MgSO4 and concentration to ~20 mL, Hay catalyst
(0.325 mL, 0.042 mmol) was slowly added. After stirring for 30 min, the
mixture was subjected to CC (CH2Cl2). Recrystallization from CH2Cl2/
hexane and subsequent CC (CH2Cl2) afforded 20 (10.8 mg, 19%) as a
black solid. M.p.>410 8C; 1H NMR (300 MHz, CDCl3): d=3.12 (s, 12H),
6.67 (d, J =9.0 Hz, 4H), 7.55 ppm (d, J= 9.0 Hz, 4 H); 13C NMR
(75 MHz, CDCl3): d =40.17, 81.24, 85.17, 89.60, 90.41, 105.00, 111.78,
112.60, 112.65, 119.12, 130.99, 135.81, 152.74 ppm; IR (KBr): ñ =3447,
2920, 2224, 2159, 2142, 1599, 1534, 1472, 1440, 1379, 1361, 1243, 1191,
1131, 1120, 976, 939, 816 cm�1; UV/Vis (CHCl3): l (e)=311 (26 300), 403
(16 300), 600 nm (30 700); FT-MALDI-MS (DHB): m/z : 511 [M+Na]+ ,
489 [M+H]+ , 474 [M+H�Me]+ ; HR-FT-MALDI-MS: m/z calcd for
C32H20N6


+ : 488.1749; 488.1739 [M]+ .


3,12-Bis{[4-(dimethylamino)phenyl]ethynyl}-2,13-dicyanotetradeca-2,12-
diene-4,6,8,10-tetraynedinitrile (21): THF/MeOH 1:1 (10 mL) was added
to 16 (15 mg, 0.044 mmol). After stirring for 30 min at RT, CH2Cl2


(20 mL) and H2O (20 mL) were added. The aqueous layer was extracted
with CH2Cl2, and the collected organic layers were washed twice with sat.
NaCl solution. After drying with MgSO4, the solvent was evaporated in
vacuo. The residue was redissolved in THF (5 mL) and Cu(OAc)2 was
added. The mixture was stirred for five days at RT. Subsequent CC
(CH2Cl2) afforded 21 (9.3 mg, 79 %) as a black metallic solid. M.p.>
410 8C, but partially polymerized; 1H NMR (300 MHz, CDCl3): d =3.10
(s, 12 H), 6.67 (d, J=9.2 Hz, 4H), 7.52 ppm (d, J =9.2 Hz, 4H); 13C NMR
(75 MHz, CDCl3): d =40.09, 65.79, 72.09, 74.07, 87.13, 89.53, 90.83,
105.01, 111.84, 112.67, 112.74, 118.41, 131.07, 135.83, 152.83 ppm; IR
(neat): ñ =2924, 2854, 2140, 1598, 1532, 1465, 1442, 1367, 1252, 1172,
1108, 1044, 997, 942, 817, 788 cm�1; UV/Vis (CHCl3): l (e)=297 (36 400),
317 (39 600), 332 (34 100), 358 (34 600), 386 (30 100), 419 (25 300), 457
(21 000), 608 nm (41 800); FT-MALDI-MS (DCTB): m/z : 536 [M]+ ; HR-
FT-MALDI-MS: m/z calcd for C36H20N6


+ : 536.1749; found: 536.1749
[M]+ .


2-{[4-(Dimethylamino)phenyl]ethynyl}-5-(triisopropylsilyl)-3-[(triisopro-
pylsilyl)ethynyl]pent-2-en-4-ynenitrile (13): iPr2NH (98 mL, 0.70 mmol),
[PdCl2(PPh3)2] (8.2 mg, 0.012 mmol), and CuI (3.3 mg, 0.017 mmol) were
added to a degassed solution (Ar) of 40 (105 mg, 0.233 mmol) and N,N-
dimethyl-4-ethynylaniline (102 mg, 0.702 mmol) in benzene (7 mL). After
stirring for 16 h at RT, the solvent was evaporated. Subsequent CC
(CH2Cl2/hexane 1:1) resulted in 13 (123 mg, 94 %) as a red oil that solidi-
fied upon standing. M.p. 90 8C; 1H NMR (300 MHz, CDCl3): d=1.14 (m,
42H), 3.03 (s, 6H), 6.63 (d, J=9.0 Hz, 2H), 7.36 ppm (d, J =9.0 Hz, 2H);
13C NMR (75 MHz, CDCl3): d=11.10, 11.14, 18.49, 18.55, 39.99, 83.52,
102.09, 102.26, 105.11, 105.80, 106.66, 107.51, 107.60, 111.46, 115.34,
120.77, 133.37, 150.95 ppm; IR (neat): ñ=2943, 2864, 2190, 2140, 1605,
1532, 1459, 1444, 1368, 1343, 1259, 1232, 1194, 1125, 1074, 1013, 1000,
946, 920, 883, 810, 744 cm�1; UV/Vis (CHCl3): l (e)=293 (22 900), 324
(18 700), 344 (sh, 14300), 470 nm (30 100); UV/Vis (hexane): l (e) =284
(21 200), 317 (16 800), 324 (sh, 16 500), 335 (sh, 13200), 435 (sh, 29100),
458 nm (34 800); fluorescence (reference anthracene; hexane): fF =0.39;
FT-MALDI-MS (DHB): m/z : 557 [M+H]+ , 579 [M+Na]+ ; HR-FT-
MALDI-MS: m/z calcd for C35H53N2Si2: 557.3747; found: 557.3717
[M+H]+ ; elemental analysis calcd (%) for C35H52N2Si2 (556.98): C 75.48,
H 9.41, N 5.03; found: C 75.04, H 9.42, N 4.95;


(Z)- and (E)-2-{[4-(Dimethylamino)phenyl]ethynyl}-3-[(triisopropylsilyl)-
ethynyl]-5-(trimethylsilyl)pent-2-en-4-ynenitrile ((Z)-14 and (E)-14):
iPr2NH (58 mL, 0.41 mmol), [PdCl2(PPh3)2] (4.8 mg, 0.0069 mmol), and
CuI (2.0 mg, 0.010 mmol) were added to a degassed solution (Ar) of 41
(50 mg, 0.14 mmol) and N,N-dimethyl-4-ethynylaniline (40 mg,
0.28 mmol) in benzene (5 mL). After stirring for 13 h, the solvent was
evaporated. Subsequent CC (CH2Cl2/hexane 1:1) resulted in (Z)-14
(27 mg, 42%) and (E)-14 (38 mg, 58%), both as red oils that solidify
upon standing. Each isomer contains ~15 % of the other isomer, even
after multiple purifications.


Data for (Z)-14 : M.p. 82–84 8C; 1H NMR (300 MHz, CDCl3): d =0.29 (s,
9H), 1.14 (m, 21 H), 3.04 (s, 6H), 6.64 (d, J =9.0 Hz, 2H), 7.37 ppm (d,
J =9.0 Hz, 2 H); 13C NMR (75 MHz, CDCl3): d=�0.40, 11.17, 18.54,
40.04, 83.80, 100.04, 101.58, 105.64, 106.15, 107.67, 108.52, 109.02, 111.58,
115.21, 120.69, 133.42, 151.04 ppm; IR (neat): ñ=2944, 2864, 2186, 2138,
1600, 1533, 1458, 1441, 1374, 1340, 1266, 1250, 1194, 1124, 1071, 1010,
998, 947, 922, 885, 845, 807, 758, 742 cm�1; UV/Vis (CHCl3): l (e)=290
(17 900), 325 (15 300), 471 nm (25 600); FT-MALDI-MS (DHB): m/z : 473
[M+H]+ , 495 [M+Na]+ ; elemental analysis calcd (%) for C29H40N2Si2


(472.82): C 73.67, H 8.53, N 5.92; found: C 73.63, H 8.60, N 5.71.


Data for (E)-14 : M.p. 94–97 8C; 1H NMR (300 MHz, CDCl3): d =0.27 (s,
9H), 1.14 (m, 21 H), 3.03 (s, 6H), 6.62 (d, J =9.0 Hz, 2H), 7.36 ppm (d,
J =9.0 Hz, 2 H); 13C NMR (75 MHz, CDCl3): d=�0.39, 11.34, 18.71,
40.10, 83.60, 100.04, 101.80, 105.91, 106.92, 107.51, 107.69, 108.23, 111.41,
115.30, 120.43, 133.30, 150.84 ppm; IR (neat): ñ=2939, 2863, 2185, 2139,
1602, 1532, 1461, 1444, 1367, 1341, 1264, 1251, 1232, 1194, 1122, 1064,
1011, 998, 944, 922, 884, 845, 809, 757, 742 cm�1; UV/Vis (CHCl3): l (e)=


292 (20 800), 322 (17 500), 470 nm (26 600); FT-MALDI-MS (DHB): m/z :
473 [M+H]+, 495 [M+Na]+ ; elemental analysis calcd (%) for
C29H40N2Si2 (472.82): C 73.67, H 8.53, N 5.92; found: C 73.54, H 8.44, N
5.72.


2-Cyano-3-(6-[4-(dimethylamino)phenyl]-4-{[4-(dimethylamino)phenyl]-
ethynyl}-3-[(triisopropylsilyl)ethynyl]hex-3-ene-1,5-diynyl)but-2-enedini-
trile (22): CuOAc (6.8 mg, 0.055 mmol) was added to a degassed solution
of 42 in THF/CH3CN 6:1 (7 mL). The mixture was heated to 50 8C for
1 h and TCNE (64 mg, 0.050 mmol) subsequently added. After stirring
for 2 h 40 min, the mixture was filtered through a plug (CH2Cl2). CC
(CH2Cl2/hexane 2:1) yielded 22 (5.6 mg, 21 %) as a green solid. M.p.>
410 8C (decomp); 1H NMR (300 MHz, CDCl3): d=1.16 (s, 21H), 3.06 (s,
6H), 3.08 (s, 6 H), 6.65 (d, J =9.0 Hz, 2 H), 6.67 (d, J =9.0 Hz, 2 H), 7.47
(d, J=9.0 Hz, 2H), 7.54 ppm (d, J =9.0 Hz, 2H); 13C NMR (75 MHz,
CDCl3): d=11.29, 18.72, 40.06, 40.08, 89.95, 90.95, 94.01, 94.16, 100.85,
103.11, 106.12, 107.43, 107.84, 110.26, 110.76, 110.82, 111.34, 111.50,
111.54, 111.67, 119.65, 119.80, 129.59, 134.49, 134.83, 151.51, 151.57 ppm;
IR (CCl4): ñ =2959, 2926, 2861, 2153, 2127, 1602, 1524, 1445, 1364, 1243,
1188, 1152, 1102, 1022, 1000, 945 cm�1; UV/Vis (CHCl3): l (e) =307
(24 600), 372 (sh, 13 000), 417 (21 900), 484 (sh, 8100), 677 (27 700),
734 nm (27 600); FT-MALDI-MS (DHB): m/z : 620 [M+H]+ ; HR-FT-
MALDI-MS: m/z calcd for C40H41N5Si+ : 619.3131; found: 619.3134 [M]+ .


2-(1,6-Bis[(triisopropylsilyl)ethynyl]-9-[4-(dimethylamino)phenyl]-7-{[4-
(dimethylamino)phenyl]ethynyl}non-6-ene-2,4,8-triynylidene)malononi-
trile (23): THF/MeOH 1:1 (15 mL), 42 (8.8 mg, 0.017 mmol), and Cu-
(OAc)2 (16.6 mg, 0.0914 mmol) were added to 6 (9.3 mg, 0.026 mmol).
After stirring for 6 h at RT, the mixture was passed through a plug
(CH2Cl2). Subsequent GPC (CH2Cl2) yielded 23 (1.7 mg, 13%) as a
green solid. M.p.>410 8C; 1H NMR (300 MHz, CDCl3): d=1.15 (m,
42H), 3.036 (s, 6H), 3.044 (s, 6H), 6.65 (pseudo t, J =9.0 Hz, 4H), 7.43
(d, J=9.0 Hz, 2H), 7.46 ppm (d, J =9.0 Hz, 2H); 13C NMR (75 MHz,
CDCl3): d =11.18, 11.48, 18.61, 18.83, 40.12, 40.15, 79.49, 80.23, 87.74,
88.05, 93.36, 93.58, 95.57, 99.17, 101.60, 102.33, 105.23, 106.09, 108.06,
108.10, 108.40, 111.39, 111.76, 111.93, 112.10, 115.52, 126.39, 132.89,
133.63, 133.82, 150.78, 150.92 ppm; IR (CCl4): ñ=2944, 2926, 2866, 2163,
2140, 1605, 1524, 1463, 1446, 1356, 1262, 1230, 1187, 1168, 1119, 1076,
1018, 998, 948, 883 cm�1; UV/Vis (CHCl3): l (e)=311 (35 700), 416
(22 400), 434 (sh, 22000), 474 (sh, 18500), 554 (18 100), 649 nm (sh,
14100); FT-MALDI-MS (DCTB): m/z : 798 [M]+ ; HR-FT-MALDI-MS:
m/z calcd for C52H62N4Si2


+ : 798.4513; found: 798.4516 [M]+ .
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8,13-Bis(3-[(4-(dimethylamino)phenyl]-1-{[4-(dimethylamino)phenyl]-
ethynyl}prop-2-ynylidene)-3,18-bis[(triisopropylsilyl)ethynyl]-2,19-dicya-
noicosa-2,18-diene-4,6,9,11,14,16-hexaynedinitrile (24): Hay catalyst
(40 ml, 0.0052 mmol) was added to 45 (8.1 mg, 0.013 mmol) in CH2Cl2


(2 mL). The solution was stirred for 6 h at RT. Subsequent CC (CH2Cl2/
hexane 5:2) afforded 24 (5.7 mg, 70%) as a black solid. M.p.>410 8C;
1H NMR (300 MHz, CDCl3): d= 1.17 (m, 42 H), 2.98 (s, 12H), 3.06 (s,
12H), 6.58 (d, J=9.0 Hz, 4 H), 6.73 (d, J =9.0 Hz, 4H), 7.44 (d, J =


9.0 Hz, 4H), 7.50 ppm (d, J =9.0 Hz, 4 H); 13C NMR (125 MHz, CD2Cl2):
d=11.51, 18.69, 40.20, 40.24, 80.49, 81.41, 83.47, 83.89, 88.91, 89.29, 91.86,
92.51, 96.38, 99.51, 105.85, 107.67, 107.68, 108.71, 109.67, 112.08, 112.30,
112.46, 112.55, 116.32, 129.02, 133.03, 134.51, 134.59, 151.90, 152.01 ppm;
IR (CHCl3): ñ =2958, 2926, 2872, 2858, 2152, 1601, 1526, 1467, 1459,
1378, 1265, 1116, 1013, 863, 819 cm�1; UV/Vis (CHCl3): l (e)=314
(33 800), 435 (sh, 15100), 548 (32 400), 707 nm (sh, 14000); FT-MALDI-
MS (DCTB): m/z : 1284 [M+H]+ , 1307 [M+H+Na]+ ; HR-FT-MALDI-
MS: m/z calcd for C86H82N8Si2


+ : 1282.6201; found: 1282.6211 [M]+.
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Convenient Synthesis of Multifunctional EDTA-Based Chiral Metal Chelates
Substituted with an S-Mesylcysteine
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Peyman Sakhaii,[b] and Christian Griesinger*[a]


Introduction


The ability of ethylenediaminetetraacetic acid (EDTA) and
its derivatives to form stable complexes with a variety of
metal ions allows for their use as probes in various areas of
chemistry, biology, and medicine. For example, derivatives
of EDTA–CeIV are effective cleavage reagents for oligonu-
cleotides[1] and are, therefore, used to investigate oligonu-
cleotide structure and function. Protein and nucleic acid
cleavage experiments have been used to probe the tertiary
structure of biomolecules and drug binding sites, as well as
to identify folding intermediates and to investigate interac-
tions with other macromolecules.[2,3,4] Alternatively, com-
plexation of radioactive metals by EDTA,[5,6] as well as


DOTA, DTPA, and their derivatives,[7] has found extensive
use in medicine.


One of the recently applied new tools of structural
chemistry and biology is the use of residual dipolar cou-
plings (RDC) as structural restraints.[8,9,10] Although dipolar
couplings assume values of several kHz in the solid state,
they are normally completely averaged out in isotropic so-
lution. They can be recovered by orienting the molecule ani-
sotropically in solution. In principle, there are two ways to
align proteins; either by putting them into an anisotropic so-
lution, such as dilute liquid crystals,[7] or by changing the
molecule such that it aligns by itself in the external magnetic
field.[8] Anisotropic media can be made from a variety of
sources, as recently reviewed.[11] However, these alignment
media are sometimes not compatible with the compound
under investigation, or they may even bind to the molecule
of interest, thereby precluding its study. Consequently, align-
ment by attaching a paramagnetic tag to the molecule be-
comes attractive. The tag must host a paramagnetic species
that has a fast-relaxing electron spin, is highly anisotropic,
does not interfere with the protein, and has a short linker to
minimize averaging of the anisotropy of the alignment tensor.


Lanthanides have been used successfully in aqueous solu-
tions for the alignment of proteins that have a metal binding
site.[12,13] The clear limitation of this concept is that it can be
applied only to metal-binding proteins; however, due to the
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rigidity of the binding site with respect to the remainder of
the protein, strong alignment with large dipolar couplings
could be achieved, and coupling constants of up to 40 Hz
were observed.[13] Lanthanide binding sites have been intro-
duced into proteins by attaching either a calmodulin half-
domain[14] or the EDTA compound 1 (Figure 1).[15,16] A lan-


thanide complex, named CLaNP (caged lanthanide NMR
probe), has been developed recently for the characterization
of proteins by paramagnetic NMR spectroscopy;[17] however,
it yields up to five sets of signals due to uncontrolled stereo-
chemistry. The feasibility of the tag proposed in the present
study, which permits alignment yielding only one set of sig-
nals, has been recently shown.[18]


The present work describes the synthesis and binding af-
finities of a novel, stereochemically unique EDTA-based tag
that can be attached to a broad range of different proteins
containing one accessible cysteine residue. If no cysteine res-
idue is present in the native protein, it can be introduced by
performing site-directed mutagenesis. The proposed tag has
a high affinity to lanthanides. In addition, it reacts readily
with cysteine side chains in proteins, because of the mesyl
leaving group of the methanethiosulfonyl (MTS) moiety,
this approach has been used before to attach fluorescent
dyes or spin labels to proteins for electron paramagnetic res-
onance (EPR) or relaxation studies. We used EDTA to
retain the high affinity to lanthanides,[19,20, 21] and we de-
signed the tag so that no chirality is introduced upon com-
plexation of the tag by the lanthanide. In addition, the
linker between the cysteine residue and the tag should be as
short as possible to minimize conformational averaging and,
therefore, to maximize dipolar couplings.


The most difficult step is obtaining tags that do not
assume different stereoisomers upon complexation of the
lanthanide.[18] This was overcome by attaching the linker
with defined stereochemistry to the C-1 position of the
EDTA, as shown for compounds 2 (Figure 1). Indeed, com-
pound 1 does not have this property and, therefore, shows


different alignment tensors when attached to a protein. At-
tachment of compound 1 (Figure 1) to a cysteine mutant of
the protein trigger factor[22] yields a doubling of the protein
resonances upon addition of dysprosium metal ions in a JHN-
coupled 1H,15N-heteronuclear single quantum coherence
(HSQC) spectrum, which is due to the epimeric lanthanide
complexes, as described in detail in reference [18]. This
problem has been demonstrated especially clearly for the
complex of compound 3 with a lanthanide metal,[18] for
which the chiral nitrogen could be identified as the source
of the chirality of the lanthanide complex.


Results and Discussion


Compound 2 was synthesized in five steps (Scheme 1). The
acid 6 was prepared according to a modification of the
method of Arya et al.,[23] both in the racemic as well as in
the enantiomerically pure way. In the first step, commercial-
ly available racemic 2,3-diaminopropionic acid hydrochlo-
ride 4 was exhaustively alkylated with tert-butyl bromoace-
tate in the presence of N-ethyldiisopropylamine to provide
the pentaester 5. The literature conditions[23] for preparing
compound 6 were the incubation of 5 at 100 8C in dimethyl-
formamide in the presence of a 1m equivalent of sodium thi-
ophenoxide. Under these reaction conditions, we obtained
only traces of compound 6 in the mixture, and this was very
difficult to purify. Therefore, we changed the deprotecting
agent. The pentaester 5 was selectively saponified without
purification by using lithium hydroxide to provide the car-
boxylic acid 6 in 38 % yield for the two steps.


The preparation of the second building block 8
(Scheme 1) has been described by Block and Weidner.[24]


However, the synthetic route utilizes the commercially un-
available reactant methanethiosulfonic acid S-trifluorometh-
yl ester. This ester can be synthesized using the toxic and
commercially unavailable reactant trifluoromethanesulfenyl
chloride. To avoid usage of toxic compounds, a reliable pro-
cedure on a gram-scale for the synthesis of (R)-S-mesylcys-
teine 8 was found by applying the Hart protocol.[25] Treat-
ment of (R)-cysteine hydrochloride hydrate 7 in water with
sodium nitrite and hydrochloric acid afforded the unstable
S-nitrosocysteine in situ. The crude reaction mixture was
treated with sodium methanesulfinate and the target com-
pound 8 was isolated in 55 % yield by simple filtration. The
racemic acid 6 was then coupled to (R)-S-mesylcysteine 8 in
dimethylformamide (DMF) by using standard HOBt/DCC
(N-hydroxybenzotriazole/N,N’-dicyclohexylcarbodiimide)
techniques,[26] followed by deprotection of the diastereomer-
ic mixture 9 by trifluoroacetic acid without purification. The
mixture of diastereomeric compounds 2 was subjected to
chromatographic separation (HPLC) to afford pure diaster-
eomers as two peaks with retention times of 9.87 min for
peak 1 and 10.53 min for peak 2, in 30 % yield.


The absolute configurations of the 2,3-diaminopropionic
fragments of the two diastereomeric compounds 2 were de-
termined as follows (Scheme 2). The optically active (R)-


Figure 1. Structures of the EDTA-based metal chelates.
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2,3-bis[di(tert-butyloxycarbonylmethyl)amino]propionic acid
(R)-6 was synthesized from commercially available (R)-2,3-
diaminopropionic acid hydrochloride by the procedure used
for the synthesis of racemic acid 6. The resulting product
was then coupled to (R)-S-mesylcysteine 8 by using HATU
(N-[(dimethylamino)-1 H-1,2,3-triazolo[4,5-b]pyridin-1-yl-
methylene]-N-methylmethanaminium hexafluorophosphate
N-oxide) as the condensation reagent, to give the diaster-
eomer (R,R)-2 in the same yield after deprotection with
formic acid followed by HPLC purification. This compound
with known configuration of both stereogenic centers was
used as a standard for the HPLC analysis of the two diaster-
eomers (R,R)-2 and (S,R)-2 synthesized from racemic acid 6.
By comparing the HPLC traces we can conclude that peak 1
has the same retention time as (R,R)-2. The 1H,13C NMR
spectroscopy and MS data of peak 1 were in agreement with
data from (R,R)-2. Thus, peak 2 is for (S,R)-2.


Both the (R,R)-2 (epi-3 in reference [18]) and the (S,R)-2
(3 in reference[18]) were used for the tagging reaction of
the cysteine-mutant trigger factor protein and, due to the
stereochemical purity, yielded only one set of signals in the


NMR spectrum. The alignment tensors were rotated relative
to each other, thus inducing linearly independent dipolar
couplings, as well as pseudocontact shifts.


The novel tag molecules, (R,R)-2 and (S,R)-2, provide
only one set of signals after complexation with lanthanide.
This is because strong binding of the lanthanide does not
induce additional chirality in the molecule, due to the nitro-
gen becoming tetrahedral. The two nitrogen atoms have two
identical ligands, namely the carboxymethyl groups. Even
when the nitrogen becomes locked in the tetrahedral config-
uration upon binding of the metal, it does not become
chiral, because the two carboxymethyl groups remain as two
identical ligands. This is the key difference to compound 1
(Figure 1), which becomes chiral at the nitrogen to which
the linker is attached, because there are four different li-
gands: the carboxymethyl, the aminocarbonyl with the
sulfur linker attached, the lanthanide, and the 2-[di(carboxy-
methyl)amino]ethyl. The two chiral conformations of 1 are
shown in Figure 2.


The feasibility of the tag for various biomolecular systems
could be established by using ubiquitin and calmodulin. An


Scheme 1. Synthesis of the EDTA-based metal chelates.


Scheme 2. Synthesis of (R,R)-2 for the stereochemical determination of peaks 1 and 2.
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in-phase/anti-phase (IPAP) HSQC spectrum of the ubiquitin
T12C mutant attached to (S,R)-2 (3 in reference[18]) com-
plexed with Tb3+ is shown in Figure 3. The doublets in w1


for the tagged species are clean peaks, so that there is only
one alignment tensor induced for this molecule through the
paramagnetic tagging by either of the two diastereomeric


tags. A total of 38 and 24 residual dipolar couplings ranging
from �6 to 8 Hz were measured, and a correlation plot of
the measured versus expected dipolar couplings for this
mutant is shown in Figure 4. The pseudocontact shifts as-
sumed values ranging from �0.93 to 0.549 ppm. The two
tensors have an angle in five dimensional space of 658,
which is similar to the angle measured in the case of trigger
factor.[18]


The behavior of tag 2 is different to that of the commer-
cially available compound 1. The latter showed doubling of
the resonances upon complexation with the lanthanide[18]


due to formation of the new chiral center, as shown in
Figure 2. Together with the chiral protein, two diastereomer-
ic compounds are formed that show different physicochemi-
cal properties and, therefore, also different alignment ten-
sors.


To check the versatility of the tag, its binding constant to
lanthanide ions was determined by measuring luminescence
based on the energy transfer of the laser dye cs124 (7-
amino-4-methylquinolin-2(1 H)-one)[27] to a proximal lantha-
nide. For this purpose, the racemic acid 6 was attached to


Figure 2. The two chiral conformations of compound 1 upon complexation of the EDTA part with a lanthanide. If the residue R has, for example, the
chirality R, two diastereomeric compounds are formed upon complexation of the lanthanide.


Figure 3. Superimposition of the properly combined IPAP spectra of the
T12C mutant of ubiquitin tagged with (S,R)-2 and complexed with Tb3+ .
The coupling constants and the pseudocontact shifts range between �6
and 8 Hz, and �0.93 and 0.549 ppm, respectively.


Figure 4. Correlation plots of the observed residual dipolar couplings
(RDC) versus the calculated RDC values from the NMR data of human
ubiquitin (PDB 1D3Z); A) ubiquitin T12C–R,R-2–Tb3+ and B) ubiquitin
T12C–S,R-2–Tb3+ .


Chem. Eur. J. 2005, 11, 3342 – 3348 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3345


FULL PAPEREDTA-Based Chiral Metal Chelates



www.chemeurj.org





the laser dye cs124 by using HATU as coupling reagent to
give amide 10. The subsequent deprotection under acidic
conditions and HPLC purification afforded 11 in 83 % total
yield (Scheme 3).


The luminescence was measured by using a 1:1 stoichiom-
etry of lanthanide ion and tag 11. The binding constant Kb


for the tag was determined relative to the binding affinity of
EDTA to terbium (Kb =2 �1017


m
�1) by titrating the complex


with increasing amounts of EDTA according to Oser�s pro-
tocol.[28] A 14 mm solution of the 11–Tb3+ complex gave a
fluorescence value of 68 units at the highest emission line at
546 nm in the buffer used for the NMR spectroscopy meas-
urements (50 mm MOPS (3-(N-morpholino)propanesulfonic
acid), 50 mm NaCl, pH 6.8). Upon increasing the EDTA
concentrations, a linear reduction in the luminescence was
observed. The Kb value obtained from the 11–Tb3+ complex
was 6.5 � 1017


m
�1, confirming that the binding of terbium


and other similar lanthanide ions is of the same order of
magnitude as the binding to EDTA. We suggest that the
binding affinity of tag 11 to the Tb3+ ion is three times
higher than the affinity to EDTA, because of the stabilizing
effect of the additional amide group. In addition, no signifi-
cant reduction in the luminescence intensity was seen upon
addition of a 104 excess of Ca2+ ions, indicating that this par-
amagnetic tag is compatible with buffers that contain high
concentrations of divalent alkaline earth ions.


Conclusion


We have described an efficient synthesis of two diastereo-
meric EDTA-based tag molecules that can be attached to
the cysteine residue of a protein. The tags are stereochemi-
cally pure, so that they induce only one set of signals once
loaded with a lanthanide. The two diastereomers induce lin-
early independent alignment tensors, which is advantageous
for the determination of protein structure. The binding af-
finity is six times higher than that for EDTA, which facili-
tates the use of the tag even for metal-binding proteins, such
as calmodulin.


Experimental Section


General : Starting materials and solvents were commercially available
unless otherwise noted. All reactions were conducted under an atmos-
phere of argon. Melting points were determined by using a Stuart Scien-


tific (BIBBY, UK) capillary apparatus and are uncorrected. Thin layer
chromatography (TLC): Macherey–Nagel precoated sheets, 0.25 mm
Polygram SIL G/UV254 plates, detection with UV and/or by charring with
10 wt % ethanolic phosphomolybdic acid reagent followed by heating at
200 8C. Flash column chromatography was performed by using Merck
silica gel 60 (0.015–0.040 mm). Analytical and preparative high perform-
ance liquid chromatography (HPLC) were performed by using a Waters
HPLC system with a Waters 996 Photodiode Array Detector. All separa-
tions involved a mobile phase of 0.1% trifluoroacetic acid (TFA) (v/v) in
water (solvent A) and 0.1% TFA in acetonitrile (solvent B). HPLC was
performed by using a reversed-phase (RP) column Eurospher RP 18,
100 �, 5 mm, 250 � 4.6 mm (analytical) and 250 � 16 mm (preparative) at
flow rates of 1 mL min�1 (analytical) and 7 mL min�1 (preparative). Elec-
trospray ionization mass spectrometry (ESI-MS) and liquid chromatogra-
phy/mass spectrometry (LC/MS) analyses were obtained by using a
Waters Micromass ZQ 4000 mass spectrometer in conjunction with the
Waters HPLC apparatus described above. High-resolution mass spectra
(HRMS) were recorded by using an MS Finnigan LCQ (Ion-Trapp) mass
spectrometer and are reported in m/z. Optical rotations were recorded
by using a Perkin–Elmer 241 digital polarimeter 1 dm cell and are given
in units of 10�1 deg cm3 g�1 dm�1.The terbium luminescence measurements
were obtained by using a Varian Cary Eclipse spectrofluorimeter. Ele-
mental analyses were performed at the Microanalytical Laboratory of the
Institute of Organic Chemistry, Gçttingen, Germany. NMR spectra were
recorded at a temperature of 298 K by using a 400 MHz Bruker Avance
spectrometer (Bruker AG, Rheinstetten, Germany) equipped with a TXI
HCN z-gradient probes header. The IPAP 1H,15N NMR spectra were re-
corded at a temperature of 303 K by using a 900 MHz Bruker Avance
spectrometer. The lyophilized 15N-tagged ((R,R)-2 or (S,R)-2) ubiquitin
was dissolved in the appropriate buffer (50 mm MOPS buffer, 50 mm


NaCl, pH 6.8) with 10% (v/v) D2O for the lock signal. For NMR spectro-
scopy measurements, the 280 ml sample was introduced into a Shigemi
NMR spectroscopy sample tube of 5 mm diameter with an adaptor-
piston inserted upward (BMS-3). The 1H,15N NMR spectra were obtained
with spectral widths of 15 ppm (1H) and 30 ppm (15N). The carrier posi-
tions were 115 ppm for 15N and 4.7 ppm for 1H. The IPAP-HSQC experi-
ments were acquired with 2048 and 512 complex points in t2 and t1, re-
spectively. The processing was performed by using NMR Pipe.[29] Zero
filling in the indirect dimension to 8192 points led to a digital resolution
of 0.33 Hz/point. All other spectra were processed by using
XWINNMR 3.1 (Bruker AG, Karlsruhe, Germany). 1H NMR chemical
shifts (d) are reported in parts per million (ppm) relative to tetramethyl-
silane (TMS) (d =0.00 in CDCl3), [D5]DMSO (d =2.49 in [D6]DMSO),
and 4,4-dimethyl-4-silapentane-1-sulfonic acid sodium salt (DSS) (d=


0.00 in D2O) as internal standards. Data are reported as follows: chemi-
cal shift, multiplicity (s= singlet, d=doublet, t= triplet, br=broadened,
m= multiplet), coupling constants (J, given in Hz), integration. 13C NMR
chemical shifts (d) are reported in parts per million (ppm) relative to
CDCl3 (d =77.0), [D6]DMSO (d= 39.7), and DSS (d=0.00 in D2O) as in-
ternal standards. The following two dimensional (2D) experiments were
used for resonance assignments: 2D-[13C,1H]-HSQC (heteronuclear single
quantum coherence),[30] 2D-[13C,1H]-HMBC (heteronuclear multiple
bond correlation).[31]


2,3-Bis[di(tert-butoxycarbonylmethyl)amino] propionic acid (6): tert-
Butyl bromoacetate (6.83 mL, 9.02 g, 46.2 mmol) was added to a suspen-
sion of 2,3-diaminopropionic acid hydrochloride 4 (1.00 g, 7.1 mmol) and
N-ethyldiisopropylamine (DIPEA) (8.52 mL, 6.44 g, 49.8 mmol) in aceto-


Scheme 3. Synthesis of complexes 11 for the determination of stability constants.
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nitrile (50 mL). After stirring at reflux for 16 h, additional tert-butyl bro-
moacetate (1.05 mL, 1.39 g, 7.1 mmol), and DIPEA (1.22 mL, 0.92 g,
7.1 mmol) were added. The reaction mixture was refluxed for 32 h,
cooled, and the solvent was removed under reduced pressure. The resi-
due was mixed with diethyl ether (100 mL), refluxed for 1 h, cooled, and
filtered. The filtrate was washed with 0.1m phosphate buffer pH 2.0 (3 �
40 mL), dried (molecular sieve 0.4 nm powder), and concentrated under
reduced pressure. The residue was dissolved in tetrahydrofuran (60 mL),
and lithium hydroxide (1 m solution in water, 7.1 mL, 7.1 mmol) was
added. After stirring at room temperature for 3 h, additional LiOH (1 m


solution in water, 3.6 mL, 3.6 mmol) was added, and stirring was contin-
ued for 2 h. Acetic acid (0.63 mL, 0.66 g, 11 mmol) was added and the
solvent was removed under reduced pressure. Phosphate buffer (0.1 m,
pH 2.0, 40 mL) was added and the mixture was extracted with chloro-
form (3 � 10 mL). The organic phase was dried (molecular sieve 0.4 nm
powder) and concentrated under reduced pressure. The residue was puri-
fied by performing silica gel chromatography (10:1 chloroform/methanol,
Rf = 0.4 (streak)) to afford 6 (1.52 g, 2.7 mmol, 38%) as a slightly yellow
oil. 1H NMR and MS data were in agreement with literature data.[22, 25]


13C NMR (100.6 MHz, CDCl3): d=28.47 (12 � C, 4� (CH3)3C), 55.04 (2 �
C, CH2CO2tBu), 55.28 (C-3), 57.03 (2 � C, CH2CO2tBu), 63.45 (C-2),
82.11 (4 � C, (CH3)3C), 170.43 (2 � C, CH2CO2tBu), 171.85 (2 � C,
CH2CO2tBu), 173.62 ppm (C-1).


(R)-2,3-Bis[di(tert-butoxycarbonylmethyl)amino] propionic acid ((R)-6):
In a similar manner, (R)-2,3-diaminopropionic acid hydrochloride (2.00 g,
14.2 mmol) gave R-6 (3.31 g, 5.9 mmol, 41%) as a white solid. M.p. 66–
69 8C; [a]20


D =++15.7 (c= 1.00 in methanol); 1H NMR (400 MHz, CDCl3,
HSQC, HMBC): d=1.45 (s, 36H; 4� OtBu), 3.12 (d, J=7.4 Hz, 2H; H-
3), 3.45 (d, J=17.1 Hz, 2H; CH2CO2tBu), 3.50 (d, J =17.6 Hz, 2 H;
CH2CO2tBu), 3.56 (d, J =17.1 Hz, 2H; CH2CO2tBu), 3.59 (d, J =17.6 Hz,
2H; CH2CO2tBu), 3.72 (t, J =7.4 Hz, 1 H; H-2), 12.20 ppm (br s, 1H;
CO2H); 13C NMR (100.6 MHz, CDCl3): d=28.45 (6 � C, 2� (CH3)3C),
28.50 (6 � C, 2� (CH3)3C), 55.04 (2 � C, CH2CO2tBu), 55.28 (C-3), 57.03
(2 � C, CH2CO2tBu), 63.45 (C-2), 82.08 (2 � C, (CH3)3C), 82.16 (2 � C,
(CH3)3C), 170.43 (2 � C, CH2CO2tBu), 171.85 (2 � C, CH2CO2tBu),
173.62 ppm (C-1); ESI-MS m/z (MeOH, positive mode): calcd for
C27H49N2O10 [M+H]+ : 561.68; found: 561.30; elemental analysis calcd
(%) for C27H48N2O10·0.5 CHCl3 (620.37): C 53.24, H 7.88; found: C 53.32,
H 8.02.


(R)-S-Mesylcysteine (8): An ice-cold solution of sodium nitrite (1.38 g,
20.0 mmol) in water (10 mL) was slowly added dropwise at 5 8C to a stir-
red solution of (R)-cysteine hydrochloride monohydrate 7 (3.51 g,
20.0 mmol) in 2n HCl (20 mL). After 1 h, the deep red solution was
treated with sodium methanesulfinate (4.08 g, 40.0 mmol). After stirring
at 5 8C for 2 h, additional sodium methanesulfinate (1.09 g, 10.0 mmol)
was added and the reaction mixture was stirred for 12 h at 5 8C. The re-
sulting precipitate was filtered off, then washed with ice-cold water (2 �
5 mL) and diethyl ether (2 � 5 mL). Drying in vacuo at 20 8C afforded
pure (R)-S-mesylcysteine 8 (2.21 g, 11.0 mmol, 55%) as a white solid.
M.p. 146–149 8C (decomp); [a]20


D =�61.7 (c=1.03 in water); 1H NMR
(400 MHz, D2O, HSQC, HMBC): d =3.56 (s, 3H; CH3), 3.71 (dd, J =


15.8, 7.1 Hz, 1 H; HA-3), 3.79 (dd, J=15.8, 4.7 Hz, 1 H; HB-3), 4.18 ppm
(dd, J =7.1, 4.7 Hz, 1 H; H-2); 13C NMR (100.6 MHz, D2O): d =35.81 (C-
3), 50.73 (CH3), 53.44 (C-2), 170.07 ppm (C-1); ESI-HRMS (MeOH, pos-
itive mode): calcd for C4H10NO4S2 [M+H]+ : 200.00458; found:
200.00469; elemental analysis calcd (%) for C4H9NO4S2 (199.25): C 24.11,
H 4.55; found: C 24.14, H 4.36.


N-[(R)-2,3-Bis[di(carboxymethyl)amino]propionyl]-S-mesyl-(R)-cysteine
((R,R)-2) and N-[(S)-2,3-bis[di(carboxymethyl)amino]propionyl]-S-
mesyl-(R)-cysteine ((S,R)-2): DCC (1 m solution in dichloromethane,
500 mL, 500 mmol) was added at 5 8C to a stirred solution of racemic acid
6 (280 mg, 500 mmol) and HOBt·H2O (77 mg, 500 mmol) in dichlorome-
thane (3 mL) and DMF (1.5 mL). The reaction mixture was stirred at
5 8C for 1 h and at 20 8C for 2 h, followed by filtration. The filtrate was
evaporated to dryness, and the residue was redissolved in dichlorome-
thane (2 mL) and DMF (5 mL). (R)-S-Mesylcysteine 8 (141 mg,
707 mmol) and DIPEA (513 mL, 388 mg, 3.0 mmol) were added and the
reaction mixture was stirred 14 h at 20 8C. The solvent was removed


under reduced pressure, the residue redissolved in ethyl acetate (10 mL),
washed with 0.1m phosphate buffer pH 2.0 (2 � 5 mL), dried (molecular
sieve 0.4 nm powder), and concentrated under reduced pressure. The res-
idue was dissolved in a deprotection mixture (CH2Cl2/TFA, 1:1, v/v,
20 mL). After stirring for 20 h the solvent was removed by evaporation
under reduced pressure. The oily residue was redissolved in acetonitrile/
water (1:1, 30 mL), filtered (0.45 mm nylon filter), and lyophilized to give
a colorless foam. The crude diastereomeric mixture was separated by
RP-HPLC (gradient 0–10 % solvent B in 30 min, RT ~10–12 min) to
afford both diasteromers. The combined fractions showing pure material
were lyophilized, affording peak 1 (R,R-2) (38 mg, 74 mmol, 15%; analyti-
cal HPLC 0–10 % solvent B in 30 min, retention time (RT) 9.87 min) and
peak 2 (S,R-2) (39 mg, 75 mmol, 15%; analytical HPLC 0–10 % solvent B
in 30 min, RT 10.53 min).


N-[(R)-2,3-Bis[di(carboxymethyl)amino]propionyl]-S-mesyl-(R)-cysteine
(peak 1, (R,R)-2): 1H NMR (400 MHz, D2O, HSQC, HMBC): d=3.44 (s,
3H; CH3), 3.56 (dd, J=14.6, 7.0 Hz, 1 H; Cys-HA-3), 3.62 (m, 1H; HA-3’),
3.65 (dd, J=14.6, 4.7 Hz, 1 H; Cys-HB-3), 3.69 (m, 1H; HB-3’), 3.70 (s,
4H; 2 � CH2CO2H), 4.04 (dd, J=10.2, 4.9 Hz, 1H; H-2’), 4.18 (d, J=


17.3 Hz, 2H; CH2CO2H), 4.21 (d, J =17.3 Hz, 2H; CH2CO2H), 4.78 ppm
(dd, J =7.0, 4.7 Hz, 1H; Cys-H-2); 13C NMR (100.6 MHz, D2O): d =35.94
(Cys-C-3), 49.28 (CH3), 51.66 (2 � C, CH2CO2H), 51.82 (Cys-C-2), 54.01
(C-3’), 55.62 (2 � C, CH2CO2H), 59.29 (C-2’), 168.38 (2 � C, CH2CO2H),
169.67 (C-1’), 171.64 (Cys-C-1), 174.99 ppm (2 � C, CH2CO2H); ESI-
HRMS (MeOH, positive mode): calcd for C15H24N3O13S2 [M+H]+ :
518.07451; found: 518.07434.


N-[(S)-2,3-Bis[di(carboxymethyl)amino]propionyl]-S-mesyl-(R)-cysteine
(peak 2, (S,R)-2): 1H NMR (400 MHz, D2O, HSQC, HMBC): d=3.47 (s,
3H; CH3), 3.57 (dd, J =14.7, 7.6 Hz, 1 H; Cys-HA-3), 3.64 (dd, J =10.0,
3.8 Hz, 1H; HA-3’), 3.67 (d, J= 18.1 Hz, 2 H; CH2CO2H), 3.71 (dd, J=


10.0, 5.2 Hz, 1H; HB-3’), 3.72 (d, J=18.1 Hz, 2 H; CH2CO2H), 3.73 (dd,
J =14.7, 4.4 Hz, 1 H; Cys-HB-3), 4.05 (dd, J =10.0, 5.2 Hz, 1H; H-2’), 4.12
(d, J=17.1 Hz, 2 H; CH2CO2H), 4.16 (d, J =17.1 Hz, 2H; CH2CO2H),
4.76 ppm (dd, J= 7.6, 4.4 Hz, 1 H; Cys-H-2); 13C NMR (100.6 MHz,
D2O): d =36.44 (Cys-C-3), 49.83 (CH3), 52.25 (2 � C, CH2CO2H), 52.34
(Cys-C-2), 54.37 (C-3’), 56.28 (2 � C, CH2CO2H), 59.73 (C-2’), 169.12 (2 �
C, CH2CO2H), 170.29 (C-1’), 172.41 (Cys-C-1), 175.29 ppm (2 � C,
CH2CO2H); ESI-HRMS (MeOH, positive mode): calcd for
C15H24N3O13S2 [M+H]+ : 518.07451; found: 518.07468.


N-[(R)-2,3-Bis[di(carboxymethyl)amino]propionyl]-S-mesyl-(R)-cysteine
((R,R)-2): Compound (R)-6 (280 mg, 500 mmol), HATU (190 mg,
500 mmol), and DIPEA (86 mL, 65 mg, 500 mmol) were preincubated in
DMF (5 mL) and dichloromethane (2 mL). After 10 min, 7 (120 mg,
600 mmol) and DIPEA (120 mL, 90 mg, 700 mmol) dissolved in DMF
(5 mL) were added, and stirring was continued for 21 h. The solvent was
removed under reduced pressure, the residue redissolved in ethyl acetate
(30 mL), washed with 0.1m phosphate buffer pH 2.0 (2 � 10 mL), dried
(molecular sieve 0.4 nm powder), and concentrated under reduced pres-
sure. The residue was dissolved in formic acid (10 mL). After stirring for
49 h, toluene (10 mL) was added, and the solvent was removed by evapo-
ration under reduced pressure. The oily residue was redissolved in aceto-
nitrile/water (20:1, 21 mL), filtered (0.45 mm nylon filter), and lyophilized
to give a colorless foam. The crude product was purified by performing
RP-HPLC (gradient 0–30 % solvent B in 30 min, RT ~10–12 min) to
afford the pure compound. The combined fractions showing pure materi-
al were lyophilized, affording R,R-2 (76 mg, 147 mmol, 29%) as a white
powder. Analytical HPLC was performed (0–10 % solvent B in 30 min,
RT 9.87 min). 1H NMR, 13C NMR and MS data were in agreement with
data for R,R-2 synthesized using racemic acid 6.


2,3-Bis[di(tert-butoxycarbonylmethyl)amino]-N-(4-methyl-2-oxo-1,2-dihy-
droquinolin-7-yl)propanamide (10): Compound 6 (667 mg, 1.19 mmol),
HATU (494 mg, 1.30 mmol), and DIPEA (204 mL, 154 mg, 1.19 mmol)
were preincubated in dimethyl sulfoxide (5 mL). After 10 min, cs124
(174 mg, 1.00 mmol) was added, and stirring was continued for 17 h.
Ethyl acetate (50 mL) was added and the mixture was washed with 0.1m


phosphate buffer pH 2.0 (2 � 20 mL), dried (molecular sieve 0.4 nm
powder), and concentrated under reduced pressure. The residue was puri-
fied by performing silica gel chromatography (10:1 chloroform/methanol,
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Rf = 0.64) to afford 10 (680 mg, 0.95 mmol, 95%) as a white solid. M.p.
80–83 8C. 1H NMR (400 MHz, CDCl3, HSQC, HMBC): d=1.45 (s, 36 H;
4� OtBu), 2.44 (s, 3 H; CH3-C-4’), 3.00 (dd, J =14.2, 7.7 Hz, 1 H; HA-3),
3.38 (dd, J= 14.2, 5.6 Hz, 1H; HB-3), 3.43 (d, J =17.6 Hz, 2 H; CH2CO2t-
Bu), 3.590 (d, J=17.6 Hz, 2H; CH2CO2tBu), 3.593 (s, 4H; 2� CH2CO2t-
Bu), 3.76 (t, J=7.3 Hz, 1H; H-2), 6.40 (s, 1H; H-3’), 7.39 (d, J =8.6 Hz,
1H; H-6’), 7.57 (d, J =8.6 Hz, 1H; H-5’), 7.85 (s, 1H; H-8’), 9,50 (br s,
1H; HN-C-2’), 10.92 ppm (br s, 1 H; HN-C-1); 13C NMR (100.6 MHz,
CDCl3): d=19.01 (CH3-C-4’), 28.12 (12 � C, 4� (CH3)3C), 54.25 (C-3),
54.43 (2 � C, CH2CO2tBu), 56.53 (2 � C, CH2CO2tBu), 65.10 (C-2), 81.15
(2 � C, (CH3)3C), 81.47 (2 � C, (CH3)3C), 104.83 (C-8’), 114.54 (C-6’),
116.52 (C-4a’), 119.08 (C-3’), 125.15 (C-5’), 138.80 (C-8a’), 140.86 (C-7’),
148.42 (C-4’), 163.03 (C=O, C-2’), 170.65 (2 � C, CO2tBu), 171.74 (2 � C,
CO2tBu), 171.99 ppm (C=O, C-1); ESI-MS (MeOH, positive mode):
calcd for C37H57N4O10 [M+H]+ : 717.8; found: 717.4; elemental analysis
calcd (%) for C37H56N4O10·0.1CHCl3 (728.82): C 61.14, H 7.76, N 7.69;
found: C 61.01, H 7.51, N 7.30.


2,3-Bis[di(carboxymethyl)amino]-N-(4-methyl-2-oxo-1,2-dihydroquinolin-
7-yl)propanamide (11): Compound 10 (773 mg, 1.07 mmol) was dissolved
in a deprotection mixture (TFA/CH2Cl2/iPr3SiH, 5:5:1.8, v/v, 11.8 mL).
After stirring for 16 h, toluene (10 mL) was added, and the solvent was
removed by evaporation under reduced pressure. Ethyl acetate (5 mL)
was added and the heterogeneous mixture was stirred for 1 h at 40 8C.
The resulting precipitate was filtered off, washed with ethyl acetate (2 �
5 mL), and mixed with water (20 mL). Lyophilization afforded the pure
compound 11 (492 mg, 0.93 mmol, 87 %) as a white solid. M.p. 240 8C
(decomp). 1H NMR (400 MHz, CDCl3, HSQC, HMBC): d=2.36 (s, 3 H;
CH3-C-4’), 3.09 (dd, J =13.6, 8.3 Hz, 1 H; HA-3), 3.22 (dd, J=13.6, 6.0 Hz,
1H; HB-3), 3.56 (d, J =17.9 Hz, 2H; CH2CO2H), 3.625 (s, 4 H; 2�
CH2CO2H), 3.631 (d, J =17.9 Hz, 2 H; CH2CO2H), 3.78 (t, J =7.2 Hz,
1H; H-2), 6.25 (s, 1 H; H-3’), 7.24 (d, J= 8.7 Hz, 1H; H-6’), 7.62 (d, J=


8.7 Hz, 1 H; H-5’), 7.82 (s, 1 H; H-8’), 10,65 (br s, 1H; HN-C-1), 11.53
(br s, 1H; HN-C-2’), 12.40 ppm (br s, 4H; CO2H); 13C NMR (100.6 MHz,
CDCl3): d=18.84 (CH3-C-4’), 53.58 (2 � C, CH2CO2H), 54.35 (C-3), 54.85
(2 � C, CH2CO2H), 63.36 (C-2), 104.96 (C-8’), 114.06 (C-6’), 116.06 (C-
4a’), 119.48 (C-3’), 125.69 (C-5’), 139.94 (C-8a’), 140.82 (C-7’), 148.02 (C-
4’), 162.43 (2 � C, CO2H), 170.96 (C=O, C-1), 172.26 (C=O, C-2’),
173.95 ppm (2 � C, CO2H); ESI-MS (MeOH, positive mode): calcd for
C21H25N4O10 [M+H]+: 493.4; found: 493.0; elemental analysis calcd (%)
for C21H24N4O10·2H2O (528.47): C 47.73, H 5.34; found: C 47.88, H 5.18.
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Introduction


During the last decade, increasing attention has been paid
to discotic aromatic compounds that form columnar liquid


crystals because the overlap of p orbitals results in one-di-
mensional semiconductors with a better performance than
conjugated polymers. Discotic liquid crystals have already
found applications as active components in organic light-


Abstract: Hexaazatrinaphthylene
(HATNA) derivatives with six alkylsul-
fanyl chains of different length (hexyl,
octyl, decyl and dodecyl) have been de-
signed to obtain new potential elec-
tron-carrier materials. The electron-de-
ficient nature of these compounds has
been demonstrated by cyclic voltam-
metry. Their thermotropic behaviour
has been studied by means of differen-
tial scanning calorimetry and polarised
optical microscopy. The supramolecular


organisation of these discotic molecules
has been explored by temperature-de-
pendent X-ray diffraction on powders
and oriented samples. In addition to
various liquid crystalline columnar
phases (Colhd, Colrd), an anisotropic


plastic crystal phase is demonstrated to
exist. The charge-carrier mobilities
have been measured with the pulse-ra-
diolysis time-resolved microwave-con-
ductivity technique. They are found to
be higher in the crystalline than in the
liquid crystalline phases, with maxi-
mum values of approximately 0.9 and
0.3 cm2 V�1 s�1, respectively, for the dec-
ylsulfanyl derivative. Mobilities strong-
ly depend on the nature of the side
chains.


Keywords: charge-carrier mobility ·
columnar mesophases · electron-
deficient mesogens · liquid crystals ·
X-ray diffraction
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emitting diodes,[1,2] photovoltaic cells[1,3] and field effect
transistors.[1,4] Common features that impact on the device
performance are charge injection or collection at the elec-
trodes and charge transport in the bulk material. The latter
depends on the degree of order within the columnar stack
and thus on the overlap between the p-orbitals. Charge-car-
rier mobilities of 0.1 cm2 V�1 s�1 have been measured for
hexahexylsulfanyltriphenylene[5] in its highly ordered helical
columnar H-phase, and even higher mobilities, up to
0.5 cm2 V�1 s�1, have been recorded for liquid crystalline hex-
abenzocoronene derivatives.[6] These electron-rich mesogens
are p-type semiconductors,[7] thus promoting efficient hole
transport. Although many aromatic discotic mesogens are
known today, only few of them show n-type semiconducting
properties.[8] The lack of efficient organic electron transport-
ers originates from various factors: 1) the high reactivity of
radical anions with impurities, such as water and oxygen,[9,10]


2) the low energy of the lowest unoccupied molecular orbi-
tal (LUMO), which should be close to the work function of
the metal used as the anode for electron injection, and
3) the generally smaller electronic splitting of the LUMO
level compared to the highest occupied molecular orbital
(HOMO), which is a measure of the charge-transfer effi-
ciency between adjacent aromatic cores in the columns.[11]


Most of the existing columnar electron carriers are designed
by substitution of aromatic CH groups of the core by nitro-
gen atoms,[12] lateral substitution with electron-withdrawing
groups, such as carboxyl groups,[13] amides and imides,[14, 15]


or by combining the two principles,[15] that is, by the use of
nitrogen-containing aromatic cores with electron-withdraw-
ing substituents. For all these discotic mesogens, attempts
have only been made to increase the electron-deficient
nature of their aromatic cores. Little attention has been de-


voted to the optimisation of the parameters favouring the
migration of electrons down the stack by a hopping mecha-
nism where charges jump from disk to disk to yield a cur-
rent. The most relevant parameters have been described by
recent quantum-chemical calculations within the framework
of the Marcus theory and correspond to: 1) the LUMO
splitting corresponding to twice the transfer integral t for
electrons, and 2) the internal reorganisation energy l, associ-
ated with the geometric distortions induced by the hopping
to go from the neutral state to the radical anion (l1) for one
molecule and from the radical anion to the neutral state (l2)
for the other molecule.[11, 16] The amplitude of land t dictates
the hopping frequency. A large hopping rate, and hence a
high mobility, requires small values for l and large values
for t. An attempt to take account of the mentioned require-
ments in the design of an electron-carrier material has been
made by the synthesis of new electron-deficient hexaazatri-
naphthylene derivatives 1 (Scheme 1), which have been re-
cently reported by our group.[17] Six alkylsulfanyl chains
were laterally attached to the core in order to obtain colum-
nar liquid crystalline phases and to increase the solubility in
common solvents. The mesomorphism has been shown to
depend strongly on the chain length, which has been in-
creased from hexyl, to octyl, to decyl and finally to dodecyl
chains. Preliminary examinations of the surface potential
decay on drop-cast, non-oriented samples of 1 suggest that
both negative and positive charges are mobile in the materi-
al.[7] In the present work, we will elaborate on the design
principles for molecules 1 and will demonstrate their elec-
tron-deficient nature by means of cyclic voltammetry. The
phases were identified by polarised optical microscopy
(POM), differential scanning calorimetry (DSC) and X-ray
diffraction. The latter was carried out on powder samples
during consecutive heating and cooling cycles and is comple-
mented by diffraction patterns on extruded fibres, obtained


Abstract in French: L’hexaazatrinaphthyl�ne substitu� par
six cha�nes alkylsulfanyls forme potentiellement de nouveaux
mat�riaux transporteurs d’�lectrons. Ces mol�cules ont �t�
synth�tis�es avec diff�rentes longueurs de cha�nes alkyl:
hexyl, octyl, decyl et dodecyl. La nature �lectrod�ficiente est
d�montr�e par voltamp�rom�trie cyclique. Le comportement
thermotrope de ces mat�riaux a �t� �tudi� par calorim�trie
diff�rentiel � balayage et par microscopie optique � lumi�re
polaris�e. La d�pendance en temp�rature de l’organisation
supramol�culaire des mol�cules discotiques a �t� explor�e au
moyen de la diffusion de rayons X sur des �chantillons en
poudre et orient�s. En plus des diff�rentes phases cristal liqui-
des colonnes (Colhd, Colrd), l’existence d’une phase cristal
plastique anisotrope est d�montr�e. La mobilit� des porteurs
de charge a �t� mesur�e par la m�thode de “pulse-radiolysis
time-resolved microwave conductivity”. Les mobilit�s sont
plus �lev�es pour les phases cristallines que pour les phases
cristal liquides avec, respectivement, des valeurs maximum
proches de 0.9 et 0.3 cm2 V�1 s�1 pour la mol�cule avec des
cha�nes decylsulfanyls. Les mobilit�s d�pendent fortement de
la nature des cha�nes lat�rales. Scheme 1. Hexaazatrinaphthylene 1 derivatives as electron-deficient


mesogens.
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at selected temperatures, at which distinct mesophases are
present. The structural data are then related to the charge-
carrier mobilities measured by the pulse-radiolysis time-re-
solved microwave conductivity (PR-TRMC) technique.


Results and Discussion


Molecular design : The molecular design of compounds 1
was based on several requirements: 1) The p-conjugated
core should be electron deficient to ease electron injection
or collection at the electrode and to stabilise the radical
anion (negative polaron) with respect to reactions with
water or oxygen. 2) The shape of the LUMO orbital should
lead to a favourable overlap between adjacent disks within
the columns, and thus to a large transfer integral t. More-
over, the orbital overlap should be rather insensitive to the
rotational and translational disorder characteristic of colum-
nar stacks. 3) The molecular structure should exhibit low re-
organisation energy l. 4) The attachment of flexible chains
should induce liquid crystal (LC) behaviour by microsegre-
gation of the rigid aromatic core and the flexible aliphatic
chains, and lead to self-healing columnar assemblies with
high intracolumnar order, that is, a regular, preferably co-
planar stacking of aromatic cores with small interdisk dis-
tance. 5) The synthesis should deliver the target molecules
by a short and efficient route and with high purity.


Molecule 1 has been designed based on the above-men-
tioned requirements. The LUMO level has been lowered in
energy by the incorporation of six nitrogen atoms into the
central core. Six sulfur atoms have also been attached to the
periphery of the aromatic system since they are known to
stabilise radical anions.[18] The favourable orbital overlap is
achieved by the fact that the six carbon atoms of the central
ring as well as the six nitrogen atoms have the same sign in
the LCAO pattern (Figure 1); as a result, the rotation does
not introduce a mixing between bonding and antibonding
overlaps and hence does not lead to vanishingly small split-
tings, as illustrated in Figure 1. The molecules should also
display a small internal reorganisation energy l during the


hopping process. Reorganisation energies have been recent-
ly discussed for various aromatic cores.[19] The following
trends have been derived: 1) l decreases with increasing
core size, 2) sulfur at the periphery is preferred over oxygen,
and 3) introduction of nitrogen atoms into the aromatic core
leads to an increase of l. A reorganisation energy of 0.11 eV
has been calculated for negative polarons (radical anions) in
1 with six SH groups,[19] which is rather low and comparable
to the reorganisation energy calculated for positive polarons
in a large and efficient hole carrier, such as hexabenzocoro-
nene (HBC). For the sake of comparison, we emphasise that
the reorganisation energy for negative polarons amounts to
0.24 eV for a triphenylene molecule substituted by six SH
groups.


As already mentioned, LC behaviour is generally induced
by attachment of flexible chains to the rigid core. A series
of saturated chains of different lengths ranging from hexyl-
sulfanyl to dodecylsulfanyl have been linked to the periph-
ery of 1 in order to systematically study the LC behaviour
and phase structures of the disks because the supramolec-
ular self-assembly of mesogens can not be accurately pre-
dicted as yet. Furthermore, aliphatic chains also increase the
solubility and hence the processability of the molecules
from solution. Finally, electron-carrier mesogen 1 can be
synthesised by an efficient two-step synthesis, which facili-
tates structural variation of the side-chains and preparation
of the material on the multi-gram scale.[17] All compounds
have been exhaustively purified by chromatography and
crystallisation procedures (see the Experimental Section).


Cyclic voltammetry : The investigation of the p-deficient
character and the stabilisation of radical anions of 1 a has
been carried out by cyclic voltammetry. The electrochemical
features of these derivatives were probed at room tempera-
ture (RT) in a dichloromethane solution versus the standard
calomel electrode (SCE) with a glassy carbon electrode at a
scan rate of 200 mV s�1. It has been found that these mole-
cules show three reduction waves centred at approximately
�1.09, �1.35 and �1.60 V (Figure 2), which probably arise
from the formation of the corresponding mono-, di- and tri-


radical anions. No oxidation
waves have been observed
below + 2 V, highlighting the
mainly reducible nature of
these compounds. With respect
to the nature of the reduction
processes when recorded at dif-
ferent scan rates, one could
expect a relatively long lifetime
for the radical anion species.
This can be accounted for by
the ability of the alkylthio later-
al groups to stabilise radical
anions.[18] Despite the tendency
of these large discotic mesogens
to stack in solution to form ag-
gregates,[17] no remarkable


Figure 1. Left: shape of the LUMO orbital of HATNASH; the colour and the size of the balls correspond to
the sign and the amplitude of the LCAO coefficients, respectively. Right: INDO-calculated evolution of the
HOMO (*) and LUMO (&) splittings in a cofacial dimer consisting of two HATNA molecules as a function of
the rotational angle between the disks.
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changes were observed in their electrochemical behaviour
over a range of concentrations in dichloromethane (10�3–
10�4 mol L�1). However, even in this concentration range
and under the conditions of the cyclic voltammetric meas-
urements, aggregates are present as evidenced by 1H NMR
studies (see the Supporting Information). Consequently, the
electron affinity (EA) and the LUMO energy level cannot
be estimated according to the equation EA = (Ered +


4.75)[20] for a single molecule. Owing to the low reduction
potential of �1.09 V, it is anticipated that electrons can be
easily injected in these disklike molecules and that these
compounds could be good candidates for applications as
electron conducting layers in electronic devices. In such de-
vices, traces of water and oxygen will strongly influence the
electron transport, thus n-type material of satisfactory stabil-
ity would be desirable. A stability window versus water and
oxygen for semiconducting ma-
terials has been defined by
de Leeuw et al.[9] According to
their work, n-type doped semi-
conductors are stable with re-
spect to water if the oxidation
potential of the radical anion is
higher than �0.66 V (SCE),
and stable with respect to
oxygen if it is higher than +


0.57 V (SCE). The hexaazatri-
naphthalene derivatives 1 with
a first reduction wave at
�1.09 V are out of this window
and presumably will only be
useful in water- and oxygen-
free electronic devices.


Differential scanning calorime-
try and polarised optical micro-
scopy : Table 1 summarises the
data on the thermotropic be-


haviour of the studied compounds. The structure assignment
of the LC phases is based on X-ray data presented in detail
below. As previously emphasised,[17] compounds 1 a–d show
a complex polymorphism, especially for molecules with in-
termediate chain lengths. Some transitions at high tempera-
ture (1 c, d) are not apparent in the DSC thermograms, and
can only be identified by X-ray diffraction. Such a behaviour
has already been observed for other discotic mesogens, such
as tetrabenzocyclodecatetraene.[21] Note that compounds
1 a–d begin to decompose at approximately 250 8C before
clearing into an isotropic phase. Therefore, the samples
were not heated above 230 8C. The inability of cooling from
the isotropic phase prevents the observation of characteristic
textures in polarised optical microscopy (POM). However,
all phases referred to as mesophases exhibit two inherent
properties of liquid crystalline material: birefringence and
fluidity. Uniform, unspecific textures could be only obtained
when the material was oriented by shearing in the hexago-
nal phase; upon cooling to the lower transitions, very small
domains were again formed, which could not be attributed
to a typical texture. At all lower transitions passed during
cooling of 1, no significant changes of the texture could be
observed. Up to five consecutive heating and cooling cycles
were performed in DSC. The reproducibility of the transi-
tion data demonstrates the reversibility of the LC transitions
and the stability of the material from room temperature to
230 8C.


The simplest phase behaviour was obtained for 1 a. After
purification of the crude material, a mixture of crystalline
phases is observed, as revealed by two endothermic transi-
tions at 155 8C and 205 8C. Upon heating above 205 8C, the
material forms a fluid LC phase. Subsequent cooling and
heating cycles lead only to the more stable crystalline phase
(Cr1), which melts at 206 8C, and the high-temperature mes-
ophase. For the other molecules 1 b–d, the crystals formed


Figure 2. Cyclic voltammogram of HATNA derivative 1a in CH2Cl2


(10�3 mol L�1) at a scan rate of 200 mV s�1.


Table 1. Thermotropic behaviour of mesogens 1 studied by means of differential scanning calorimetry (DSC)
at a heating rate of 10 8C min�1.


Compound DSC trace Phase transitions, transition temperature
(onset) [8C]/transition enthalpy [kJ mol�1][a]


1a 1st heating Cr0
[c] 155/10.0 Cr1 205/23.7 Colhd


1st cooling Colhd 196/�26.5 Cr1


2nd heating Cr1 206/26.4 Colhd


1b 1st heating Cr0 148/39.5 Cr1 175/13.6 Colhd


1st cooling Colhd 174/�12.5 Cr1 43/�7.6 Cr2


2nd heating Cr2 77/5.6 Cr3 –/–[e] Cr4 142/14.0 Cr1 178/13.5 Colhd


1c[d] 1st heating Cr0
[c] 95/112 Cr1 113/10 X/Colrd0 134/1.0 Colrd1 181/0.2 Colrd2 222/– Colhd


1st cooling Colhd –/–[b] Colrd2 181/�0.3 Colrd1 128/�1.8 Colrd0/X 95/�3.7 Cr2 17/�28.1 Cr3


2nd heating Cr3 26/4.5 Cr4 40/18.4 Cr5 50/�24.1 Cr1 116/30.6 X 134/1.6 Colrd1 180/0.4
Colrd2 –/–[b] Colhd


1d[d] 1st heating Cr0 90/134 Colrd 149/–[b] Colhd


1st cooling Colhd 147/–[b] Colrd 79/�32.4 Cr1


2nd heating Cr1 99/31.7 Colrd 149/–[b] Colhd


[a] The crystal phases Crx have been numbered in the order of their appearance during the heating and cooling
cycles. [b] The transition to the hexagonal phase has been detected in X-ray measurements during the first
heating phase. [c] In the first heating phase (after synthesis), a mixture of different crystal modifications is ob-
tained. However, there is one dominant structure, as shown by X-ray studies. [d] The transition to the hexago-
nal columnar phase has only been observed by X-ray diffraction. [e] Slow crystallisation is observed after the
endothermic transition at 77 8C.
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during the purification procedures (Cr0) differed from the
crystal phases obtained after the first heating cycle (Cr1), a
result not only evident from X-ray data (vide infra), but also
by comparison of transition temperatures and enthalpies
corresponding to the first heating and subsequent cooling
and heating traces: melting and crystallisation enthalpies
and temperatures show large deviations, thus indicating that
the transitions are not reversible. During the second heating
phase, compound 1 b exhibits a low-temperature crystal
phase (Cr2). After complex melting and crystallisation proc-
esses (Cr3, Cr4), followed by a high-temperature modifica-
tion (Cr1), the material transforms into a LC phase at
178 8C.


The most complex polymorphism is found for 1 c. The
metastable Cr0 melts at 95 8C and partially forms a Cr1


phase, which melts at 113 8C, followed by the formation of
various mesophases. In the DSC trace, two transitions with
very small enthalpies were observed during heating and
cooling above the melting temperature of Cr1. The phase be-
tween 115–134 8C is waxy and assigned as an X phase, which
could be an anisotropic plastic crystal.[22] On cooling the X
phase, a relatively small enthalpy (�3.7 kJ mol�1) is mea-
sured for the transition to the crystal (Cr2) at 95 8C and a
further crystallisation is observed below room temperature.
The subsequent heating trace exhibits two endothermic sig-
nals at 26 8C and 40 8C. The material then exhibits crystalli-
sation on heating at 50 8C to yield the Cr1 phase, which
melts again at 116 8C to assemble in the mesophase. Because
the small transition enthalpy in the cooling trace at 95 8C is
rather unusual for a crystallisation, and owing to the large
enthalpy difference between crystallisation X/Cr2


(�3.7 kJ mol�1) and melting Cr1/X (30.6 kJ mol�1), the tem-
perature range between 70 and 120 8C has been investigated
in more detail (for DSC traces see the Supporting Informa-
tion). When directly heated after cooling to 70 8C, the mate-
rial shows only a relatively small enthalpy change of
17.3 kJ mol�1 on transforming into the X phase. In addition
to the transition at 116 8C, a shoulder with an onset at
112 8C is visible, which is attributed to the Cr2/X transition.
After annealing the sample at 70 8C for 30 min, the heating
trace exhibits only a large transition at 116 8C
(36.1 kJ mol�1). Thus, on cooling the X phase, a crystal
phase Cr2 forms, which is metastable and slowly transforms
into the more stable Cr1 phase. The crystalline character of
Cr2 is supported by its rigidity in POM studies and its large
thermal hysteresis of 17 8C. The small enthalpic change (X/
Cr2) suggests that the plastic X phase and the metastable
Cr2 phase do not have large structural differences.


Compound 1 d displays an even simpler thermotropic be-
haviour. In the first heating phase, a large endothermic peak
is associated with the melting of the Cr0 phase. Further cool-
ing and heating traces show relatively smaller transition en-
thalpies for the single transition observed close to 100 8C.
Although the material looks pasty, the large hysteresis of
20 8C and a relatively large transition enthalpy of approxi-
mately 32 kJ mol�1 suggest the existence of a crystalline
phase at low temperature. Above the melting temperature,


only one LC phase is determined by DSC. However, tem-
perature-dependent X-ray powder diffraction reveals the
formation of a second LC phase above 149 8C, as discussed
below.


X-ray diffraction


Powder X-ray diffraction of compound 1d : We will first
focus on compound 1 d, which yields the most instructive X-
ray results. Figure 3a and 3b show the DSC curves, and the
corresponding temperature-dependent powder X-ray pat-
terns, respectively, of 1 d. The first X-ray diffractogram (A)
(Figure 3b) of the as-prepared sample was recorded at room
temperature before the first heating phase. The material is
clearly in a crystalline phase (Cr0), although the indexation
could not be unambiguously established.[23] However, at
wide angles the large reflection at d = 3.85 � and the some-
what weaker reflection at 3.73 � are reminiscent of the 110
and 200 peaks typically found for HDPE.[24] The less intense
reflection at 3.5 �, which is a typical intermolecular distance
in p stacks,[25,26] could be associated with the regular organi-
sation of the aromatic cores. The second pattern (B) was
also recorded at low temperature, but after completion of
the first heating and cooling cycle. The original structure
(Cr0) is not recovered on cooling and the absence of a sharp
peak in the wide angular range provides evidence that a reg-
ular p-stacking of aromatic cores is not present in this
phase. The X-ray results for the LC phases forming above
the melting point at 99 8C are shown in the following five
diffraction patterns reported in Figure 3b (C–G). The wide-
angle region of all patterns consists of only a broad halo,
which can be attributed to the average distance between the
liquid-like aliphatic side chains. The absence of mixed re-
flections hkl demonstrates the disappearance of positional
long-range order of the 3D lattice, and consequently, the
formation of a LC phase. In contrast to the invariance of
the scattering at wide angles, the small-angle region shows
considerable temperature dependence. The structure of the
low-temperature mesophase was analyzed using diffracto-
gram C, recorded just before the LC/Cr transition when
cooling the material to 100 8C. The X-ray pattern shows a
series of five reflections which can be indexed according to
a primitive rectangular unit cell (a = 46.6, b = 27.6 �; two-
dimensional lattice type p2gg ; see Table 2 and Figure 5C).
In the second heating trace, the 120 and 410 reflections dis-
appear at high temperature. The size of the unit cell slightly
expands, as indicated by a shift of the remaining reflections
to smaller s values, corresponding to larger Bragg distances.
At 149 8C, the 210 reflection, which determines the rectan-
gular symmetry of the two-dimensional lattice, vanishes and
only two reflections, whose reciprocal spacing follows the
ratio 1:


p
3 persist. Therefore, the columnar mesophase is


hexagonal (Colh) above this temperature. This transition,
which was not observed during DSC measurements, was re-
produced by X-ray diffraction at the same temperature in
the second heating phase, thus excluding a degradation
effect by heat or radiation.
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X-ray diffraction of an oriented fibre of 1d : A small intra-
columnar distance between adjacent discotic molecules is es-
sential for efficient charge-transport properties. However,
the powder diffraction measurements display neither a re-
flection at wide angles, normally attributed to a well-defined
intra-columnar stacking distance, nor a pronounced shoulder
to the halo region, typically attributed to the average dis-
tance between disks. A second broad halo, which decreases
with increasing temperature, is obtained at about 8.7 � and
has not yet been discussed. To obtain more information on
the structure of the mesophase, 2D X-ray studies on samples
aligned by extrusion of thin filaments have been carried out.
The results obtained are presented in Figure 4. A good
alignment of columns along the fibre direction in the rectan-


gular phase at 135 8C (Fig-
ure 4a) is demonstrated by the
fact that all reflections (200,
110, 210 and 020) related to the
rectangular 2D lattice of the
columns are located on the
equator of the X-ray pattern.
The diffuse peak at 8.7 � can
be found on the meridian and is
attributed to the disordered
stacking of mesogens along the
columns.[27] The splitting into
four maxima on both sides of
the meridian is attributed to a
tilt of the disks of �238 (struc-
ture C in Figure 5). The large
intra-columnar distance can be
explained if nearest neighbours
are displaced along the colum-
nar axis. Figure 5 presents two
possible explanations for this
observation. Adjacent meso-
gens can be translationally dis-
placed, as depicted in struc-
ture A, or they can be rotation-
ally displaced (staggered) as il-
lustrated in structure B. These
two schematic drawings show
only extreme situations and a
combination of both is most
probably present in the LC
phase.[28] In either case, the dis-
tance between the closest aro-
matic planes amounts to 4.4 �.
In addition to the equatorial
and meridional features, there
is a halo with a maximum at
4.5 �. Its intensity is not circu-
larly distributed, as expected
for liquid-like aliphatic chains,
but exhibits a set of four, rather
intense diffuse maxima at an
angle of 608 with respect to the


meridian. These results can be explained if aliphatic chains
are partially oriented and tilted by approximately 378 rela-
tive to the aromatic plane.[25] At larger angles, a set of four
very diffuse reflections at 3.7 � is observed. The origin of
these features has not been unambiguously established yet;
however, the distance is close to the van der Waals distance
between sulfur atoms[26] and may be thus related to short-
range order of the sulfur atoms at the periphery of the aro-
matic cores. Figure 4b shows the two-dimensional diffraction
pattern of 1 d in its hexagonal phase at 170 8C. Here, no in-
tense signals on the halo related to a preferred orientation
of the aliphatic chains can be identified, which implies a
more liquid-like organisation of these molecular segments.
The splitting of the diffuse signal at 8.7 � has also disap-


Figure 3. a) DSC traces and b) temperature-dependent synchrotron radiation X-ray powder diffraction pat-
terns of 1d, both at a heating rate of 108min�1. The relative X-ray intensity is represented on a logarithmic
scale.
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peared, thus indicating that the mesogens are no longer
tilted with respect to the columnar axis in the Colhd phase.


X-ray diffraction of compound 1c : Results similar to 1 d
have been obtained for molecule 1 c (Figure 6). After syn-
thesis, a Cr0 phase is formed.[23] Although relatively intense
signals at 3.89 � and 3.81 � (Figure 6b) are observed,[24] the
reflection at 3.5 � is attributed to regular p-stacking. As in
the case of 1 d,[23] oriented samples of 1 c could not be ob-
tained in the Cr0 phase because the latter is not recovered
after heating to 210 8C and subsequent cooling to room tem-
perature. After the Cr0 phase melts at 95 8C, a Cr1 phase has
partially formed (Figure 6a, first heating). The Cr1 phase is
not fluid, although the broad halo and the absence of other
reflections in the wide-angle region indicates disorder of the
aliphatic chains (Figure 6b, pattern B). At 116 8C, a meso-


phase X is generated, which is
waxy and can be sheared be-
tween glass plates. This phase
has been additionally studied
with a q,q-diffractometer (Fig-
ure 7b). Columns are arranged
on a primitive rectangular lat-
tice, which is determined by six
reflections in the small-angle
range (Table 2). Because only a
halo corresponding to liquid-
like aliphatic chains is observed
at wide angles, it was suggested
that this phase has a LC charac-
ter. However, the investigation
of an oriented fibre reveals
three rather sharp reflections at
medium angles, which are relat-
ed to order along the columns
(Figure 7b). Two of them are
reflections with mixed indices
hkl, indicating the crystalline
nature of the phase. The third
reflection is indexed as 001 and
displays a periodicity of 9.1 �
along the columns. As for 1 d in
its Colrd phase, the closest
mesogens 1 c are distinguished
by means of X-ray studies, and
the distance between nearest
neighbours amounts to 4.5 �.
Despite the three-dimensional
order of the aromatic cores, the
waxy consistency of the materi-
al points to an anisotropic plas-
tic crystalline phase.[29] When
heated above the transition
temperature of 134 8C, a rectan-
gular LC phase forms. Previous-
ly, the mesophase between 134
and 181 8C was indexed accord-


ing to an oblique phase.[17] In principle, oblique or rectangu-
lar symmetry may explain the three reflections at small
angles found in the powder pattern (Figure 6 and Table 2).
However, since the unit cell is clearly primitive rectangular
for derivative 1 d, which has only two more methylene units
per chain, we reassign this mesophase to a rectangular,
primitive organisation of columns. The study of oriented
fibres shows a splitting of the diffuse signal at 8.1 � into a
set of four reflections along the meridian and indicates that
molecules are tilted by approximately 228 in the Colrd1


phase. It should be noted that, although there is a difference
in structure between the X and Colrd1 phases, the small ther-
mal hysteresis of only 6 8C and the low enthalpy change of
1.6 kJ mol�1 demonstrates the intermediate nature of X be-
tween a crystal and a liquid crystal (Colrd). The cell parame-
ters of the Colrd phase only change gradually with tempera-


Table 2. Results of temperature-dependent X-ray measurements on powders and oriented fibres.


Compound Mesophase hkl dexp [�] dcalcd [�] Lattice parameter [�] 1calcd
[c] [gcm�3]


1a Colhd 100 20.5 – a = 23.6 1.03
(220 8C) 4.5 (halo) c~3.6


3.6 (shoulder)
1b Colhd 100 21.6 – a = 25.0 1.04


(190 8C) 4.7 (halo) c~3.7
3.7 (shoulder)


1c X[a] 010 24.4 – a = 37.6 1.13
(134 8C) 110 20.0 20.5 b = 24.4


200 18.8 – c = 9.1[b]


020 12.4 12.2
300 12.5
230 9.1 8.7
001 9.1[b] –
201 8.2[b] 8.2
211 7.7[b] 7.7


4.6 (halo)
Colrd1


[a] 200 22.3 – a = 44.6 1.00
(170 8C) 110 21.2 – b = 24.1


210 16.3 16.4 c~8.7[b]


001 8.1 (split)
4.6 (halo)


Colrd2
[a] 200 22.7 – a = 45.5 0.91


(210 8C) 110 22.7 – b = 26.2
210 17.2 17.2 c~8.7[b]


8.1 (diffuse) –
4.7 (halo)


Colhd 100 23.0 a = 26.6 0.92
(225 8C) 8.4 c~8.4


1d Colrd 200 23.2 23.7 a = 46.4 0.87
(100 8C) 110 23.2 23.2 b = 27.6


210 17.8 17.8 c~9.5[b]


020 13.7 13.8
120 13.1 13.2
410 10.8 10.7
001 8.7 (split) –


4.6 (halo) –
Colhd 100 24.7 – a = 28.5 0.91
(165 8C) 110 14.3 14.3 c~8.2


8.2 –
4.6 (halo)


[a] Data from measurements with a q/q diffractometer. [b] Intracolumnar distances assigned by means of
measurements on oriented fibres, taking into account the tilt of the mesogens. [c] Density calculated with r =


Z � M/(NA�Vunit cell) ; Z number of molecules in the unit cell, M Molecular weight and NA Avogadro constant.
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ture. Although a small transition occurs at 181 8C
(0.3 kJ mol�1) in the DSC curves, no discontinuous structural
changes have been detected by powder diffraction
(Figure 6). With increasing temperature, the reflection at
8.1 � becomes more diffuse and the splitting disappears. At
222 8C, only one main reflection is observed at 23 �, which
can, in principal, be attributed to a lamellar columnar or a
hexagonal columnar phase. Interestingly, similarly to 1 d, no
peak in the DSC is observed at the transition (�222 8C) to
the high-temperature mesophase. By analogy to 1 d, the
high-temperature mesophase of 1 c could be a hexagonal
phase, although a 110 reflection is not present. Owing to the


decomposition of the molecules before the clearing, no typi-
cal texture has been obtained that could help to distinguish
between hexagonal and lamellar assemblies.


X-ray diffraction of 1a and 1b : X-ray patterns in the LC
phases of the two smallest molecules, 1 a and 1 b, show only
one reflection (Figure 8a, patterns C and D, as well as Fig-
ure 8b, patterns D and E) and, as is the case for 1 c, no un-
ambiguous structural assignment can be made. The absence
of a diffuse signal at about 8.7 � and the more pronounced
shoulder of the halo between 3.5–3.7 � for 1 a and 1 b in
their LC phases indicate that adjacent molecules cannot be
distinguished within the columns by X-ray investigations.
This is probably caused by the relatively faster dynamics of
the molecules compared to the derivatives 1 c and 1 d with
longer chains. However, the small inter-molecular distance
of 3.5–3.7 � compared to 4.1 � in 1 c and 1 d seems to be
unreliable and could be an effect of overlapping intensities
originating from p stacks and from short-range correlations
between sulfur atoms, as discussed for the 2D X-ray pattern
of 1 d. At lower temperatures, the two compounds form
crystalline phases. As already mentioned, 1 a is obtained in
one principal crystal modification after synthesis. Additional
minor reflections in the powder pattern of the untreated ma-
terial show that there is a small amount of at least one other
metastable crystal modification (Figure 8a, pattern A). After
the first heating phase, these reflections disappear and only
Cr1 is present (Figure 8a, pattern C). X-ray studies of orient-
ed fibres reveal a periodicity of 9.4 � along the fibre axis.[30]


The unit cell is body-centred because only reflections fol-
lowing the rule h + k + l = 2 n are observed, thus rational-
izing that only the 002 reflection appears on the meridian.
In contrast to diffraction patterns obtained in the LC phases
of 1 c and 1 d, where the set of four reflections in the range
of 8–9 � indicates a tilt of the mesogens, a similar pattern
observed for 1 a corresponds to the mixed reflections 202
and 022. The mesogens of adjacent columns would be shift-
ed by c/2 to form a body centred unit cell containing four
molecules. Compound 1 b shows a more complex behaviour
in its crystal phases at low temperature as also revealed by
DSC studies. X-ray analysis indicates a transformation from
the Cr0 to the Cr1 phase at 150 8C in the first heating phase.
The pattern of Cr0 (Figure 8a, pattern A) shows a signal at
3.8 �, and additional reflections at wide angles, which could
be related to a regular p-stacking, have not been detected.
In the Cr1 phase at 160 8C (Figure 8a, pattern B), the reflec-
tion at 3.8 � has disappeared. The broad halo relates to rel-
atively disordered alkyl chains. However, at small angles,
there is a series of relatively sharp reflections that accounts
for the crystalline character of the phase.[30]


As discussed before, the structures of the high-tempera-
ture mesophases of 1 a--1 c could not be unequivocally estab-
lished owing to the presence of only one reflection at small
angles. However, experimental Bragg distances (dexp) and
calculated parameters a of a hexagonal phase can be com-
pared to estimated diameters dcol of the mesogens in the col-
umns. For a lamellar phase, these diameters should be close


Figure 4. X-ray diffraction patterns (above) and schematic drawings
(below) of oriented fibres of 1 d. a) At 135 8C in the Colrd phase and b) at
170 8C in the Colhd phase. Fibres were prepared by extrusion at 200 8C.


Figure 5. Possible assembly of discotic HATNA mesogens in the rectan-
gular columnar mesophase. Alkyl chains are omitted for reason of clarity.
The mesogens could be translationally (A) or rotationally displaced (B)
with respect to adjacent molecules. Structure C illustrates the packing of
the columns in a rectangular non-centred lattice. The elliptic cross-section
of the columns indicate the inclination of mesogens with respect to the
columnar axis.
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to the dexp values, whereas for hexagonal columnar phases,
they should approach the a parameters. On the basis of a
model with segregated aliphatic chains uniformly surround-
ing a rigid aromatic core, the columnar diameter dcol can be
estimated from the volume fraction occupied by the CH2


groups,[31] the thickness of a columnar slice hcol, and the
radius of the HATNA core derived from a molecular model.
The height hcol is estimated to be 4.1 � for all phases, al-
though shoulders at smaller spacings have been detected.
This is rationalised by the uncertainty of the reflection maxi-
mum caused by overlap with the halo and by the lack of a
clearly identified origin of the diffuse scattering in this
range (since for the rectangular phase of 1 d the diffuse scat-
tering at 3.7 � does not seem to be related to the p stacks).


The results for the high-temper-
ature mesophases above 200 8C
are collected in Table 3. The es-
timated columnar diameters dcol


are 4–5 � larger than dexp


values, but deviate only by 1–
2 � from the a parameters of a
hexagonal unit cell. The re-
maining discrepancy between
parameters a and dcol can be ex-
plained by two factors: 1) the
non-circular shape of the aro-
matic core, which implies that
the unoccupied space between
the branches of the C3-symmet-
ric mesogen could be partially
occupied by the lateral alkyl
chains, 2) the experimental
error for dexp and hcol, which
are estimated to �0.2 � and
�0.5 �, respectively. The latter
is more pronounced because
there is only a diffuse signal as-
sociated with the intra-colum-
nar distance. Overall, the re-
sults point to a hexagonal struc-
ture for the high-temperature
mesophases.


Charge-carrier mobility : The
conducting properties of com-
pounds 1 a–1 d have been stud-
ied by means of the pulse-radi-
olysis time-resolved microwave-
conductivity technique.[32,33, 34]


Transient changes in the con-
ductivity of the freshly precipi-
tated samples are shown in
Figure 9. The temporal form
and magnitude of the transients
differ dramatically: from barely
detectable for 1 a to large and
long-lived for 1 c. Compounds


1 b and 1 d display intermediate behaviour with evidence for
a short-lived component that decays within the pulse fol-
lowed by a slower after-pulse decay. Mobilities have been
estimated from the end-of-pulse value of the slowly decay-
ing components for 1 b, 1 c and 1 d, and these are plotted as
a function of temperature in Figure 10.


For all three compounds �m1D, the sum of the hole and
electron mobilities, is found to increase gradually with in-
creasing temperature on the first heating run, up to a tem-
perature close to the first phase transition observed in the
DSC and temperature-dependent X-ray scans. Above this
temperature, an abrupt decrease in mobility occurs to a
value which remains almost constant on further heating to
the maximum temperature achievable by our setup, namely


Figure 6. a) DSC traces and b) temperature-dependent synchrotron radiation X-ray powder diffraction pat-
terns of 1 c, both at a heating rate of 108min�1. The relative X-ray intensity is represented on a logarithmic
scale.
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200 8C. Upon transition from the crystalline to the liquid-
crystalline phase, the side chains become more liquid-like,
and this “melting” of the side chains reduces the efficiency
of charge transfer between neighbouring hexaazatrinaphthy-
lene cores within the columnar stack on account of in-
creased molecular disorder. A common feature of a number
of different discotic materials is the decrease of mobility
upon phase transition from the crystalline to the liquid crys-
talline structure, and it remains relatively constant through-
out the liquid crystalline phase.[6] Table 4 gives the values of
�m1D at room temperature, just below the transition temper-


ature and in the columnar phase at the indicated tempera-
ture T. The difference in the absolute magnitudes of the mo-
bilities on changing the length of the peripheral alkyl chains,
particularly in the crystalline phases of the present com-
pounds, is not characteristic of other large aromatic discot-
ics, such as phthalocyanines[33] or hexabenzocoronenes;[6] for
such compounds, the temperature dependences and absolute
values of �m1D were found to be only moderately dependent
on the chain length. The large differences observed for the
present materials can be rationalised by the different mor-
phologies of the crystals after preparation. The mobility of
charges depends critically on the overlap of the frontier or-
bitals in the crystal or in the liquid crystal.[11,16] Precise struc-
tural information necessary for accurate theoretical calcula-
tions is not available for these compounds because single
crystals of sufficient quality could not be obtained. Figure 3
and Figure 6 exhibit reflections at approximately 3.5 � in
the crystal phases of 1 c and 1 d that may be attributed to a
p-stacking distance. These disappear on entering the LC
phase. The charge-carrier mobility decreases concurrently
with the structural change. While this 3.5 � reflection has
not been observed in 1 b, the high charge-carrier mobility
suggests a similar p stacking as for the crystal structures Cr0


of 1 c and 1 d. In contrast, 1 a shows a very low charge-carri-
er mobility in the Cr1 phase, which may be explained by in-
sufficient overlap of the aromatic cores of adjacent mole-
cules in the body-centred unit cell.[19]


As can be seen in Figure 10, only in compound 1 b does
the mobility return close to the same trajectory on cooling.
In the cases of 1 c and 1 d, there is no indication of a return
to the initial crystalline phase with the higher mobility. This
is in agreement with the DSC and X-ray data that indicate
the absence of the initial crystal phase Cr0 and the reflection
at approximately 3.5 � for 1 c and 1 d upon cooling. Com-
pound 1 b returns reversibly to its Cr1 phase at high temper-
ature, but not to the initial crystal Cr0, which is evidenced
by DSC traces. The phases Cr2 and Cr1 of 1 b still show mo-
bilities similar to the virgin material. For all three com-
pounds, the second heating trajectory closely follows the
data obtained on cooling and the values of �m1D at high
temperatures are reproduced within the limits of experimen-
tal error.


Because the mobility is dependent on intracolumnar
order and less on the intercolumnar ordering,[6,35] the mobili-


Figure 7. a) X-ray powder diffraction patterns of 1c at 134 8C (Siemens
D500 Kristalloflex, q/q-goniometer) and b) 2D X-ray pattern obtained
with an extruded fibre at 130 8C. The reflections with low intensity at
medium angles determine the order along the c axis.


Table 3. Comparison of experimental values, dexp and a, with columnar
diameter dcol estimated by considering the specific volumes VCH2


, Vcore for
the high temperature mesophase.


Compound T [8C] VCH2


[a] dcol [�][b] dexp [�] a [�][c]


1a 220 1115 24.2 20.5 23.6
1b 200 1467 26.4 22.2 25.6
1c 225 1864 28.6 23.0 26.6
1d 205 2208 30.4 25.5 29.5


[a] VCH2
is the volume fraction occupied by methylene groups, estimated


by VCH2
= 26.56 + 0.02 T [T 8C].[31] [b] The columnar diameter was esti-


mated by dcol = 2 � rcol ; rcol is derived from rcol =
p


(VCH2
/(p�hcol) +


r2
core); hcol is the average distance of mesogens along a column and is esti-


mated to 4.1 �; rcore is the radius of the aromatic centre, rcore = 7.75 �.
[c] a is the cell parameter of a hypothetical hexagonal unit cell calculated
from experimental data by a = 2 � dexp/


p
3.


Table 4. The one-dimensional charge-carrier mobilities, �m1D [cm2 V�1 s�1],
for the first heating and cooling cycle at room temperature, at the tem-
perature of maximum mobility in the crystalline phase, in the columnar
mesophase and on returning to room temperature. The final column
gives the mobility at 180 8C after a second heating phase.


1st heating 1st cooling 2nd heating
Com-
pound


m (RT) mmax [T] mLC [T] m (RT) m (180 8C)
[cm2 V�1 s�1] [cm2 V�1 s�1] [cm2 V�1 s�1]


1a <0.01 – – – –
1b 0.07 0.29 (160 8C) 0.05 (180 8C) 0.10 0.07
1c 0.59 0.87 (85 8C) 0.26 (180 8C) 0.13 0.32
1d 0.27 0.28 (40 8C) 0.02 (110 8C) 0.04 –
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ties in the mesophase are relatively temperature-independ-
ent, despite rearrangements of the column ordering (from
rectangular to hexagonal packing, for example). The source
of the higher mobility in the liquid-crystalline phases of 1 c,
as compared to the other compounds, is not immediately ap-
parent from the X-ray data. The structure in the Colrd1


phase of 1 c is quite similar to the Colrd phase of 1 d (see
Table 2). However, the mobility value in the latter is ap-
proximately one order of magnitude lower. X-ray diffraction
of LC phases can determine the overall symmetry of colum-
nar organisation and average intracolumnar distances be-
tween aromatic mesogens. However, for the present
HATNA molecules, more detailed information on the supra-
molecular assembly along the columns is necessary to corre-
late the charge transport and the structural data. Obviously,
the alkyl chains have a large impact on the p stacking of the


aromatic mesogens, and thus on
the charge-carrier mobility. The
mobilities determined for the
HATNA derivatives in the mes-
ophase described in this work are
higher than the mesophase mo-
bilities (�m1D<0.01 cm2 V�1 s�1)
found for the similar hexakis-
(hexylthio)triphenyene.[6,36]


Conclusion


Hexaazatriphenylenes deriva-
tives with an electron-deficient
core containing six nitrogen
atoms and substituted by six
electron-donating alkylsulfanyl
chains at the periphery, have
been designed to efficiently
transport electrons. The mole-
cules possess a low reduction
potential of �1.09 V. The ali-
phatic side-chains induce liquid
crystalline phases. Mesogens
with the shortest chains (hexyl
and octyl) show only one meso-
phase (Colhd) at high tempera-
tures. Mesogens with longer
chains (decyl and dodecyl) form
columnar mesophases of lower
symmetry (Colrd) at lower tem-
peratures and even an aniso-
tropic plastic phase has been
found as an intermediate state
between the crystal and liquid
crystal phases for 1 c. Along the
columns, mesogens do not pack
in an eclipsed conformation; it
can be thus assumed that adja-
cent molecules are rotationally


or translationally displaced. There is a significant variability
of the measured LC phase mobilities (from 0.02 to
0.32 cm2 V�1 s�1) with changes in the side-chain length. Ap-
parently, the side-chains have a strong influence on the in-
tracolumnar ordering of these molecules. This contrasts with
the results of studies on larger discotic molecules, such as
hexabenzocoronenes,[6] for which the mobilities in the LC
phase are found to be primarily independent of the side-
chains. The LC mobilities in the hexabenzocoronenes have
the same order of magnitude as those found in the present
compounds (~0.3 cm2 V�1 s�1).


In summary, the HATNA molecules emerge as promising
semiconductors owing to their high charge-carrier mobilities.
The core is electron-deficient and should facilitate electron
injection, thus making these compounds good electron trans-
porters. However, transition temperatures are currently too


Figure 8. Temperature-dependent synchrotron radiation X-ray powder diffraction patterns of a) 1 b and b) 1 a
measured at a heating rate of 108min�1. The relative X-ray intensity is represented on a logarithmic scale.
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high for practical use. Work is in progress to lower the melt-
ing and clearing temperatures in order to obtain LC phases
at room temperature and an isotropic phase below 200 8C.


Experimental Section


Solvents and reagents were purchased from Aldrich and used as received.
Column chromatography was performed on silica gel (Merck silica gel 60,
mesh size: 0.2–0.5 mm). 1H NMR spectra were recorded in CDCl3 as the
solvent on a Bruker Avance 300 with the solvent signal as the internal
standard. Mass spectra were recorded on a VG Micromass 7070F instru-
ment (electron impact, 70 eV) and a VG analytical ZAB 2-SE-FPD: FD
(8 kV). Elemental analysis was carried out at the microanalytical labora-
tory of the University of Mainz (Germany). The thermal behaviour of all
the materials synthesised was investigated by polarising optical microsco-
py (JENA microscope equipped with a Mettler FP 52 hot stage) and dif-
ferential scanning calorimetry (Mettler Toledo DSC 821, 3–9 mg samples
in closed Al pans) with heating and cooling scans performed at ramping
rates of 10 8C min�1. Powder X-ray diffraction measurements were per-
formed on the X33 camera of the European Molecular Biology Labora-
tory at the storage ring DORISIII of the Deutsches Elektronen Synchro-
tron (DESY), Hamburg (Germany). Diffraction patterns were collected
in transmission in series of frames of l0 s or 6 s each with two-position
sensitive delay line readout detectors connected in series.[37, 38] The
sample temperature was controlled with a Mettler FP-82 HT heating
stage under a nitrogen flux. The data were normalised to the intensity of
the primary beam with the SAPOKO program.[39] The modulus of the
scattering vector (s = 2 sinq/l, where 2q is the Bragg angle and l the
wavelength (1.5 �)) was calibrated with tripalmitin and/or rat tail colla-
gen in the small s region and benzoic acid in the high s region. The X-ray
powder diffraction patterns of 1c at 134 8C were recorded on a Sie-
mens D 500 Kristalloflex with a graphite-monochromatised CuKa X-ray
beam emitted from a Rigaku RV-300 rotating anode source. The temper-
ature of the sample on the copper sample holder was monitored with a
bimetal sensor, previously calibrated by reference measurements. The
WAXS measurements on aligned samples obtained by extrusion at


220 8C were made with a rotating anode (Rigaku 18 kW) source with pin-
hole collimation equipped with a graphite double monochromator (l =


0.154 nm) and a Siemens area detector with 1024 � 1024 pixels. The beam
diameter was �0.5 mm and the sample-to-detector distance was 80 mm.
Measurements were performed on cylindrical filaments with a thickness
of 0.7 mm. The patterns were recorded with vertical orientation of the fil-
ament axis and with the beam perpendicular to the filament.


The cyclic voltammetry studies were carried out in dichloromethane so-
lution of compounds 1 (10�4–10�3


m). Tetra-n-butylammonium perchlorate
was used as the supporting electrolyte in a conventional three-compart-
ment cell, equipped with a glassy carbon, SCE and platinum wire as
working, reference and auxiliary electrodes, respectively. Measurements
were carried out under an inert atmosphere with an Autolab (Eco
Chemie) PGSTAT30 potentiostat with a Scan-Gen module at a scan rate
of typically 200 mV s�1.


The pulse-radiolysis time-resolved microwave-conductivity technique and
method of data analysis as applied to discotic materials have been previ-
ously described in detail.[33, 34] Briefly, solid samples in the form of pow-
ders are compressed into a Ka-band (�30 GHz) microwave cell. Uni-
form micromolar concentrations of charge carriers are produced in the
sample by a 2—50 nanosecond pulse of 3 MeV electrons from a van de
Graaff accelerator. This method of ionisation has the advantage that it
does not perturb the primary or higher order molecular structure of the


Figure 9. Room-temperature microwave conductivity transients of freshly
precipitated samples of 1a, 1b, 1c and 1 d with 2 ns (1c) or 5 ns (1 a, 1b,
1d) electron pulses.


Figure 10. One-dimensional, intracolumnar charge-carrier mobilities
(�m1D) as a function of temperature for 1b, 1c and 1d for the first heating
(*) and cooling (*) trajectories. The vertical arrows indicate the temper-
atures at which a peak appears in the DSC measurements (see Table 1).
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material, as is the case for other procedures, such as chemical doping.[40]


The amount of energy deposited in the sample, DJ m�3, is accurately
known from dosimetry and the beam charge in the pulse which is rou-
tinely measured. If the charge carriers are mobile, microwaves propagat-
ing through the sample are attenuated and this is monitored as a reduc-
tion in the microwave power reflected by the cell on irradiation. The
change in conductivity, Ds/D, is derived from the change in microwave
power, DP/P, using the known sensitivity factor A [Eq. (1)].


DP
P
¼ �ADs ð1Þ


If the lifetime of the charge carriers is much longer than the pulse width,
the sum of the one-dimensional, intracolumnar mobilities, �m1D, can be
calculated from the dose-normalised end-of-pulse conductivity according
to Equation (2).


X
m1D ¼


3 EP½Dseop=D�
Weop


ð2Þ


Where Ep is the average energy absorbed in electron volts per initial ioni-
sation event, which is taken to be �25 eV for the present materials.[41, 42]


Weop is the probability that the initially formed electrons and holes
become localised on separate columnar stacks and do not decay within
the pulse. The values of Weop, calculated as described previously,[33] were
0.39, 0.47, 0.49 and 0.51 for 1a, 1 b, 1 c and 1 d, respectively. A factor of 3
is included in Equation (2) to take account of the random orientation of
the columnar stacks in the samples studied. Whereas the values for the
absolute mobilities are subject to error (�25%), the relative values are
expected to be highly accurate.


General procedure for the synthesis of 1: Potassium carbonate
(61.5 mmol) and an excess of 1-alkylthiol (20.6 mmol) were added to a
solution of hexachlorodiquinoxalino phenazine[17] (1.7 mmol) in N,N-di-
methylformamide (100 mL). This solution was heated at 85 8C and stirred
for four days under nitrogen. The reaction mixture was then poured into
a large volume of water and neutralised with hydrochloric acid. The
yellow precipitate was filtered and washed with copious amounts of
water. The crude orange material was purified as indicated below.


2,3,8,9,14,15-Hexahexylsulfanyl-5,6,11,12,17,18-hexaazatrinaphthylene
(1 a): The crude solid was purified by column chromatography (silica,
CHCl3/hexane, gradient from 0:10 to 6:4), and the solvent was evaporat-
ed to give 1.30 g (1.2 mmol) of a yellow solid. Yield: 69.9 %; 1H NMR
(300 MHz, CDCl3): d = 0.95 (t, 18 H; CH3), 1.40 (m, 24 H; CH2), 1.59
(m, 12H; CH2), 1.89 (q, 12 H; CH2), 3.23 (t, 12 H; SCH2), 8.21 ppm (s,
6H; arom. CH); 13C NMR (75 MHz, CDCl3): d = 144.4, 142.4, 141.5,
123.18 (arom. C), 33.2, 31.4, 28.9, 28.1, 22.6, 14.0 ppm (aliph. C); FD-MS:
m/z (%): 1083 (80/[M+2H]+), 540 (100 [M]2+); elemental analysis calcd
(%) for C60H84N6S6: C 66.62, H 7.83, N 7.77; found: C 66.91, H 8.00, N
7.66.


2,3,8,9,14,15-Hexaoctylsulfanyl-5,6,11,12,17,18-hexaazatrinaphthylene
(1 b): Two consecutive crystallisations from ethanol/toluene and hexane/
toluene afforded 137 mg (0.11 mmol) of a yellow solid. Yield 67 %;
1H NMR (300 MHz, CDCl3): d = 0.91 (t, 18H; CH3), 1.32 (m, 48H;
CH2), 1.58 (m, 12 H; CH2), 1.90 (q, 12 H; CH2), 3.22 (t, 12 H; SCH2),
8.18 ppm (s, 6H; arom. CH); 13C NMR (75 MHz, CDCl3): d = 144.3,
142.4, 141.4, 123.1 (arom. C), 33.2, 31.8, 29.5–29.2, 28.1, 22.6, 14.1 ppm
(aliph. C); FD-MS: m/z (%): 1250 (100/[M+H]+ C); elemental analysis
calcd (%) for C72H108N6S6: C 69.18, H 8.71, N 6.72; found: C 68.85, H
8.57, N 6.67.


2,3,8,9,14,15-Hexadecylsulfanyl-5,6,11,12,17,18-hexaazatrinaphthylene
(1 c): Two consecutive crystallisations from ethanol/toluene and hexane
afforded 467 mg (0.33 mmol) of a brownish solid. Yield 61%; 1H NMR
(300 MHz, CDCl3): d = 0.89 (t, 18 H; CH3), 1.30 (m, 72 H; CH2), 1.59
(m, 12H; CH2), 1.92 (m, 12 H; CH2), 3.23 (t, 12H; SCH2), 8.21 ppm (s,
6H; arom. CH); 13C NMR (75 MHz, CDCl3): d = 144.4, 142.4, 141.5,
123.2 (arom. C), 33.2, 31.9, 29.6–29.2, 28.1, 22.7, 14.1 ppm (aliph. C); FD-
MS: m/z (%): 1418 (100 [M]+ C); elemental analysis calcd (%) for
C84H132N6S6 (%): C 71.13, H 9.38, N 5.93; found: C 71.08, H 9.48, N 5.81.


2,3,8,9,14,15-Hexadodecylsulfanyl-5,6,11,12,17,18-hexaazatrinaphthylene
(1 d): The crude solid was purified by column chromatography (silica,
CHCl3/hexane 6:4). After evaporation of the solvent, the solid obtained
was purified further by washing the solids with methyl alcohol several
times to eliminate the excess of sulfanyl chain. Filtration afforded 1.08 g
(0.68 mmol) of a brown solid. Yield 57 %; 1H NMR (300 MHz, CDCl3): d


= 0.88 (t, 18 H; CH3), 1.28 (m, 96 H; CH2), 1.61 (m, 12H; CH2), 1.90 (m,
12H; CH2), 3.24 (t, 12H; SCH2), 8.22 ppm (s, 6H; arom. CH); 13C NMR
(75 MHz, CDCl3): d = 144.5, 142.4, 141.5, 123.2 (arom. C), 33.2, 31.9,
29.7–29.2, 28.1, 22.7, 14.1 ppm (aliph. C); FD-MS: m/z (%): 1586
(100 [M]+ C); elemental analysis calcd (%) for C96H156N6S6 (%): C 72.67, H
9.91, N 5.30; found: C 72.68, H 9.70, N 5.04.
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Synthesis and Supramolecular Properties of Molecular Clips with Anthracene
Sidewalls


Frank-Gerrit Kl�rner,*[a] Bjçrn Kahlert,[a] Roland Boese,[b] Dieter Bl�ser,[b]


Alberto Juris,[c] and Filippo Marchioni[c]


Introduction


Efficient synthetic receptors with the capability for selective
substrate binding are important for understanding of molec-


ular recognition in chemical and biological systems.[1–4] We
have recently described the syntheses and some supramolec-
ular properties of benzene- and/or naphthalene-spaced re-
ceptors of types 2,[5] 3,[6] and 4.[7–11] The dimethylene- and tri-
methylene-bridged compounds 2 and 3 were called molecu-
lar clips, because they form complexes by “clipping” an aro-
matic substrate inside the receptor cavity, with its plane of
molecule almost parallel to the naphthalene side walls. The
tetramethylene-bridged compounds of type 4 have been
named molecular tweezers, because the substrates are usual-
ly taken up through the receptor tips (made by the terminal
benzene rings), similarly to the working principle of me-
chanical tweezers, and are moved inside the receptor cavity
to a position in which the plane of molecule is arranged
nearly parallel to the central naphthalene spacer unit of 4.[12]


All three types of receptors selectively bind electron-defi-
cient aromatic neutral and cationic substrates by multiple at-
tractive noncovalent CH–p and p–p interactions. Electron-


Abstract: Novel molecular clips with
anthracene sidewalls (1 a–c) were syn-
thesized; they form stable host–guest
complexes with a variety of electron-
deficient aromatic and quinoid mole-
cules. According to single-crystal struc-
ture analyses of clip 1 c and 1,2,4,5-tet-
racyanobenzene (TCNB) complex 14@
1 b, the clips� anthracene sidewalls have
to be compressed substantially during
the complex formation to provide at-
tractive p–p interactions between the
aromatic guest molecule and the two
anthracene sidewalls in the complex.
The compression and expansion of aro-
matic sidewalls are calculated by mo-
lecular mechanics to be low-energy
processes, so the energy required for
compression of the anthracene side-
walls during complex formation is ap-


parently overcompensated by the gain
in energy resulting from the attractive
p–p interactions. The finding that com-
plexes of the clips 1 a–c are more stable
than those of the corresponding clips
2 a–c can be explained in terms of the
larger van der Waals contact surfaces
of the anthracene sidewalls in 1 a–c
(relative to the naphthalene sidewalls
in 2 a–c). Color changes resulting from
charge-transfer (CT) bands are ob-
served in complex formation by 1 a–c :
from colorless to red or purple with
TCNB (14), and from yellow to green


with 2,4,7-trinitro-9-fluorenone TNF
(17). Independently, the host 1 b and
guest 14 fluoresce from their respective
excited singlet states, whilst in the com-
plex 14@1 b the charge-transfer state
quenches the higher-energy singlet
states of the two components, and as a
result luminescence is only observed
from this new CT state. To the best of
our knowledge, complex 14@1 b is the
first example of CT luminescence from
a host–guest complex. The binding con-
stant determined for the formation of
the TCNB complex 14@1 b from a UV/
Vis titration experiment (Ka =


12 400 m
�1) agrees well with the value


(Ka = 12 800 m
�1) obtained by 1H


NMR titration.
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rich arenes or anions are not
complexed by these receptors
within the limits of experimen-
tal detection. This high selectiv-
ity toward electron-deficient
substrates was correlated with
markedly negative electrostatic
potential surfaces (EPSs) calcu-
lated for the concave faces of
2–4 by quantum-chemical meth-
ods.[13,14] When analogous calcu-
lations were performed for the
substrates binding to 2–4 the
complementary nature of their
EPSs became evident, suggest-
ing that the substrate–receptor binding in these complexes is
predominantly electrostatic in nature. The complexes of di-
methylene-bridged clips of type 2 with many substrates,
however, turned out to be less stable than the corresponding
ones of the tri- and tetramethylene-bridged receptors 3 or
4.[15] There are two possible explanations for this finding: ac-
cording to single-crystal structure analyses of, for example,
the complex between 1,2,4,5-tetracyanobenzene (TCNB; 14)
and clip 2 b,[5] 1) the van der Waals contact surfaces of the
naphthalene side walls of 2 b are relatively small to embrace
the substrate molecule completely, and 2) the naphthalene
side walls of 2 b have to be compressed so that both naph-
thalene units can enter into attractive p–p interactions with
the substrate molecule. To improve the properties of the di-
methylene-bridged receptors it was of great interest to in-
crease the van der Waals contact surfaces of the aromatic
sidewalls. Here we report the synthesis and supramolecular
properties of the dimethylene-bridged clips 1 a–c with an-
thracene side walls. Since anthracenes usually show strong
fluorescence these clips are also of further interest as poten-
tial chemical sensors for various substances.


Results and Discussion


Synthesis of the dimethylene-bridged anthracene clips 1 a-c :
We first tried to prepare 1 a by starting from 2,3-bis(dibro-
momethyl)naphthalene (5)[16,17] and bisdienophile 8 a[18] as
building blocks, analogously to the successful synthesis of
the corresponding naphthalene clips 2 a–c.[5] The one-pot re-
actions shown in Scheme 1, however, do not lead to clip 1 a.
The observation of dibromonaphthocyclobutene 7 as final
product suggests that the 1,4-Br2 elimination of 5 on treat-
ment with NaI does indeed proceed to generate o-naphtho-
quinodimethane 6 as a reactive intermediate, but that this
undergoes monomolecular electrocyclic ring closure to 7
more rapidly than it does the desired bimolecular Diels–
Alder cycloaddition to bisdienophile 8 a. Since the aromatic-
ity of both rings has to be given up in o-naphthoquinodime-
thane (6), this intermediate is certainly less stable, and


hence more reactive, than the corresponding o-quinodime-
thane derivative (generated from bis(dibromomethyl)ben-
zene under similar conditions).[19–21] Evidently the bimolecu-
lar Diels–Alder reaction (which is limited in its rate by dif-
fusion) cannot compete with the intramolecular electrocycli-
zation in the case of 6.


The anthracene clips 1 a–c could be prepared in four to
six steps as shown in Scheme 2. The tetrabromo-o-quinodi-
methane 10 (generated by 1,4-Br2 elimination from hexabro-
mo-o-xylene 9)[22] reacted with bisdienophile 8 a[18] to afford
the Diels–Alder bisadduct 11 a, which spontaneously elimi-
nated HBr under the reaction conditions, producing the tet-
rabromodiacetoxy-substituted naphthalene clip 12 a. The
acetoxy groups in 12 a were converted into methoxy groups
by basic ester hydrolysis and subsequent methylation with-
out isolation of the intermediately formed hydroquinone
12 b. The dimethoxy-substituted clip 12 c could also be di-
rectly prepared in 34 % yield by starting from hexabromo-o-
xylene 9 and bisdienophile 8 c. In this case, however, the iso-
lation of pure 12 c from the reaction mixture by LC separa-
tion turned out to be more difficult than in the case of 12 a,
so we prefer to prepare 12 c via 12 a. Debromination of 12 c
with n-butyllithium produced a formal bisaryne that was


Scheme 1. Attempts to synthesize the benzene-anthracene clip 1a by the o-naphthoquinodimethane route.
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trapped through a Diels–Alder reaction with furan to afford
a mixture of all three diastereomeric bisadducts syn,syn-13 c,
syn,anti-13 c, and anti,anti-13 c. The desired clip 1 c could be
obtained from this mixture of bisadducts without separation
by deoxygenation with low-valent titanium generated in situ
from titanium tetrachloride and zinc powder.[23] The dime-
thoxy-substituted clip 1 c could be converted into the hydro-
quinone clip 1 b by treatment with borane tribromide[24] and
1 b into the diacetoxy-substituted derivative 1 a by esterifica-
tion of 1 b with acetic anhydride.


The bowl-shaped structures of 1 a–c were unambiguously
determined by single-crystal structure analysis of 1 c (the
precursor of 1 a and 1 b : Figure 1) and the spectral data (see
Experimental Section).


According to the site symmetry a (mm) of the Fmm2
space group, the molecules of 1 c possess C2v symmetry with


one mirror plane perpendicular
to the anthracene moieties and
one to the central benzene ring,
intercepting the methoxy
oxygen and carbon atoms. Thus,
the molecules are lined up
along the a axis of the cell like
clips on a clothesline, with the
methoxy groups pointing to-
wards each other at distances of
2.2 � for the methoxy hydrogen
atoms. The methoxy group hy-
drogen atoms approach each
other by 0.8 �, so they have to
adopt alternating up-down posi-
tions to avoid clashes with the
neighboring groups, which re-
sults in a 50 % positional disor-
der. The neighboring methoxy
groups are mutually embraced
by further, parallel positioned
clips. The interplanar angle be-
tween the mean planes of the
anthracene moieties (max devi-
ation 0.014 �) is 65.18 and the
distance between the atoms
C10 to the symmetry equivalent
on the other side of the clip is
14.5 �.


The dimethylene-bridged an-
thracene clips 1 a–c as synthetic
receptors and comparison with
the corresponding naphthalene
clips 2 a–c : The magnetic aniso-
tropy of the receptor arene
units makes 1H NMR spectros-
copy a very sensitive probe for
examining the complexation of
a substrate molecule inside the
cavity of one of the receptor


molecules 1 a–c or 2 a–c. The complex formation can be
easily detected by pronounced upfield shifts of the signals in
the 1H NMR spectrum of the substrate after addition of the
receptor. In all complexations reported here the receptor–
substrate association and dissociation are fast processes with
respect to the NMR timescale. Thus, the maximum complex-
ation-induced 1H NMR shifts (Ddmax) of the substrate signals
(Ddmax = d0�dC; d0 and dC are the 1H NMR shifts of the
free and the complexed substrate, respectively), the associa-
tion constants (Ka), and the free enthalpies of association
(DG) could be determined by 1H NMR titration experi-
ments from measurements of the dependence of the com-
plexation-induced 1H NMR shifts (Ddobs) of the substrate
signals on the receptor concentration ([R]0) at constant sub-
strate concentration ([S]0 = const.) as described in the Ex-
perimental Section (Ddobs = d0�dobs ; dobs is the substrate 1H


Scheme 2. The synthesis of the benzene-spaced anthracene clips 1a–c by the o-tetrabromoquinodimethane
route.
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NMR shift observed in the presence of the receptor and,
hence, the weighted average of d0 and dC).[25] This report fo-
cuses on comparison of the complex stabilities and the struc-
tures of the anthracene clips 1 a–c with those of the naphtha-
lene clips 2 a–c, the trimethylene-bridged clip 3, and the
tweezers 4 a and 4 c with respect to their dependence on the
size and electrostatic properties of the substrate molecules
14–19. Furthermore, the effect of the substituents at the cen-
tral spacer unit of 1 a–c on the complex stability is deter-


mined and can be compared with the effect of substituents
in the corresponding receptor systems 2 a–c.


The anthracene clips 1 a–c form complexes of different
stability with the neutral and cationic substrate molecules
14–19. In the case of compounds 16–19, which possess none-
quivalent protons, the association constants Ka and the max-
imum complexation-induced 1H NMR shifts (Ddmax) were
determined from the dependence of complexation-induced
1H NMR shift (Ddobs) of the substrate proton displaying the
largest Ddmax value. The Ddmax values of the other substrate
protons were then calculated from this value and the Ddobs


values which were measured at the largest receptor concentra-
tion (see Experimental Section, Equation (5)). The results of
1H NMR titration experiments are summarized in Table 1.


A Job-plot analysis was performed to determine the stoi-
chiometry of the complex between the hydroquinone clip
1 b and TCNB (14) as a representative example
(Figure 2).[26] The plot of the mole fraction c (c = [14]0/
[1 b]0 + [14]0) versus the mole fraction multiplied by the com-
plexation-induced 1H NMR shift of the observed substrate
proton (c � Ddobs) shows a maximum at c = 0.5. This finding
provides good evidence of a 1:1 complex stoichiometry. Ad-
ditionally, evaluation of the 1H NMR titration data observed
for complex formation between hydroquinone clip 1 b as re-
ceptor and TCNB (14), TCNQ (15), TNF (17), and KS (18)
as substrates by use of the HOSTEST program for various
host–guest stoichiometries (1:1, 2:1, 1:2) gave reasonable fits
only for the 1:1 stoichiometry.[25]


Comparison of the complex stabilities : The data summar-
ized for the complex formation by the anthracene clips 1 a–c
and by the naphthalene clips 2 a–c in Table 1 allow the fol-
lowing conclusions. All complexes of 1 a–c so far investigat-
ed are substantially more stable than the corresponding
complexes of 2 a–c. A particularly strong effect on the com-
plex stability is observed with substrates possessing extend-
ed arene units. For example, the TNF complex 17@1 b (Ka


= 4900 m
�1) is more stable than the corresponding complex


17@2 b (Ka = 50 m
�1) by a factor of almost 100, whereas this


factor between the TCNB complexes 14@1 b (Ka =


12 800 m
�1) and 14@2 b (Ka = 2200 m


�1) is only of about 6.
These results are good evidence that the larger van der
Waals contact surfaces of the anthracene sidewalls in 1 a–c
(in relation to the naphthalene side walls in 2 a–c) indeed
lead to an increase in the complex stability. The electrostatic
potential surfaces (EPSs) were calculated for the parent and
hydroquinone anthracene and naphthalene clips 1 (R = H,
OH) and 2 (R = H, OH) by quantum chemical methods
(AM1, HF/6–31G**//AM1 and B3 LYP/6–31G**//AM1) to be
not very different from each other[27–31] (Figure 3). Evidently
electrostatic effects are less important for the differences
observed in the stabilities of the complexes with 1 a–c and
2 a–c.


The complexes of hydroquinone clip 1 b with 14–18 as
substrates are more stable than those of the diacetoxy- or
dimethoxy-substituted clips 1 a and 1 c, respectively.[32] The
sequence of the complex stabilities (1 b>1 a>1 c) resembles


Figure 1. Single-crystal structure of the empty clip 1 c. Though the OMe
groups are disordered, the analysis clearly shows that the OMe groups of
one clip molecule point towards the cavities of the neighbor clip mole-
cules, causing a widening of the clip cavity. The distance between the ter-
minal carbon atoms is displayed in the structure (top, left).
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that found for the corresponding naphthalene clips (2 b>
2 a>2 c). The effect of the substituents at the central ben-
zene spacer unit of 2 a–c has been explained by their differ-
ent steric sizes and conformations with respect to the clip
cavity.[15] In the case of 2 c, the syn,syn conformation, in
which both methoxy groups point toward the clip cavity, was
calculated by force field to be the preferred one. In this con-
formation the sterically relatively large OMe substituents
shield the clip cavity and hence disfavor complex formation.
In the case of the diacetoxy-substituted system 2 b the anti,
anti conformation was calculated to be the most stable one.
In this conformation there is no steric hindrance to complex
formation. In the single-crystal structures of some com-
plexes of the diacetoxy-substituted clip 2 a or the tweezer
4 a, however, a syn,anti conformation is observed, in which
the carbonyl oxygen atom (pointing toward the cavity) obvi-


ously enters into an additional attractive interaction with
the guest molecule.[5] The finding that 2 b in most cases
forms more stable complexes than 2 a and 2 c has been ex-
plained in terms of the smaller steric demand of the OH
group (compared to the OAc and OMe groups) and its func-
tion as both donor and acceptor of hydrogen bonds to the
guest molecule, leading to further complex stabilization ad-
ditional to the arene–arene CH–p and p–p host–guest inter-
actions. Evidently the same effects of the OAc, OH, and
OMe groups on the complex stabilities are operative in the
anthracene-walled clips 1 a–c and can also explain the differ-
ences in the complex stabilities observed for these systems.


Complex structures : The structure of the complex formed
between TCNB (14) and the hydroquinone anthracene clip
1 b could be determined by single-crystal structure analysis


Table 1. The maximum complexation-induced 1H NMR shifts of the guest protons (Ddmax = d0�dcomplex), association constants (Ka [m�1]), and Gibbs en-
thalpies (DG [kcal mol�1]) for the formation of host–guest complexes in CDCl3 at 25 8C and 21 8C, respectively, for 2 a–c. The given errors are the results
of standard deviation of the nonlinear regression with 95 % confidence.


Substrate Receptor 1 a Receptor 1 b Receptor 1 c
Ka DG Ddmax Ka DG Ddmax Ka DG Ddmax


TCNB (14) 690�30 �3.87 4.14 12800�700 �5.60 4.72 220�10 �3.19 3.97


TCNQ (15) 130�10 �2.88 2.36 640�30 �3.83 3.35 40�10 �2.18 1.28


3.32 (Ha) 2.85 (Ha) 2.65 (Ha)
FDNB (16) 20�10 �1.77 2.44 (Hb) 30�15 �2.01 2.88 (Hb) 10�5 �1.36 2.17 (Hb)


2.26 (Hc) 2.51 (Hc) 2.00 (Hc)


1.01 (Ha) 1.04 (Ha) 1.34 (Ha)
0.64 (Hb) 1.00 (Hb) 1.08 (Hb)


TNF (17) 570�30 �3.76 2.73 (Hc) 4900�1000 �5.03 2.87 (Hc) 270�20 �3.31 1.75 (Hc)
3.27 (Hd) 2.82 (Hd) 1.45 (Hd)
1.67 (He) 1.53 (He) 1.01 (He)


1.70 (Ha) 3.25 (Ha) 0.96 (Ha)
2.47 (Hb) 3.09 (Hb) 1.27 (Hb)


KS (18) 360�40 �3.48 1.63 (Hc) 2300�100 �4.58 0.97 (Hc) 90�30 �2.66 0.46 (Hc)
1.36 (Hd) 0.56 (Hd) 0.43 (Hd)
0.15 (He) 0.02 (He) 0.14 (He)


DeVio 19 120[a]�40 �2.83 2.11 (Ha) 70[a]�10 �2.51 2.34 (Ha) < 10[a, b] > �1.36
1.53 (Hb) 1.29 (Hb)


Substrate Receptor 2a Receptor 2b Receptor 2c
Ka DG Ddmax Ka DG Ddmax Ka DG Ddmax


TCNB (14) 140�10 �2.93 3.50 2200�200 �4.56 3.57 <10[c] >�1.36


TCNQ (15) 30�10 �2.01 2.97 140�10 �2.93 2.57 n. c. o.[d]


1.83 (Ha)
FDNB (16) 30�10 �2.01 1.38 (Hb) –[e] n. c. o.[d]


0.74 (Hc)


0.50 (Ha)
0.65 (Hb)


TNF (17) –[e] 50�10 �2.32 2.23 (Hc) –[e]


2.81 (Hd)
1.23 (He)


KS (18) 140�20 �2.93 1.82 (Ha) 1100�110 �4.15 2.75 (Ha) n. c. o.[d]


2.40 (Hb) 2.41 (Hb)


[a] Solvent: CDCl3/[D6]acetone 1:1. [b] Estimated from the Ddmax value of the complex 19@1 b. [c] Estimated from the Ddmax value of the complex 14@
2b. [d] n.c.o. = no complexation observed. [e] Not yet examined.
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(Figure 4). The interplanar angle between the mean planes
of the anthracene moieties (max deviation 0.084 and
0.089 �) is 4.88, and the distance between the atoms C29
and the opposite C11 atom on the other side of the clip is
6.48 �, while C30···C10 is 6.55 �. The TCNB is positioned
midway between the two anthracene units, and the closest
intermolecular proximity of the outer walls of the anthra-
cene units is 3.41 �. Hydrogen bonds exist between the OH
groups O1···O1’ (D = 2.88 �, d = 2.05 �, q = 1668) link-
ing the inversion-related molecules, whereas the oxygen
atom O2 of the other OH group is linked to the cyano N1
of the TCNB (D = 3.05 �, d = 2.34 �, q = 1418).


Comparison with the single-crystal structure of the empty
clip 1 c demonstrates that the tips of the anthracene side-
walls are substantially compressed (by 8 �) during the com-
plex formation (from 14.5 � to 6.5 �) to provide attractive
p–p interactions between TCNB (14) and the two anthra-


cene units of 1 b. According to force field calculations, the
expansion and compression of the aromatic sidewalls by
bond angle distortion and out-of-plane deformation of the
arene units in clips and tweezers of type 1–4 are low-energy
processes;[27,33] in the anthracene clip 1 b, for example, ex-
pansion by 2 � (from the calculated global minimum of 12.4
to 14.5 �) and compression by 6 � (from 12.5 to 6.5 �) are
calculated to require energies of 0.8 and 4.8 kcal mol�1, re-
spectively (Figure 5). The energy of compression is appa-


rently overcompensated by the attractive noncovalent p–p


host–guest interactions in the 14@1 b complex. The expan-
sion observed in the single-crystal structure of 1 c seems to
be an effect of the crystal lattice (Figure 1). Accordingly, the
OMe groups of one clip molecule point toward the cavities
of the neighbor molecule and cause its widening.


Beside the single-crystal structure analyses, the maximum
complexation-induced 1H NMR shifts (Ddmax) of guest pro-


Figure 2. Job�s plot for the complex 1 b@14.


Figure 3. Electrostatic potential surfaces (EPSs) of the parent anthracene
clip 1 (R = H), left, and the parent naphthalene clip 2 (R = H), right,
calculated by B3 LYP/6–31G**//AM1. The color code ranges from
�25 kcal mol�1 (red) to +25 kcal mol�1 (blue). The molecular electrostat-
ic potentials (MEPs in kcal mol�1) were calculated at the marked posi-
tions by AM1, HF/6–31G**//AM1, and B3 LYP/6–31G**//AM1.[27]


Figure 4. Single-crystal structure of the complex 14@1 b (CCDC-259882).
The distance between the terminal carbon atoms in the structure is dis-
played (top, left).


Figure 5. Energy profile for the compression of the anthracene sidewalls
in clip 1 b, calculated by force field MMFF94.[27, 33]
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tons in combination with quantum chemical shift calcula-
tions provide important information on the complex struc-
tures, as has been shown for the complex between p-dicya-
nobenzene and the parent naphthalene tweezer 4 (R =


H).[7,34–36] In this study Monte-Carlo conformer searches
using force fields were employed to calculate the complex
structures. The force field calculations were calibrated with
the known single-crystal structures of the complexes 14@1 b
and 14@2 b (Figure 6, Table 2). Comparison of the calculat-
ed and the experimentally measured data (Table 2) indicates
that the force fields MMFF94 and AMBER* (with and


without the addition of CHCl3) both give reasonably good
agreement with the experimental data. The distance A be-
tween the tips of complex 14@1 b (Figure 6) is better repro-
duced by AMBER* than by MMFF94, so we used
AMBER* for further calculations. Larger deviations from
the crystal data are observed for the N–O distances B and C
between 14 and 1 b calculated by both force fields.


Inspection of the crystal lattice, however, shows that the
TCNB molecule 14 is positioned unsymmetrically inside the
cavity of 1 b in the crystal, because it forms intermolecular


C�N···H hydrogen bonds to the OH group of a neighbor
clip molecule 1 b positioned upside down relative to the first
one (Figure 4). In the complex 14@2 b,[5] in which only intra-
molecular C=N···H hydrogen bonds are observed, the calcu-
lated and experimentally determined distances B and C are
in good accord.


Here we want to discuss only the structures of the more
stable complexes for which the NMR titration experiments
lead to reliable data for the Ddmax values. In all three TNF
complexes 17@1 a–c the protons (Hc and Hd) at the mononi-
tro-substituted benzene ring show larger shifts than those
(Ha and Hb) at the dinitro-substituted benzene ring, indicat-
ing that the complex structure in which the mononitro-sub-
stituted benzene ring is positioned inside the clip cavity
(Figure 7 a), left) is the preferred one, contrary to the force
field calculations for complex 17@1 b (which favor the posi-
tioning of the dinitro-substituted benzene ring inside the
clip cavity) but in agreement with semiempirical PM3 calcu-
lations obtained by use of the optimized AMBER* geome-
tries. Similar trends have been found in the calculations for
the complexes formed between TNF (17) and the corre-
sponding naphthalene clip 2 b, the trimethylene-bridged clip
3, and the tetramethylene-bridged tweezer 4 (R = H). The
calculated complex structures (Figure 7) nicely illustrate


Figure 6. Nonbonding distances used to compare the force field structures
with the single-crystal structure analysis.


Table 2. Comparison of the structures of the complexes 14@1b and 14@
2b calculated with different force fields by Monte-Carlo conformer
search (Macro Model 6.5, 5000 structures)[37, 38] and those determined ex-
perimentally by single-crystal structure analysis. d = nonbonding dis-
tance between the atoms assigned in Figure 6, Dd = difference in the dis-
tance determined by calculation and that by single-crystal structure anal-
ysis (Dd = dcalcd�dexptl).


d (Dd) [�]
Complex 14@1b Complex 14@2 b


force field A B C A B C


MMFF94 8.17 3.07 3.05 8.44 3.01 3.01
(1.62) (�1.87) (�0.30) (0.66) (�0.11) (�0.05)


MMFF94 (CHCl3) 8.54 3.49 2.92 8.69 3.03 3.01
(1.99) (�1.45) (�0.43) (0.91) (�0.09) (�0.05)


Amber* 6.68 3.22 3.20 7.20 3.06 3.06
(0.13) (�1.72) (�0.15) (�0.58) (�0.06) (0.00)


Amber* (CHCl3) 6.86 3.21 3.19 7.33 3.07 3.05
(0.31) (�1.74) (�0.16) (�0.45) (�0.06) (�0.01)


crystal structure 6.55 4.94 3.35 7.78 3.13 3.06


Figure 7. Structures and relative energies (DErel) of the conformers of:
a) 17@1 b, b) 17@2 b, c) 17@3, and d) 17@4 determined by a Monte-Carlo
conformer search (MacroModel 6.5, Amber*, 5000 structures). The PM3
energies were determined in a single-point calculation by use of the
Amber* geometries.
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why only the anthracene clips 1 a and 1 b form stable com-
plexes with TNF (17). The extended p surface of 17 is more
fully embraced by the anthracene sidewalls of 1 a and 1 b
than by the naphthalene side walls of clips 2 and 3. In the
structures calculated for complex 17@4 (R = H) (Fig-
ure 7 d)) the guest molecule is clipped between the tweezer�s
tips, increasing the strain energy. In this case no complex
formation could be detected by NMR.


The relatively subtle differences in the structures calculat-
ed for complexes of the Kosower salt 18 with clip 1 a and 1 b
(Figure 8) can explain the different Ddmax values observed


for the protons Ha–d in the complexes with 1 a and 1 b
(Table 1). Evidently, because of an attractive interaction of
the C=O function of one acetate group of clip 1 a with the
positively charged nitrogen atom of the Kosower salt (KS)
18, the N+�CH2�CH3 group of 18 is calculated to point
toward the central spacer unit of 1 a (Figure 8, left) leading
to stronger shielding of the protons Hc and Hd by the mag-
netic anisotropy of the clip arene units than in the complex
18@1 b, in which a C=O···H�O hydrogen bond determines
the position of the pyridinium ring of 18 inside the clip
cavity away from the central spacer unit (Figure 8, right). In
this case the protons Hc and Hd are less influenced by the
clip arene units showing the smaller Ddmax values. The C=


O···H�O hydrogen bond is certainly one major reason why
complex 18@1 b is substantially more stable than complex
18@1 a. In the case of the viologen 19 (also containing pyri-
dinium rings) the complex 19@1 b does not have the struc-
tural feature to form a comparable hydrogen bond and is
even less stable than complex 19@1 a.


Photophysical properties


Changes in the UV/Vis absorption spectra resulting from
complex formation : The clips 1 a–c are colorless compounds
showing absorption maxima in the range from 320 to
375 nm characteristic for anthracene moieties in their UV/
VIS spectra (see Experimental Section).[39] A color change
is observed when a guest molecule such as TCNB (14 ; color-


less) or TNF (17; yellow) is added to a solution of 1 a, 1 b, or
1 c. The TCNB complexes of the diacetoxy- and dimethoxy-
substituted clips 14@1 a and 14@1 c are red and that of the
hydroquinone clip 14@1 b is purple, due to charge-transfer
(CT) bands at lmax = 503–528 nm. In the case of TNF com-
plexes 17@1 a, 17@1 b, and 17@1 c the color again changes
from yellow to green due to intense CT bands, this time at
lmax = 677–689 nm (Table 3). The complex of 1 c with the


solvatochromic Kosower salt 18 (frequently applied as a
probe of solvent polarity)[40–45] does not show a significant
change in color relative to pure 18 dissolved in CHCl3. In
the UV/Vis spectrum of a mixture of 1 c (c0 = 2.2 �10�4


m)
and KS (18) (c0 = 2.4 � 10�4


m) in CHCl3 the bands assigned
to 1 c and 18 are only superimposed. In the spectrum of a
mixture of 1 b (c0 = 5.9 � 10�5


m) and 18 (c0 = 5.9 �10�5
m),


however, the shape and position of the band at the longest
wavelength assigned to 18 are substantially changed. A
shoulder at l = 415 nm (log e = 3.04) is observed for 18@
1 b in CHCl3 instead of the maximum at lmax = 455 nm
(log e = 3.06) observed for pure 18 in CHCl3. This blue shift
of the CT band of 18 resulting from the complex formation
with 1 b is similar to that observed in the complex of the
naphthalene tweezer 4 (R = H) with 18 (from 455 nm of
pure 18 to 425 nm in the complex 18@4).[10]


On fluorescence measurements and spectrophotometric ti-
tration : The luminescence properties of clip 1 b, the guest
TCNB (14), and the complex 14@1 b were also investigated.
Figure 9 shows their absorption and emission spectra record-
ed in chloroform solution at room temperature. The recep-
tor 1 b shows the structured fluorescence band typical of an
anthracene-based species, with an emission lifetime of
1.0 ns. Under the same conditions, TCNB (14) features a
less structured emission band, with a lifetime of 1.1 ns. In
the solution containing both clip 1 b and TCNB (14) the in-
tensity of luminescence emissions of these two separate
components is much weaker, and a new, broader, weak, and
structureless emission band due to the adduct 14@1 b is ob-
served at 668 nm, with a lifetime of 4.2 ns. The luminescence
properties of the complex 14@1 b can be interpreted as fol-
lows. The separate components 1 b and 14 fluoresce from
their respective singlet excited states. In the adduct species
14@1 b a new charge-transfer state is present, and this


Figure 8. The lowest-energy structures of the complex structures 18@1 a
(left) and 18@1 b (right) determined by a Monte-Carlo conformer search
(MacroModel 6.5, 5000 structures).[37, 38]


Table 3. Absorption maxima and extinction coefficients of the charge-
transfer complexes of the clips 1a–c with TCNB (14) and TNF (17) and
the clips 2a, b with TCNB (14).


Complex c(Complex) [mol L�1] lmax CT A e [l mol�1 cm] log e


14@1a 2.90 � 10�5 503 0.053 1.84 � 103 3.26
14@1b 5.62 � 10�5 528 0.071 1.26 � 103 3.10
14@1c 1.46 � 10�4 515 0.126 8.65 � 102 2.93
17@1a 2.59 � 10�5 677 0.021 8.16 � 102 2.91
17@1b 3.77 � 10�5 689 0.016 4.13 � 102 2.62
17@1c 9.12 � 10�5 685 0.082 9.06 � 102 2.96
14@2a 4.34 � 10�5 416 0.061 1.40 � 103 3.15
14@2b 2.57 � 10�4 416 0.424 1.65 � 103 3.22
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quenches the higher-energy singlets of the two components
by energy transfer; as a result, only luminescence from this
new CT state is observed. It is worth noting that the adduct
14@1 b represents, to the best of our knowledge, the first ex-
ample of CT luminescence from a host–guest complex, al-
though CT luminescence involving TCNB in donor–acceptor
complexes and exciplexes is a known phenomenon.[46, 47]


Changes in absorption and emission spectra can be ex-
ploited to obtain the association constant between the re-
ceptor 1 b and the guest TCNB (14). A titration experiment
was performed by addition of 14 to a chloroform solution of
1 b and recording of the changes in the absorption and emis-
sion spectra of the solution. The most useful results were ob-
tained from absorption measurements (see Supporting Infor-
mation), as the luminescence of the complex 14@1 b is very
weak and the signal is noisy. Figure 10 shows how the ab-
sorption intensity at 526 nm (due to formation of the com-
plex 14@1 b) changes during the titration. These data were


fitted by standard methods, yielding a value of 1.24 �
104 L mol�1 for the association constant Ka. This value is in
excellent agreement with that obtained independently from
NMR measurements (Table 1). Analogous Ka values were
also obtained by applying global analysis[48,49] to the full ab-
sorption spectra recorded during titration. The possibility of
formation of other adducts was also taken into account, but
worse fits was obtained on inclusion of adducts with 2:1 or
1:2 component ratio in the calculation. Thus, the one signifi-
cant complex species is 14@1 b.


Conclusion


The novel molecular clips 1 a–c with anthracene sidewalls
were synthesized by starting from bisdienophile 8 a and hex-
abromoxylene 9 and by a sequence of Diels–Alder reactions
involving tetrabromo-o-quinodimethane as diene and a
formal bisaryne as dienophile. They (particularly the hydro-
quinone clip 1 b) form stable host–guest complexes with a
variety of electron-deficient guest molecules (14–19), even
though the anthracene side walls have to be compressed
substantially according to the single-crystal structure analy-
ses of clip 1 c and of TCNB complex 14@1 b in order to pro-
vide attractive p–p interactions between the TCNB guest
molecule and the two host anthracene sidewalls. The finding
that the complexes of the clips 1 a–c are more stable than
those of the corresponding clips 2 a–c can be explained by
the larger van der Waals contact surfaces of the anthracene
sidewalls in 1 a–c (in relation to the naphthalene sidewalls in
2 a–c). Color changes are observed in the complex formation
between 1 a–c and TCNB (14)—from colorless to red or
purple—and also with TNF—from yellow to green—result-
ing from charge-transfer (CT) bands of the corresponding
complexes in the visible light range. The separate host 1 b
and guest 14 fluoresce from their respective excited singlet
states. In the complex 14@1 b the charge-transfer state
quenches the higher-energy singlet states of the two compo-
nents; as a result luminescence is only observed from this
new CT state. To the best of our knowledge, adduct 14@1 b
is the first example of CT luminescence from a host–guest
complex.


Experimental Section


General remarks : IR: Bio-Rad FTS 135. UV/Vis: Varian Cary 300 Bio,
Perkin–Elmer l16. Luminescence spectra were recorded with a Perkin–
Elmer LS-50 spectrofluorimeter, luminescence lifetimes were measured
with an Edinburgh 199 single-photon counting apparatus. 1H NMR, 13C
NMR, DEPT H, H-COSY, C, H-COSY, NOESY, HMQC, HMBC:
Bruker DRX 500. 1H NMR titration experiments: Varian Gemini XL 200
and Bruker DRX 500; the undeuterated portion of the solvent was used
as an internal reference. Positions of the protons of the methano bridges
are indicated by the letters i (innen, towards the center of the molecule)
and a (aussen, away from the center of the molecule). MS: Fison Instru-
ments VG ProSpec 3000 (70 eV). All melting points are uncorrected.
Column chromatography: silica gel 0.063–0.2 mm. All solvents were dis-
tilled prior to use.


Figure 9. Room temperature absorption and luminescence (inset) spectra
of 1.98 � 10�4


m chloroform solutions of the separate species 1 b (dotted
line) and 14 (dashed line), and of a solution containing both 1b and 14
(full line).


Figure 10. Absorbance due to the complex 14@1 b formed during titration
of a solution of 1 b (3.01 � 10�4


m) with TCNB (14 ; 1.80 � 10�3
m, circles).


The curve shows the fitting result, yielding Ka = 1.24 � 104
m
�1.
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7,16-Diacetoxy-2,3,11,12-tetrabromo-(6 a,8 a,15 a,17 a)-6,8,15,17-tetrahy-
dro-6,17:8,15-dimethanoheptacene (12 a): A mixture of bisdienophile 8 a
(4 g, 12.41 mmol), a,a,a’,a’,4,5-hexabromo-o-xylene (9, 56 g,
96.62 mmol), anhydrous NaI (92 g, 613.78 mmol), anhydrous CaCO3


(20 g, 199.82 mmol), and anhydrous dimethyl formamide (300 mL) was
stirred under argon for 30 min at room temperature and then heated to
55 8C under vacuum (100 mbar) for 5 h. The reaction mixture was poured
into ice (1200 g) and the brown mixture, after decolorization by addition
of aqueous sodium hydrogen sulfite, was extracted with dichloromethane
(3 � 200 mL), and the combined organic layers were filtered, washed with
saturated aqueous sodium hydrogen carbonate (200 mL) and water (5 �
400 mL), dried over MgSO4, and concentrated in vacuo in a rotary evap-
orator. Purification by column chromatography on silica gel with a mix-
ture of EtOAc/cyclohexane (1:3) as eluent gave 12 a (6.76 g, 8.07 mmol,
65%) as a light brown solid. m.p.>300 8C; 1H NMR (500 MHz, CDCl3):
d = 2.41 (d, 2J(19 a-H, 19 i-H) = 8 Hz, 2 H; 19a-H, 20 a-H), 2.47 (s, 6 H;
�CH3), 2.63 (d, 2H; 19 i-H, 20 i-H), 4.27 (s, 4 H; 6-H, 8-H, 15-H, 17-H),
7.51 (s, 4 H; 1-H, 4-H, 10-H, 13-H), 7.75 ppm (s, 4H; 5-H, 9-H, 14-H, 18-
H); 13C NMR (125 MHz, CDCl3): d = 20.84 (q; �CH3), 48.01 (d; C-6, C-
8, C-15, C-17), 64.59 (t; C-19, C-20), 119.03 (d; C-5, C-9, C-14, C-18),
121.02 (s; C-2, C-3, C-11, C-12), 131.75 (d; C-1, C-4, C-10, C-13), 131.86
(s; C-4 a, C-9 a, C-13 a, C-18 a), 137.28 (s; C-7, C-16), 140.43 (s; C-6 a, C-
7a, C-15 a, C-16 a), 147.21 (s; C-5 a, C-8 a, C-14 a, C-17 a), 168.44 ppm (s;
C=O); IR (KBr): ñ = 3014 (CH), 2991 (CH), 2939 (CH), 1765 (C=O),
1205 cm�1 (C�O); UV/Vis (CHCl3): lmax (lg e) = 275 (4.37), 286 (4.28),
319 (3.53), 334 nm (3.57); MS (70 eV): m/z (%): 838 (74) [M]+ , 796 (34)
[M�CH2CO]+ , 754 (100) [M�2 CH2CO]+ , 43 (90) [CH3CO]+ , isotopic
pattern = 834 (17), 836 (66), 838 (100), 840 (69), 842 (20); HR-MS
(70 eV): found 833.825; C36H22O4Br4 calcd 833.822.


2,3,11,12-Tetrabromo-7,16-dimethoxy-(6a,8 a,15 a,17 a)-6,8,15,17-tetrahy-
dro-6,17:8,15-dimethanoheptacene (12 c): A suspension of 12 a (6 g,
7.16 mmol), phenylhydrazine (800 mg, 7.39 mmol), and powdered KOH
(3 g, 53.47 mmol) in isopropanol (250 mL) was stirred under argon for
3 h at room temperature. After addition of potassium tert-butoxide (1.2 g,
10.69 mmol) and methyl iodide (6 mL, 96.37 mmol), the reaction mixture
was stirred for an additional 3 h at room temperature. HCl (500 mL, 1 m)
was added slowly, and the precipitate was filtered and dried over P2O5.
Purification by column chromatography on silica gel with a mixture of
chloroform/n-hexane (1:1) as eluent gave 12c (5.04 g, 6.44 mmol, 90%)
as a light yellow solid. m.p.>300 8C; 1H NMR (500 MHz, CDCl3): d =


2.40 (d, 2J(19 a-H, 19 i-H) = 8 Hz, 2 H; 19a-H, 20a-H), 2.53 (d, 2H; 19 i-
H, 20 i-H), 3.80 (s, 6H; �OCH3), 4.52 (s, 4H; 6-H, 8-H, 15-H, 17-H), 7.36
(s, 4H; 5-H, 9-H, 14-H, 18-H), 7.76 ppm (s, 4 H; 1-H, 4-H, 10-H, 13-H);
13C NMR (125 MHz, CDCl3): d = 47.55 (d; C-6, C-8, C-15, C-17), 61.31
(q; �OCH3), 63.87 (t; C-19, C-20), 118.28 (d; C-5, C-9, C-14, C-18),
121.01 (d; C-2, C-3, C-11, C-12), 131.67 (d; C-1, C-4, C-10, C-13), 131.89
(s; C-4 a, C-9 a, C-13 a, C-18 a), 139.30 (s; C-6 a, C-7 a, C-15 a, C-16 a),
145.51 (s; C-5 a, C-8 a, C-14 a, C-17 a), 148.76 ppm (s; C-7, C-16); IR
(KBr): ñ = 3020 (CH), 2994 (CH), 2935 (CH), 2884 (CH), 1581 (C=C),
1289 cm�1 (C�O); UV/Vis (CHCl3): lmax (lg e) = 265 (4.63), 320 (3.59),
335 nm (3.67); MS (70 eV): m/z (%): 782 (100) [M]+ , 767 (26)
[M�CH3]


+ , 702 (11) [M�Br]+ , 622 (12) [M�2� Br]+ , isotopic pattern =


778 (16), 780 (64), 782 (100), 784 (72), 786 (19); HR-MS (70 eV): found
777.835; C34H22O2Br4 calcd 777.838.


Direct synthesis of 2,3,11,12-tetrabromo-7,16-dimethoxy-
(6 a,8 a,15 a,17 a)-6,8,15,17-tetrahydro-6,17:8,15-dimethanoheptacene
(12 c): The mixture of bisdienophile 8c (3 g, 11.27 mmol), a,a,a’,a’,4,5-
hexabromo-o-xylene (9, 40 g, 69.01 mmol), anhydrous NaI (55 g,
366.93 mmol), and anhydrous dimethyl formamide (220 mL) was stirred
at 65 8C under vacuum (100 mbar) for 19 h. The reaction mixture was
poured into ice (500 g) and the brown mixture, after decolorization by
addition of aqueous sodium hydrogen sulfite, was extracted with di-
chloromethane (3 � 200 mL), and the combined organic layers were fil-
tered, washed with saturated aqueous sodium hydrogen carbonate
(250 mL) and water (5 � 400 mL), dried over MgSO4, and concentrated in
vacuo in a rotary evaporator. Purification by column chromatography on
silica gel with a mixture of EtOAc/cyclohexane (1:3) as eluent gave crude
12c (3.4 g). [Because of the low polarity of 12c the separation was unsat-
isfactory and required a long column (40 � 1000 mm)]. Recrystallization


of the crude product from an ethanol/dichloromethane mixture gave 12 c
(2.91 g, 3.73 mmol, 34 %) as a light yellow solid. The spectroscopic data
of 12 c prepared by the direct synthesis are equivalent to those of 12 c
prepared by the two-step synthesis.


8,19-Dimethoxy-(1a,4a,7a,9a,12a,15a,18a,20a)-1,4,7,9,12,15,18,20-octa-
hydro-1,4:12,15-dioxa-7,20:9,18-dimethanononacene (syn/syn-13 c), 8,19-
dimethoxy-(1b,4b,7a,9a,12a,15a,18a,20a)-1,4,7,9,12,15,18,20-octahydro-
1,4:12,15-dioxa-7,20:9,18-dimethanononacene (syn,anti-13 c), and 8,19-di-
methoxy-(1b,4b,7a,9a,12b,15b,18a,20a)-1,4,7,9,12,15,18,20-octahydro-
1,4:12,15-dioxa-7,20:9,18-dimethanononacene (anti,anti-13 c): nBuLi
(13.76 mmol in 175 mL n-hexane) was added dropwise at �78 8C under
argon over 5 h to a stirred solution of 12 c (5 g, 6.39 mmol) and furan
(freshly distilled over CaH2, 40 mL, 552.29 mmol) in dry THF (500 mL).
The mixture was allowed to warm up slowly (overnight) to room temper-
ature, and methanol (2 mL) was added. After removal of the solvents in
vacuo in a rotary evaporator, the residue was purified by column chroma-
tography on silica gel with EtOAc/cyclohexane (1:3) as eluent to give the
isomers of 13 c (isomer ratio 1:4:2) (1.53 g, 2.56 mmol, 40 %) as a color-
less solid. M.p. decomp>250 8C; NMR data see below; IR (KBr): ñ =


3082 (C�H), 3003 (C�H), 2962 (C�H), 2930 (C�H), 2850 (C�H), 2826
(C�H), 1478 (C=C), 1277 cm�1 (C�O); UV/Vis (CHCl3): lmax (lg e) =


243 (4.71), 317 (3.32), 331 nm (3.37); MS (70 eV): m/z (%): 598 (100)
[M]+ , 583 (40) [M�CH3]


+ , 567 (21) [M�OCH3]; HR-MS (70 eV): found
598.215; C42H30O4 calcd 598.214.


Analytical samples of the pure isomers can be obtained by liquid chro-
matography by use of a thin but long column (10 � 300 mm) and with
EtOAc/cyclohexane (1:3) as eluent.


syn,anti-13c : 1H NMR (500 MHz, CDCl3): d = 2.38, 2.45 (dt, 2J(23 a-H,
23 i-H) = 6.6 Hz, 3J(23 a-H, 9-H) = 1.5 Hz, 2H; 23a-H, 24 a-H), 2.49,
2.51 (dt, 3J(23 i-H, 9-H) = 1.5 Hz, 2 H; 23 i-H, 24 i-H), 3.77 (s, 6 H;
�OCH3), 4.47, 4.49 (t, 4 H; 7-H, 9-H, 18-H, 20-H), 5.62, 5.65 (s, 4H; 1-H,
4-H, 12-H, 15-H), 6.72, 6.88 (s, 4H; 2-H, 3-H, 13-H, 14-H), 7.32, 7.33 (s,
4H; 5-H, 11-H, 16-H, 22-H), 7.38, 7.40 ppm (s, 4 H; 6-H, 10-H, 17-H, 21-
H); 13C NMR (125 MHz, CDCl3): d = 47.58 (d; C-7, C-9, C-18, C-20),
61.21 (q; �OCH3), 64.15, 64.46 (t; C-23, C-24), 81.80, 81.82 (d; C-1, C-4,
C-12, C-15), 118.55, 118.71 (d; C-5, C-11, C-16, C-22), 120.06, 120.11 (d;
C-6, C-10, C-17, C-21), 130.11, 130.15 (s; C-5 a, C-10 a, C-16 a, C-21 a),
139.87, 140.03 (s; C-7 a, C-8 a, C-18 a, C-19 a), 141.80, 141.86 (d; C-2, C-3,
C-13, C-14), 143.99, 144.09 (s; C-4 a, C-11 a, C-15 a, C-22 a), 145.38 (s; C-
8, C-19), 147.98, 148.01 ppm (s; C-6 a, C-9 a, C-17 a, C-20 a).


syn,syn-13 c or anti,anti-13c : 1H NMR (500 MHz, CDCl3): d = 2.43 (dt,
2J(23 a-H, 23 i-H) = 8 Hz, 3J(23 a-H, 9-H) = 1.5 Hz, 2H; 23a-H, 24a-H),
2.50 (dt, 3J(23 i-H, 9-H) = 1.5 Hz, 2 H; 23 i-H, 24 i-H), 3.74 (s, 6 H;
�OCH3), 4.47 (t; 4 H; 7-H, 9-H, 18-H, 20-H), 5.65 (s, 4 H; 1-H, 4-H,
12-H, 15-H), 6.74 (s, 4 H; 2-H, 3-H, 13-H, 14-H), 7.31 (s, 4H; 5-H, 11-H,
16-H, 22-H), 7.37 ppm (s, 4 H; 6-H, 10-H, 17-H, 21-H); 13C NMR
(125 MHz, CDCl3): d = 47.53 (d; C-7, C-9, C-18, C-20), 61.14 (q;
�OCH3), 64.03 (t; C-23, C-24), 81.80 (d; C-1, C-4, C-12, C-15), 118.66 (d;
C-5, C-11, C-16, C-22), 120.06 (d; C-6, C-10, C-17, C-21), 130.11 (s; C-5 a,
C-10 a, C-16 a, C-21 a), 140.04 (s; C-7 a, C-8 a, C-18 a, C-19 a), 141.83 (d;
C-2, C-3, C-13, C-14), 143.88 (s; C-4 a, C-11 a, C-15 a, C-22 a), 145.33 (s;
C-8, C-19), 148.04 ppm (s; C-6 a, C-9 a, C-17 a, C-20 a).


syn,syn-13 c or anti,anti-13c : 1H NMR (500 MHz, CDCl3): d = 2.37 (d,
2J(23 a-H, 23 i-H) = 8 Hz, 2 H; 23a-H, 24a-H), 2.49 (d, 2 H; 23 i-H, 24 i-
H), 3.80 (s, 6H;�OCH3), 4.49 (s, 4 H; 7-H, 9-H, 18-H, 20-H), 5.64 (s, 4 H;
1-H, 4-H, 12-H, 15-H), 6.88 (s, 4 H; 2-H, 3-H, 13-H, 14-H), 7.34 (s, 4 H; 5-
H, 11-H, 16-H, 22-H), 7.42 ppm (s, 4H; 6-H, 10-H, 17-H, 21-H); 13C
NMR (125 MHz, CDCl3): d = 47.66 (d; C-7, C-9, C-18, C-20), 61.36 (q;
�OCH3), 65.03 (t; C-23, C-24), 81.80 (d; C-1, C-4, C-12, C-15), 118.60
(d; C-5, C-11, C-16, C-22), 120.02 (d; C-6, C-10, C-17, C-21), 130.16
(s; C-5 a, C-10 a, C-16 a, C-21 a), 139.74 (s; C-7 a, C-8 a, C-18 a, C-19 a),
141.90 (d; C-2, C-3, C-13, C-14), 144.18 (s; C-4 a, C-11 a, C-15 a, C-22 a),
145.43 (s; C-8, C-19), 147.88 ppm (s; C-6 a, C-9 a, C-17 a, C-20 a).


8,19-Dimethoxy-(7a,9a,18a,20a)-7,9,18,20-tetrahydro-7,20:9,18-dimetha-
nononacene (1 c): Zinc powder (650 mg, 9.94 mmol) was added under
argon to a stirred suspension of TiCl4 (1.5 g, 4.49 mmol, TiCl4·2THF com-
plex) in dry THF (35 mL). The gray suspension was heated to reflux and
a suspension of the isomeric mixture of 13 c (500 mg, 0.84 mmol) in dry
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THF (20 mL) was added dropwise. After the mixture had been heated at
reflux for 8 h, the cooled mixture was poured into HCl (100 mL, 1m).
The purple mixture was extracted with dichloromethane (5 � 70 mL), and
the extract was washed with water (2 � 50 mL) and dried over MgSO4.
Solvent removal gave a solid, which was filtered on silica gel with
EtOAc/cyclohexane (1:3) as eluent. Recrystallization of the crude prod-
uct from an ethanol/chloroform mixture gave 1 c (305 mg, 0.54 mmol,
64%) as colorless crystals. m.p.>300 8C; 1H NMR (500 MHz, CDCl3): d


= 2.42 (dt, 2J(23 a-H, 23 i-H) = 8 Hz, 3J(23 a-H, 9-H) = 1.4 Hz, 2 H;
23a-H, 24a-H), 2.54 (dt, 3J(23 i-H, 9-H) = 1.4 Hz, 2H; 23 i-H, 24 i-H),
3.87 (s, 6 H;�OCH3), 4.57 (t; 4H; 7-H, 9-H, 18-H, 20-H), 7.28 (m, 4 H; 2-
H, 3-H, 13-H, 14-H), 7.62 (s, 4H; 6-H, 10-H, 17-H, 21-H), 7.78 (m, 4H;
1-H, 4-H, 12-H, 15-H), 8.07 ppm (s, 4H; 5-H, 11-H, 16-H, 22-H); 13C
NMR (125 MHz, CDCl3): d = 47.36 (d; C-7, C-9, C-18, C-20), 61.29 (q;
�OCH3), 62.42 (t; C-23, C-24), 118.91 (d; C-6, C-10, C-17, C-21), 124.75
(d; C-2, C-3, C-13, C-14), 125.62 (d; C-5, C-11, C-16, C-22), 127.72 (d; C-
1, C-4, C-12, C-15), 130.88 (s; C-5 a, C-10 a, C-16 a, C-21 a), 131.41 (s; C-
4a, C-11 a, C-15 a, C-22 a), 139.27 (s; C-7 a, C-8 a, C-18 a, C-19 a), 145.35
(s; C-8, C-19), 146.24 ppm (s; C-6 a, C-9 a, C-17 a, C-20 a); IR (KBr): ñ =


3046 (CH), 3014 (CH), 2954 (CH), 2927 (CH), 2855 (CH), 2828 (CH),
1486 (C=C), 1293 cm�1 (C�O); UV/Vis (CHCl3): lmax (lg e) = 321 (3.87),
337 (4.05), 354 (4.11), 373 nm (3.98); MS (70 eV): m/z (%): 566 (100)
[M]+ , 551 (31) [M�CH3]


+ , 535 (8) [M�OCH3]
+ ; HR-MS (70 eV): found


566.228; C42H30O2 calcd 566.225.


8,19-Dihydroxy-(7a,9a,18a,20a)-7,9,18,20-tetrahydro-7,20:9,18-dimetha-
nononacene (1 b): Under argon, a stirred solution of 1c (100 mg,
0.18 mmol) in dichloromethane (17 mL) was cooled down to �78 8C and
treated with boron tribromide (500 mL, 5.19 mmol). The solution was al-
lowed to warm up slowly to room temperature over 24 h. Methanol
(1 mL) was slowly added to the solution, which was cooled again with
ice/water to quench the excess of boron tribromide. After removal of the
solvents, 1b (95 mg, 0.18 mmol, 98 %) was isolated as a light gray solid.
For further purification, 1b was reprecipitated from chloroform by addi-
tion of n-hexane. m.p.>300 8C; 1H NMR (500 MHz, CDCl3): d = 2.43
(dt, 2J(23 a-H, 23 i-H) = 8 Hz, 3J(23 a-H, 9-H) = 1.3 Hz, 2 H; 23 a-H,
24a-H), 2.55 (dt, 3J(23 i-H, 9-H) = 1.3 Hz, 2H; 23 i-H, 24 i-H), 4.39 (s,
2H; �OH), 4.48 (t; 4 H; 7-H, 9-H, 18-H, 20-H), 7.26 (m, 4H; 2-H, 3-H,
13-H, 14-H), 7.55 (s, 4 H; 6-H, 10-H, 17-H, 21-H), 7.75 (m, 4H; 1-H, 4-H,
12-H, 15-H), 7.97 ppm (s, 4 H; 5-H, 11-H, 16-H, 22-H); 13C NMR
(125 MHz, CDCl3): d = 46.55 (d; C-7, C-9, C-18, C-20), 62.94 (t; C-23,
C-24), 119.05 (d; C-6, C-10, C-17, C-21), 124.67 (d; C-2, C-3, C-13, C-14),
125.58 (d; C-5, C-11, C-16, C-22), 127.73 (d; C-1, C-4, C-12, C-15), 130.75
(s; C-5 a, C-10 a, C-16 a, C-21 a), 131.34 (s; C-4 a, C-11 a, C-15 a, C-22 a),
134.02 (s; C-7 a, C-8 a, C-18 a, C-19 a), 138.87 (s; C-8, C-19), 145.34 ppm
(s; C-6 a, C-9 a, C-17 a, C-20 a); IR (KBr): ñ = 3417 (OH), 3048 (CH),
2990 (CH), 2967 (CH), 2934 (CH), 2859 (CH), 1486 (C=C), 1293 cm�1


(C�O); UV/Vis (CHCl3): lmax (lg e) = 319 (3.74), 336 (3.89), 353 (4.01),
372 nm (3.86); MS (70 eV): m/z (%): 538 (100) [M]+ ; HR-MS (70 eV):
found 538.191; C40H26O2 calcd 538.193.


8,19-Diacetoxy-(7a,9a,18a,20a)-7,9,18,20-tetrahydro-7,20:9,18-dimetha-
nononacene (1 a): Freshly distilled acetic anhydride (6 mL, 63.45 mmol)
was added under argon to a stirred solution of 1b (300 mg, 0.56 mmol) in
pyridine (75 mL). The solution was stirred for 24 h at room temperature
and then poured into ice/water (300 mL). The precipitate was filtered
and dried over P2O5. Purification by column chromatography on silica
gel with a mixture of EtOAc/cyclohexane (1:3) as eluent gave 1 a
(216 mg, 0.35 mmol, 63%) as a colorless solid. m.p.>300 8C; 1H NMR
(500 MHz, CDCl3): d = 2.42 (dt, 2J(23 a-H, 23 i-H) = 8.3 Hz, 3J(23 a-H,
9-H) = 1.4 Hz, 2H; 23 a-H, 24 a-H), 2.52 (s, 6H; �CH3), 2.67 (dt, 3J(23 i-
H, 9-H) = 1.5 Hz, 2H; 23 i-H, 24 i-H), 4.32 (s, 4H; 7-H, 9-H, 18-H, 20-
H), 7.28 (m, 4H; 2-H, 3-H, 13-H, 14-H), 7.62 (s, 4H; 6-H, 10-H, 17-H,
21-H), 7.79 (m, 4H; 1-H, 4-H, 12-H, 15-H), 8.08 ppm (s, 4H; 5-H, 11-H,
16-H, 22-H); 13C NMR (125 MHz, CDCl3): d = 20.91 (q; �CH3), 47.89
(d; C-7, C-9, C-18, C-20), 63.19 (t; C-23, C-24), 119.65 (d; C-6, C-10, C-
17, C-21), 124.74 (d; C-2, C-3, C-13, C-14), 125.76 (d; C-5, C-11, C-16, C-
22), 127.78 (d; C-1, C-4, C-12, C-15), 130.86 (s; C-5 a, C-10 a, C-16 a, C-
21a), 131.42 (s; C-4 a, C-11 a, C-15 a, C-22 a), 137.18 (s; C-7 a, C-8 a, C-
18a, C-19 a), 140.29 (s; C-8, C-19), 144.68 (s; C-6 a, C-9 a, C-17 a, C-20 a),
168.64 ppm (s; C=O); IR (KBr): ñ = 3050 (CH), 3015 (CH), 2992 (CH),


2967 (CH), 2934 (CH), 2859 (CH), 1773 (C=O), 1211 cm�1 (C�O); UV/
Vis (CHCl3): lmax (lg e) = 321 (3.76), 336 (3.98), 353 (4.09), 373 nm
(3.95); MS (70 eV): m/z (%): 622 (100) [M]+ , 580 (30) [M�CH2CO]+ ,
538 (70) [M�2 CH2CO]; HR-MS (70 eV); found 622.210; C44H30O4 calcd
622.214.


Determination of Ka—
1H NMR titration method : Receptor R and sub-


strate S are in equilibrium with the 1:1 complex RS (R + S QRS). The
association constant Ka is then defined by Equation (1). [R]0 and [S]0 are
the starting concentrations of the receptor and the substrate, respectively.


Ka ¼
½RS�
½R� � ½S� ¼


½RS�
ð½R�0�½RS�Þ � ð½S�0�½RS�Þ ð1Þ


The observed chemical shift (dobs) of the substrate in the 1H NMR spec-
trum is an averaged value between free (d0) and complexed substrate
(dRS), provided that the exchange is fast on the NMR time scale
([Eq. (2)]). Combination of Equations (1) and (2) and the use of differen-
ces in chemical shift (Dd = d0�dobs ; Ddmax = d0�dRS) leads to Equa-
tion (3).


dobs ¼
½S�


½S� þ ½RS� � d0 þ
½RS�


½S� þ ½RS� � dRS ð2Þ


Dd ¼ Ddmax


½S�0
�
�


1
2


�
½R�0 þ ½S�0 þ


1
Ka


�


�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4
�
�
½R�0 þ ½S�0 þ


1
Ka


�
2�½R�0 � ½S�0


s � ð3Þ


In the titration experiments, the total substrate concentration [S]0 was
kept constant, whereas the total receptor concentration [R]0 was varied.
This was achieved by dissolving a defined amount of the receptor R in
0.6 mL of a solution containing the substrate concentration [S]0. Dd was
determined from the chemical shift of the pure substrate and the chemi-
cal shift of the substrate measured in the 1H NMR spectrum (500 MHz,
25 8C for R = 1a–c and 200 MHz, 24 8C for R = 2 a–c) of this mixture.
Successive addition of further solution containing [S]0 leads to a dilution
of the concentration [R]0 in the mixture while [S]0 is kept constant. Meas-
urement of the chemical shift of the substrate-dependence on the concen-
tration [R]0 afforded the data pairs Dd and [R]0. Fitting of these data to
the (1:1) binding isotherm by iterative methods[25] delivered the parame-
ters Ka and Ddmax


In the case of substrates possessing two or more nonequivalent protons,
the determination of the association constants Ka sometimes leads to dif-
ferent values of Ka. This may result from increasing errors caused by de-
creasing Ddmax values. To minimize such errors the association constants
Ka were determined for that proton of the substrate S displaying the larg-
est value of Ddmax [Eq. (4)]. The Ddmax values of the other substrate pro-
tons were calculated by the use of Equation (5).


½RS� ¼ ½S�0
Dd1


Dd1,max
¼ ½S�0


Dd2


Dd2,max
¼ ½S�0


Ddn


Ddn,max
ð4Þ


) Ddn,max ¼ Ddn
Dd1


Dd1,max
ð5Þ


From the corresponding relationship between the concentrations of the
receptor [R]0 and the complex [RS] the maximum complexation-induced
shifts (DdR,max) for the protons of the receptor R can be calculated by use
of Equation (6).


½RS� ¼ ½S�0
DdS


1


DdS
1,max


¼ ½R�0
DdR


1


DdR
1,max


) DdR
1,max ¼


½R�0
½S�0


DdR
1


DdS
1,max


DdS
1


ð6Þ


The results of 1H NMR titration experiments are given in the Supporting
Information.


Crystal structure determinations: CCDC-259881 and CCDC-259882 con-
tain the supplementary crystallographic data for this paper. These data
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can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Energy and Electron Transfer in Polyacetylene-Linked Zinc–Porphyrin–
[60]Fullerene Molecular Wires


Sean A. Vail,[a] Paul J. Krawczuk,[a] Dirk M. Guldi,[b] Amit Palkar,[c] Luis Echegoyen,[c]


Joao P. C. Tom�,[a] Michael A. Fazio,[a] and David I. Schuster*[a]


Introduction


The rational design of novel, artificial, photosynthetic en-
sembles has emerged as a topic of major interest in the
fields of chemistry and biology.[1] One of the most remarka-
ble properties of [60]fullerene (C60) as an acceptor in elec-
tron-transfer (ET) processes is that it gives rise to an effi-
cient and rapid photoinduced charge separation (CS) and
slow charge recombination (CR) in the dark.[2] Porphyrin–
[60]fullerene dyads exhibit long-lived charge-separated
states, which in a few cases have been successfully used to
generate photocurrents.[3] Although various spacers have
been utilized in attempts to enhance the interaction between
donors and acceptors, the use of “molecular wires” as bridg-
ing components in donor–acceptor systems has been proven
to be one of the most promising approaches for establishing
efficient communication between the chromophores.[4]


Incorporation of molecular wires into conjugated donor–
acceptor (D–A) systems has emerged as a promising strat-
egy for constructing molecular electronic materials.[5] Such
molecules have already found applications in electrical con-
ductors,[6] photovoltaic cells,[7] electroluminescent devices,[8]


nonlinear optics,[9] and field-effect transistors.[10] Efficient
long-range ET and energy-transfer (EnT) phenomena have


Abstract: The synthesis and electro-
chemical and photophysical studies of
a series of alkyne-linked zinc–porphyr-
in–[60]fullerene dyads are described.
These dyads represent a new class of
fully conjugated donor–acceptor sys-
tems. An alkynyl–fullerene synthon
was synthesized by a nucleophilic addi-
tion reaction, and was then oxidatively
coupled with a series of alkynyl tetra-
aryl zinc–porphyrins with 1–3 alkyne
units. Cyclic and differential pulse vol-
tammetry studies confirmed that the
porphyrin and fullerene are electroni-


cally coupled and that the degree of
electronic interaction decreases with
increasing length of the alkyne bridge.
In toluene, energy transfer from the ex-
cited zinc–porphyrin singlet to the full-
erene moiety occurs, affording fuller-
ene triplet quantum yields of greater
than 90 %. These dyads exhibit very
rapid photoinduced electron transfer in


tetrahydrofuran (THF) and benzoni-
trile (PhCN), which is consistent with
normal Marcus behavior. Slower rates
for charge recombination in THF
versus PhCN clearly indicate that
charge-recombination events are occur-
ring in the Marcus inverted region. Ex-
ceptionally small attenuation factors
(b) of 0.06�0.005 ��1 demonstrate
that the triple bond is an effective me-
diator of electronic interaction in zinc–
porphyrin–alkyne–fullerene molecular
wires.
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been observed in systems possessing redox centers connect-
ed by molecular wires.[4,11–19] As it is known that the efficien-
cy of ET decreases exponentially with increasing molecular-
wire length, and that the attenuation factor is a function of
the electronic structure and overall architecture of the
wire,[11–20] much effort has been devoted to designing systems
that facilitate long-range ET and EnT processes.[21] The at-
tenuation factor (b), which describes the intrinsic electronic
properties of the bridge, is related to the distance depend-
ence of electron-transfer rate constants (kET) as shown in
Equation (1):


kET ¼ k0 expð�bRDAÞ ð1Þ


in which k0 is a kinetic prefactor and RDA is the D–A center-
to-center distance.[22] Recently, it has been shown that effec-
tive matching of orbital energies between the donor and
bridge components is a necessary consideration for achiev-
ing efficient “molecular-wire” behavior in conjugated D–A
systems.[22,23]


Oligothiophenes have been shown to be good candidates
for studying the efficiency of molecular-wire behavior due
to their ready accessibility, ease of structural modification,
high p conjugation, and low oxidation potentials.[24,25] Ito
and co-workers have used extended oligothiophene chains
as rigid covalent linkers between versatile electro- and pho-
toactive compounds, including porphyrins and fullerenes.[12]


In a photoactive triad system consisting of a porphyrin–oli-
gothiophene–[60]fullerene assembly, an attenuation factor
(b) of 0.11 ��1 was determined from a plot of ln kET versus
RDA. This value is significantly smaller than those obtained
for saturated hydrocarbon bridges[13] (b=0.6–1.2 ��1) and
conjugated paraphenylenes[14] (b=0.32–0.66 ��1), but is
comparable to oligoenes[15,16] (b=0.04–0.2 ��1) and oligo-
ynes[16b, 17] (b=0.04–0.17 ��1).


More recently, Mart�n and co-workers reported an excep-
tionally small attenuation factor (b=0.01�0.005 ��1) for a
series of exTTF–wire–C60 ensembles made by incorporating
oligo(phenylenevinylene)s (oligo(PPV)s) as bridges between
p-extended tetrathiafulvalene (exTTF) donors and
[60]fullerene acceptor moieties.[18] Homoconjugation is ach-
ieved by coupling of the exTTF moiety to the fullerene
sphere through the oligomeric bridge. This series of exTTF–
wire–C60 systems exhibits excellent molecular-wire behavior
over distances of up to 40 �. Donor–acceptor coupling con-
stants (V) of ~5.5 cm�1 reflect strong electronic coupling
through the paraconjugation of the oligo(PPV)s to the
exTTF donor, which promotes charge-transfer phenomena
with a weak dependence on molecular distance.


Recent studies of long-range charge separation (CS) in
D–A systems have shown that p-conjugated polyene and
polyyne spacers dramatically enhance electronic coupling
between donors and acceptors.[26] Although free rotation
about single bonds can lead to variations in donor–acceptor
distances as well as reduced conjugation in polyene-linked
D–A systems,[27] polyyne linkers maintain fixed distances be-
tween the chromophores and permit enhanced conjugation


in rigid D–A systems, affording geometrically well-defined
materials that simplify the interpretation of physical data.
Schuster et al. and Yamada et al. were among the first to
report on the study of porphyrin–C60 (D–A) systems linked
by an alkyne bridge.[28] Although no true conjugation was
present in Yamada�s fulleropyrrolidine derivative, which has
an intervening sp3 carbon atom, the accelerated rate of CS
over an analogous amide-linked system can be rationalized
in terms of enhanced electronic coupling between the por-
phyrin and fullerene moieties.[28b]


Komatsu and co-workers were the first to report the syn-
thesis and study of trimethylsilylethynyl– and phenylethyn-
yl–hydrofullerenes, the first alkyne–C60 derivatives,[29] pre-
pared by nucleophilic addition of the appropriate alkynyl-
lithium reagent to the fullerene, followed by quenching with
trifluoroacetic acid. Diederich and co-workers studied the
chemistry of a variety of fullerene–acetylene hybrids,[30]


leading to significant progress in the synthesis of carbon al-
lotropes incorporating fullerenes around a central acetylenic
framework.


We recently reported the synthesis and preliminary photo-
physical study of the first completely conjugated butadiyne-
linked zinc–porphyrin–[60]fullerene (ZnP–C60) dyad,[19] in
which the two chromophores were linked by a fully conju-
gated “molecular wire” with no intervening sp3 carbons.
Upon photoexcitation, this system exhibited both extremely
rapid forward ET and slower charge-recombination (CR)
dynamics. Steady-state fluorescence studies in chloroform
revealed that the porphyrin fluorescence was almost entirely
quenched by the attached fullerene moiety, while the fluo-
rescence lifetime (tf) of less than 10 ps indicated rapid and
efficient communication between the chromophores.


We now report a complete photophysical and electro-
chemical investigation of a series of rigid polyalkynyl-linked
zinc–porphyrin–[60]fullerene dyads in which CS and CR
processes were studied as a function of D–A distance.


Results and Discussion


Synthesis : The synthesis of 1-ethynyl-2-methyl[60]fullerene
(2) was carried out according to the methodology previously
reported for the corresponding benzyl derivative.[31] As
shown in Scheme 1, nucleophilic addition of lithium trime-
thylsilylacetylide to C60, followed by quenching with excess
iodomethane, furnished 1 in ~50 % yield. Deprotection of


Scheme 1. Synthesis of 1-ethynyl-2-methyl[60]fullerene (2): a) 1.
Li���SiMe3, 2. CH3I/THF/40 8C; b) K2CO3, THF/CH3OH/~.
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the alkyne with potassium carbonate in refluxing THF/
CH3OH (5:1) afforded fullerene derivative 2 in ~45 %
yield.


Zinc(ii)–5-[4-(trimethylsilylethynyl)phenyl]-10,15,20-
tris[3,5-di(tert-butyl)phenyl]porphyrin (3) was synthesized by
modification of the one-step nitrobenzene method previous-
ly reported (Scheme 2).[32] Condensation of the mixed alde-


hydes with pyrrole in a reflux-
ing solution of glacial acetic
acid/nitrobenzene (4:3) furnish-
ed a crude mixture of porphyr-
ins, which was metalated by
treatment with zinc acetate di-
hydrate in refluxing chloroform/
methanol (2:1) for four hours.
Zinc–porphyrin 3 was effective-
ly isolated using a long silica-gel
column with cyclohexane/meth-
ylene chloride (4:1) as the
eluent. Zinc–porphyrin 3 was
deprotected with excess tetra-
butylammonium fluoride hy-
drate (TBAF) in tetrahydrofur-
an at room temperature, afford-
ing 4 as a purple, crystalline
solid in near quantitative yield.


Extended TMS-protected
(TMS= trimethylsilyl) alkynyl
zinc–porphyrins 5 and 7 were
prepared by oxidative hetero-
coupling with excess trimeth-
ylsilylacetylene under a dry
oxygen atmosphere (Scheme 3).
The oxidative heterocoupling
reaction, utilizing in situ pre-
paration of the Hay
catalyst (CuCl–TMEDA–O2;
TMEDA =N,N,N’,N’-tetrameth-


ylethylenediamine) in freshly distilled methylene chloride,
furnished 5 and 7 in quantitative yield. These compounds
were then treated with an excess of TBAF hydrate at room
temperature to furnish the respective deprotected alkynyl
zinc–porphyrins 6 and 8 in quantitative yield.


Polyalkynyl–ZnP–C60 dyads 9, 10, and 11 were synthesized
by oxidative heterocoupling reactions between ethynyl full-


erene derivative 2 and an
excess of zinc–porphyrins 4, 6,
and 8 (Scheme 4). Oxidative
coupling, again with in situ
preparation of the Hay catalyst
in chlorobenzene under a dry
oxygen atmosphere, afforded
nonfluorescent dyads 9, 10, and
11 in modest yields, along with
products identified by MALDI-
TOF mass spectra as alkynyl-
linked homodimers ZnP–ZnP
and C60–C60 formed under the
reaction conditions. Each ZnP–
C60 dyad was separated from its
corresponding homocoupling
products on a silica funnel
using CS2 as the eluent. The
ZnP–C60 dyads eluted before


Scheme 2. Synthesis of zinc(ii)–5-(4-ethynylphenyl)-10,15,20-tris[3,5-di(tert-butyl)phenyl]porphine (4):
a) 1. acetic acid, nitrobenzene, ~, 2. Zn(OAc)2; b) TBAF.


Scheme 3. Synthesis of zinc(ii)–5-(4-alkynylphenyl)-10,15,20-tris[3,5-di(tert-butyl)phenyl]porphyrins 4, 5, 6, 7,
and 8 : a) TBAF; b) TMS���H, CuCl/TMEDA.
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the ZnP–ZnP dimers, whereas the C60–C60 dimer was re-
tained on the silica. ZnP–C60 dyads 9, 10, and 11 were fur-
ther purified by preparative thin-layer chromatography
(TLC) on silica gel using CS2 as the eluent. The purity of all
samples was confirmed by TLC, 1H NMR, and MALDI-
TOF analysis.


Structural characterization : Compounds 1–11 were fully
characterized by UV/Vis, 1H NMR, and MALDI-TOF mass
spectrometry. Full details and assignments are given in the
Experimental Section.


Electronic absorption spectra : The UV/Vis absorption spec-
tra for TMS-protected, polyalkynyl ZnP derivatives 3, 5,
and 7 are depicted in Figure S1 in the Supporting Informa-
tion. The spectra for all three porphyrins are virtually super-
imposable, exhibiting lmax at 423, 425, and 425 nm, respec-
tively. The UV/Vis absorption spectra for the deprotected
ZnP analogues, 4, 6, and 8, depicted in Figure 1, are also vir-


tually superimposable, exhibiting lmax at 423, 424, and
424 nm, respectively. Thus, extending the linker attached to
ZnP has virtually no effect on the UV/Vis absorption spec-
tra of these compounds. The spectra for ZnP–C60 dyads 9,
10, and 11, depicted in Figure 2 and Figures S2 and S3 in the


Supporting Information, all
show strong absorption bands
for both the porphyrin and full-
erene moieties, and are consis-
tent with the UV-visible spectra
of other porphyrin–C60 sys-
tems.[33] Although a small red-
shift in the spectra for dyads 9,
10, and 11 relative to zinc–por-
phyrins 4, 6, and 8 occurs, en-
hanced absorption by the dyads
is not observed.


Electrochemistry : As seen from the cyclic voltammogram
(CV) illustrated in Figure 3, three reversible reduction
waves are evident for alkynylfullerene 2 (see data summary
in Figure 4). The reduction potentials are shifted cathodical-
ly relative to that of pristine C60,


[27a] which is attributed to
the saturation of one of the p bonds on the C60 surface.[29]


Scheme 4. Synthesis of zinc(ii)–5-(4-alkynylphenyl)-10,15,20-tris[3,5-di(tert-butyl)phenyl]porphyrin-1-ethynyl-2-
methyl[60]fullerene dyads 9, 10, and 11: a) 2, chlorobenzene/CuCl, TMEDA.


Figure 1. UV/Vis spectra of ZnP–alkynes 4 (pink), 6 (yellow), and 8
(blue) in chloroform (10 mm).


Figure 2. UV/Vis spectra of ZnP–alkyne 6 (blue) and ZnP–C60 dyad 10
(pink) in chloroform (10 mm).


Figure 3. Cyclic voltammogram (CV) of 2.
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Differential pulse voltammetry (DPV) experiments show
that the first oxidation of 2 occurs at + 1.18 V. The peak po-
tentials obtained from DPV experiments (Figure 5), were
converted to E1=2


values using Equation (2)[34]:


EmaxðDPVÞ ¼ E1=2
�DE


2
ð2Þ


in which DE is the pulse amplitude, and the values were
found to be comparable to the potentials obtained from CV
studies (Table 1).[35]


Figures 6 and 7 show the CV and DPV results of the zinc–
porphyrins 3 and 4 with single acetylene groups, with TMS
and H termini, respectively. Both compounds show two re-


duction and two oxidation peaks. Both oxidation peaks
appear to be reversible and, from comparison with analo-
gous compounds reported earlier,[27] are characteristic of
porphyrin–acetylene systems. From the CV measurements,
it can be seen that the reduction potential of 3 is about
100 mV more positive than that for 4, reflecting the electro-
positive character of the trimethylsilyl group. The DPV re-
sults of these compounds show a similar trend to that ob-
served in the CV experiments.


Figures S4 and S5 (Supporting Information) show the CV
and DPV data of ZnP compounds 5 and 6 with diyne
spacers. The compounds without the fullerene both show
two oxidation and two reduction waves, similar to 3 and 4.
The positive shift of around 100 mV in the reduction poten-


Figure 4. Oxidation and reduction potentials (V) of 1–11 versus Fc/Fc+ . The * indicates chemically irreversible peaks; therefore Emax is reported.
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tial for 5 relative to 6 is again ascribed to the TMS group.
The cathodic region of dyad 9 is dominated by reduction
peaks characteristic of 1,2-disubstituted fullerenes.[28b] As


observed for 2, the first reduction peak shifts cathodically
when pristine C60 is ethynylated. The first reduction poten-
tial of phenylethynyl–C60 is close to that of pristine C60 due
to an anodic shift resulting from the electron-withdrawing
inductive effect of the phenylethynyl group, which cancels
out the cathodic shift that results from saturation of one of
the p bonds on the surface of C60.


[29] Considering the struc-
ture of dyad 9, in which a fullerene is connected to a phenyl
group of tetraphenylporphine (TPP) by a butadiyne linkage,
one would expect an effect similar to that seen for phenyle-
thynyl–C60. Counter intuitively, the first reduction potential
of dyad 9, which is fullerene-centered, shows a cathodic shift
that is even larger than that observed for 2, which can be ex-
plained if the porphyrin is electronically coupled with the
fullerene in a donor–acceptor (D–A) interaction. A similar
cathodic shift was seen in the DPV-derived potentials. We
can not exclude the possibility that conjugation may also
play a role in causing these cathodic shifts.


Comparison of the HOMO–LUMO gap of the dyads with
those of their respective constituents supports this interpre-
tation. The difference between the first oxidation and the
first reduction potential, Eox1


1=2
�Ered1


1=2
, as determined by CV, is


a measure of the HOMO–LUMO gap. The HOMO–LUMO
gap of the two components of dyad 9, that is, zinc–porphyrin
6 and C60, is ~1.33 V, while the HOMO–LUMO gap in dyad
9 is ~1.44 V, which is 110 mV larger.


The CV results for triacetylene compounds 7, 8, and 10,
with TMS, H, and C60 terminal groups, respectively, are
shown in Figure S6 (Supporting Information). A similar
trend to that observed in the previous series of compounds
is apparent. As expected, zinc–trialkynylporphyrin 7, with a
TMS terminal, has a reduction potential 100 mV more posi-
tive than the corresponding compound 8 with an H termi-
nus. The HOMO–LUMO gap in 10 determined from the
CV potentials is ~1.39 V; this is larger than that of the indi-
vidual fragments but lower than that found for dyad 9, sug-
gesting a decrease in electronic coupling, in accord with the
larger porphyrin–C60 separation.


Figure 5. Differential pulse voltammogram (DPV) of 2.


Table 1. Potentials (V) obtained from the DPV data versus Fc/Fc+ .[a]


Compounds Reduction Oxidation
E1 E2 E3 E4 E1 E2


2 �1.04 �1.42 �1.94
3 �1.82 �2.19 0.37 0.67
4 �1.89 �2.21 0.38 0.68
5 �1.74 �2.08 0.38 0.67
6 �1.86 �2.16 0.35 0.66
7 �1.77 �2.11 0.38 0.70
8 �1.85 �2.16 0.37 0.67
9 �1.05 �1.43 �1.85 �2.08 0.36 0.68
10 �1.05 �1.40 �1.93 �2.12 0.38 0.72
11 �1.00 �1.34/�1.48 �1.82 �2.01 0.36 0.68


[a] Corrected using Equation (2).


Figure 6. Cyclic voltammogram (CV) of 3 and 4.


Figure 7. Differential pulse voltammogram (DPV) of 3 and 4.
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Compound 11, with four acetylene spacers, shows four re-
duction peaks, two of which are reversible, and two reversi-
ble oxidation peaks (see Figure S8, Supporting Information).
A comparison of the voltammetric response as a function of
the distance between the redox-active moieties was then
made for dyads 9, 10, and 11 (Figures 8 and 9). Compounds


9, 10, and 11 have their first reduction potentials at �1.08 V,
�1.04, and �1.00 V, respectively, showing electronic cou-
pling between the donor–acceptor pair falls off with dis-
tance, which is attributed to a decrease in electron density
on the fullerene. DPV data for dyad 11 showing the same
trend is depicted in Figure S9 (Supporting Information). The
splitting in the 3rd and 4th reduction potentials of 9, ~�1.8
to �1.9 V and ~�2.1 to �2.2 V, respectively, is attributed to
close overlap of the reduction waves of the porphyrin and
fullerene moieties. The absence of such splitting in the 4th
reduction peak in the DPV data for dyad 10 indicates de-
creased electronic coupling between the porphyrin and the


fullerene. This interpretation is confirmed by the behavior
of 11, for which splitting in both the 3rd and 4th reduction
peaks completely disappears. The shoulders observed
around �1.5 V in the square wave voltammograms
(Figure 9) are not currently understood. These are definitely
not ascribable to dissolved oxygen. While we can not ex-
clude the presence of trace impurities, the fact that these
shoulders are seen for all three dyads makes this explana-
tion less likely.


In order to determine the reversibility of the CV peaks,
variable scan plots were recorded for all compounds. Suffi-
ciently fast scan rates result in increased peak-to-peak sepa-
rations. The variable scan plots for zinc–alkynylphenylpor-
phyrin (4 ; Figure S10, Supporting Information) shows that
peak-to-peak separations increase with increasing scan rates,
indicating that these processes are quasi-reversible. Thus the
E1=2


values obtained from the CV data (Figure 3) are approx-
imate, and vary slightly from those obtained from DPV ex-
periments (Table 1). Similar results were obtained for all the
other compounds except 1-ethynyl-2-methyl[60]fullerene
(2), which shows completely reversible behavior upon reduc-
tion.


Photophysical studies : Zinc–tetraphenylporphine (ZnTPP)
was used as the reference for comparison with the ZnP–
(acetylene)n–C60 hybrids in steady-state fluorescence experi-
ments, using normalized absorbance of 0.5 at the excitation
wavelength (425 nm). In toluene, THF, and PhCN, the fluo-
rescence quantum yield of ZnTPP is ~0.04.[36] Strong
quenching occurs in ZnP–(acetylene)n–C60 systems with
quantum yields of 1.6 � 10�3 for 11, 0.9 � 10�3 for 10, and
0.6 � 10�3 for 9, all in toluene. Figure 10 shows the steady-
state fluorescence of ZnP–(acetylene)n–C60 dyads and


ZnTPP in toluene. Quenching of ZnP fluorescence in the
dyads shows a weak distance dependence. Although the
yield drops, the emission patterns are not affected by the
presence of the attached fullerene moiety. In addition to the
ZnP transitions at 605 and 660 nm, a new emission band de-
velops at 715 nm (see Figure 11), which does not correspond


Figure 8. Cyclic voltammogram (CV) of 9, 10, and 11.


Figure 9. Differential pulse voltammogram (DPV) of 9, 10, and 11.


Figure 10. Room-temperature fluorescence spectra of ZnTPP and ZnP–
(acetylene)n–C60 in toluene with absorbance of 0.5 at the 425 nm excita-
tion wavelength. The red line indicates n= 2.
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to a ZnP-centered process, but is a reasonable match to C60


fluorescence.[2b] The observation of C60 fluorescence signifies
a rapid intramolecular transduction of singlet excitation.
The quantum yields for C60 fluorescence, measured in tolu-
ene, are constant at 0.3 �10�3 for dyads 9, 10, and 11.


The ZnP fluorescence yields for 11 in THF and PhCN are
1.1 � 10�3 and 0.9 � 10�3, respectively, indicating increasingly
faster deactivation of zinc–porphyrin singlet excited states
(1ZnP*) with increased solvent polarity, consistent with in-
tramolecular electron transfer. The C60-centered fluores-
cence is not seen in THF and PhCN, indicating that ET is
taking place, rather than the EnT deactivation pathway seen
in toluene.


From the fluorescence quantum yields (Ff) and lifetimes
(t) of photoexcited 9, 10, 11, and ZnTPP (X),[37] the rate
constant (k) for intramolecular EnT (in toluene) and ET (in
THF and PhCN), in the ZnP–(acetylene)n–C60 dyads (Y),
can be calculated according to Equation (3):


kðYÞ ¼ ½FðXÞ�Fð9, 10, 11Þ�=½tðXÞFð9, 10, 11Þ� ð3Þ


The rate constants, which range between 8 �109 and 3.3 �
1010 s�1 in PhCN, are listed in Table 2.


The fate of 1ZnP* and the identity of the photoproducts
in the ZnP–(acetylene)n–C60 systems were examined by
pico-, nano-, and microsecond transient absorption spectro-
scopy. Representative picosecond time-resolved absorption


spectra for ZnTPP, taken after an 18 ps laser pulse at
532 nm in toluene solution, are displayed in Figure 12. The
differential spectrum recorded immediately after the laser


pulse (50 ps time delay) is characterized by bleaching of the
porphyrin Q-band absorption at 550 nm and the appearance
of broad absorption between 570 and 750 nm. These are
spectral attributes of 1ZnP* (2.04 eV),[38] which decays
slowly (4.0 �108 s�1) in toluene to the energetically lower-
lying triplet excited state 3ZnP* (1.53 eV) through intersys-
tem crossing (ISC).[39] The formation of a pentacoordinated
Zn complex in coordinating solvents, such as THF and
PhCN, shifts the Q band slightly to the red region (565 nm),
with respect to the noncoordinating solvent toluene.


In time-resolved transient absorption measurements in
toluene for compounds 9, 10, and 11, instantaneous growth
of broad absorption between 570 and 750 nm confirms selec-
tive excitation of the ZnP moiety in the dyads. However, in-
stead of observing the slow ISC dynamics (4.0 �108 s�1) ex-
hibited by ZnTPP, the 1ZnP* decay in the dyads is accelerat-
ed (~1 � 1010 s�1) due to the presence of C60. Spectroscopical-
ly, the changes in transient absorption, measured after com-
pletion of the decay, bear no resemblance to that of ZnP
triplet excited states. The new transients reveal strong


maxima at 880 nm, characteris-
tic of C60 singlet excited states
(1C60*).[38] In a fullerene refer-
ence, ISC (k=5.0 � 108 s�1) to
the energetically lower-lying
triplet state, 3C60*, dominates
the deactivation of 1C60*.[40] The
880 nm transition decays with
similar kinetics in the ZnP–
(acetylene)n–C60 dyads in tolu-
ene. The only component seen
in the complementary nanosec-
ond experiments was due to
decay of 3C60* (lmax = 360,


Figure 11. Room-temperature fluorescence spectra of ZnTPP and ZnP–
(acetylene)n–C60 in toluene with absorbance of 0.5 at the 425 nm excita-
tion wavelength.


Table 2. Fluorescence quantum yields (Ff), rate constants for charge separation (kCS), rate constanst for
charge recombination (kCR), and charge-separated-state lifetimes(tCS) of ZnTPP and ZnP–(C=C)n–C60.


Compound Solvent Ff ZnP kCS


[s�1][a]
kCS


[s�1][b]
kCR


[s�1]
tCS


[ns]


9 (n =2) toluene 0.6� 10�3 2.1� 1010[c] – – –
THF 0.5� 10�3 2.6� 1010 1.1� 1010 1.8� 106 555
PhCN 0.4� 10�3 3.3� 1010 2.3� 1010 3.1� 106 322


10 (n =3) toluene 0.9� 10�3 1.4� 1010[c] – – –
THF 0.8� 10�3 1.6� 1010 7.3� 109 1.6� 106 625
PhCN 0.6� 10�3 2.2� 1010 1.1� 1010 2.3� 106 435


11 (n =4) toluene 1.6� 10�3 0.8� 1010[c] – – –
THF 1.1� 10�3 1.1� 1010 5.5� 109 1.4� 106 714
PhCN 0.9� 10�3 1.4� 1010 7.8� 109 1.9� 106 526


[a] Extrapolated from fluorescence experiments. [b] Determined from femto/picosecond transient absorption
measurements. [c] Energy transfer.


Figure 12. Differential absorption spectrum (visible and near-infrared)
obtained upon picosecond flash photolysis (532 nm) of ~1.0� 10�5


m solu-
tions of the ZnTPP reference in nitrogen-saturated toluene with a time
delay of 50 ps at room temperature. The spectrum corresponds to the sin-
glet–singlet spectrum of 1ZnTPP*.
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700 nm), similar to what is depicted in Figure 13. The high
triplet quantum yields (>90 %) for these dyads in toluene
confirm that quenching of 1ZnP* occurs by singlet–singlet
energy transduction.


The transient absorption changes of the dyads in THF and
PhCN were measured with several time delays after the
532 nm picosecond laser pulse, and were compared with the
behavior of ZnTPP under the same conditions. At early
times (20–50 ps), the spectra of the dyads are practically
identical to those of ZnTPP, with strong bleaching at
550 nm, attesting to the formation of 1ZnP*. After a delay
time of approximately 100 ps, a new transition around
640 nm starts to grow in with the dyads, as seen in Figure 14
for compound 11. This is accompanied by appearance of ab-
sorption in the near-infrared (NIR) region near 1000 nm,
complete within 2000 ps. Based on spectral comparisons, the
former is ascribed to the zinc–porphyrin p radical cation


(ZnPC+), while the latter is due to fullerene p radical anions
(C60C�).[2a–c,e–g, i–k] Important criteria are the kinetic resem-
blance 1) between the decay of 1ZnP* and the growth of
ZnPC+/C60C� , and 2) between the decay/growth kinetics and
the fluorescence lifetimes. The rates of charge separation for
9 in THF and PhCN determined by this technique are 1.1 �
1010 and 2.3 � 1010 s�1, respectively. The rates for 11 are
slightly slower, with values of 5.5 � 109 s�1 in THF and 7.8 �
109 s�1 in PhCN. Good agreement was found with the data
obtained from the steady-state fluorescence measurements.


From these results, we propose that charge separation
from the 1ZnP* to the electron-accepting fullerene in polar
solvents directly affords ZnPC+/C60C� , bypassing 1C60*. The
absorption of the charge-separated radical pair (CSRP)
ZnPC+/C60C� is persistent on the picosecond timescale and
decays in the nano- to microsecond range (vide infra).


Charge-recombination dynamics were analyzed by follow-
ing the absorption decay of the reduced form of the electron
acceptor (C60C�) and of the oxidized form of the electron
donor (ZnPC+). In oxygen-free solutions, the decays could
be fitted well to a single-exponential expression. As seen in
Table 2, the lifetimes of the charge-separated states for 9,
10, and 11 were longer in THF than in PhCN: 9, 555 ns in
THF, 322 ns in PhCN; 10, 625 ns in THF, 435 ns in PhCN;
11, 714 ns in THF, 526 ns in PhCN.


Finally, a plot of the back-electron transfer rates as a func-
tion of donor–acceptor separation led to a distance depend-
ence from which we determined attenuation factors (b) of
0.06�0.005 ��1 (see Figure 15). This “wirelike” behavior
signifies effective p conjugation between the phenyl group
of the porphyrin donor, the polyacetylene bridge, and the
fullerene.


Discussion


In the present study, a series of ZnP–(acetylene)n–C60 dyads
(9, 10, and 11) were synthesized to assess the ability of poly-
alkynyl linkers to facilitate energy transduction and ET in
ZnP–C60 “molecular-wire” systems. Although a small red-


Figure 13. Differential absorption spectrum (visible and near-infrared)
obtained upon nanosecond flash photolysis (532 nm) of ~1.0� 10�5


m sol-
utions of ZnP–(acetylene)4–C60 in nitrogen-saturated toluene with a time
delay of 100 ns at room temperature. The spectrum corresponds to ZnP–
(C=C)4–


3C60*.


Figure 14. Differential absorption spectrum (visible and near-infrared)
obtained upon nanosecond flash photolysis (532 nm) of ~1.0� 10�5


m sol-
utions of ZnP–(acetylene)4–C60 in nitrogen-saturated THF with a time
delay of 100 ns at room temperature. The spectrum corresponds to the
radical pair, ZnPC+–(C=C)4–[C60]C� .


Figure 15. Center-to-center distance dependence of ET rate constants in
ZnP–(acetylene)n–C60 in nitrogen-saturated THF (c) and benzonitrile
(b) at room temperature.
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shift was observed in the UV-visible absorption spectrum of
each dyad relative to its zinc–porphyrin component, the op-
tical spectra did not indicate substantial ground-state inter-
action between the chromophores.


Cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) measurements were also performed to deter-
mine the degree of electronic coupling between the ZnP
and C60 moieties within the series. The TMS-terminated
zinc–porphyrins (3, 5, and 7) show more positive reduction
potentials than the H-terminated analogues (4, 6, and 8).
The changes in the reduction potentials of the D–A dyads 9,
10, and 11 compared with model compounds show that the
ZnP (donor) and C60 (acceptor) are indeed electronically
coupled to some extent. The effect of increasing the number
of spacer units on the first reduction potentials indicates
that the electronic coupling between the porphyrin and the
fullerene moieties decreases with increasing separation, as
expected. The coupling, however, is not sufficient to cause
major changes in the electronic absorption and emission
spectra of the dyads.


Steady-state fluorescence measurements on dyads 9, 10,
and 11 showed strong quenching of the zinc–porphyrin fluo-
rescence in the dyads relative to ZnTPP in all solvents. The
observed quenching behavior reflects a weak distance de-
pendence. C60 fluorescence, observed at ~715 nm for the
ZnP–(acetylene)n–C60 dyads in toluene, is suggestive of a
rapid intramolecular transduction of singlet excitation, sup-
ported by transient absorption studies clearly demonstrating
formation of 3C60*. The high fullerene triplet quantum yields
confirm that transduction of singlet excitation in toluene is
taking place.


The ZnP fluorescence decays for 11 in THF and PhCN in-
dicate increasingly faster deactivation as the solvent polarity
is increased, consistent with an intramolecular ET mecha-
nism. Transient absorption measurements for 9, 10, and 11
in THF and PhCN, at short time delays, together with strong
bleaching of ZnP absorption at 550 nm, are consistent with
initial generation of 1ZnP*, which undergoes rapid ET to di-
rectly give charge-separated radical pairs, ZnPC+/C60C� . The
ZnPC+/C60C� absorption in turn decays in the nano-/microsec-
ond range. The lack of C60 fluorescence in THF and PhCN
is another strong indication that ET is occurring, rather than
the EnT process observed in toluene.


The rate of CR, as measured by the decay of ZnPC+ and
C60C� in the transient absorption spectra, was faster in PhCN
than in THF (Table 2). A decrease in �DG8, accompanied
by faster CR kinetics, is a phenomenon typically observed
for back-electron transfer in the Marcus inverted region,
where ET rates (kET) decrease with an increase in the ther-
modynamic driving force. The mechanism for charge separa-
tion can be explained in terms of an electron superexchange
mechanism leading directly to the radical ion pair, as deter-
mined by the large LUMO(ZnP)–LUMO(wire) gap of
greater than 0.3 eV. Alternatively, CR may proceed through
an ET or hole-transfer pathway. The existence of a large
LUMO(C60)–LUMO(wire) gap of at least 1.0 eV[41] is indica-
tive of an electron-tunneling mechanism as the dominant re-


action pathway. Hole transfer from the HOMO(C60) to the
HOMO(ZnP) could proceed through a superexchange or
electron-hopping mechanism. As electron hopping is unlike-
ly to occur under the experimental conditions at room tem-
perature, a superexchange mechanism is proposed as the op-
erative mode. Currently, we are focusing our research on es-
tablishing the relationship between superexchange and elec-
tron-hopping mechanisms in this series of conjugated
donor–acceptor hybrids.


A small attenuation factor (b) of 0.06�0.005 ��1 was cal-
culated from the plot in Figure 15 of ET rates in dyads 9–11
as a function of D–A distances, determined by molecular
modeling (see Figure S11, Supporting Information). The ex-
ceptional “wirelike” behavior observed in dyads 9–11 can be
rationalized in terms of the full p conjugation achieved be-
tween the phenyl ring of the porphyrin donor, the polyacet-
ylene linker, and the C60 moiety.


Conclusion


Enhanced ET and EnT phenomena have previously been re-
ported in highly conjugated porphyrin arrays linked by
alkyne bridges.[42] Strong electronic coupling and rapid pho-
toinduced ET phenomena were observed in analogous por-
phyrin donor–acceptor systems with a ZnII-porphyrin donor
and AuIII-porphyrin acceptor.[43] The D–bridge–A systems
described in this work represent the first examples of fully
conjugatively linked ZnP–C60 dyads, in which p conjugation
extends the entire length of the bridge connecting the zinc–
porphyrin to the fullerene sphere. These systems exhibit
very rapid CS and somewhat slower CR dynamics in polar
solvents, and singlet–singlet energy transfer in nonpolar sol-
vents. Cyclic and differential pulse voltammetry measure-
ments have shown that the ZnP and C60 components are
electronically coupled, probably due to a combination of
conjugative and weak donor–acceptor interactions, with the
degree of interaction between the chromophores decreasing
with increasing length of the alkynyl chain. This pattern of
behavior following photoexcitation, namely EnT in nonpolar
solvents and ET in polar solvents, is similar to that seen in
several other types of covalently linked porphyrin fullerene
dyads.[33,37, 44] An increase in ET rates with increasing solvent
polarity is consistent with normal Marcus behavior for
charge separation. In contrast, the long CSRP lifetimes in
THF, a polar solvent that lowers the energy of the CS state
relative to the ground state, indicates that CR events are oc-
curring in the Marcus inverted region.[2] Finally, the attenua-
tion factors (b) of 0.06�0.005 ��1 are exceptionally small,
relative to those observed for D–A systems with conjugated
phenylene (b=0.32–0.66 ��1),[14] polyene (b= 0.04–
0.2 ��1),[15,16] and polyyne (b= 0.04–0.17 ��1)[16b, 17] linkers,
but somewhat larger than those obtained for wires incorpo-
rating exTTF as the electron donor and C60 as the acceptor
(b=0.01�0.005 ��1).[18] These results support the conclu-
sion that polyacetylene linkers with sp carbons are highly ef-
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fective mediators of electronic interaction between porphyr-
in and fullerene moieties in conjugated D–A assemblies


Experimental Section


General : All commercially available reagents were used as received
unless noted otherwise. Anhydrous toluene (containing <0.001 % water)
was purchased from Aldrich and was used as received. Tetrahydrofuran
(THF) was freshly distilled over potassium, with benzophenone as indica-
tor, prior to use. Methylene chloride was dried by distillation over
sodium metal and was used immediately after distillation. Preparative
thin-layer chromatography was performed using TLC standard grade
silica gel (Aldrich), with gypsum binder (particle size 2–25 m, BET sur-
face area ~500 m2g�1, pore volume 0.75 cm3g�1, average pore diameter
60 �). All 1H NMR spectra were obtained on Bruker-AV 400 MHz and
Varian 200 MHz NMR spectrometers with TMS as an internal standard.
Mass spectra for all samples were obtained using a Bruker Daltronics
MALDI-TOF mass spectrometer. Mass calibrations were performed
using tetra[3,5-di(tert-butyl)phenyl]porphine for compounds 3–8 and pris-
tine C60 for compounds 1, 2, and 9–11. All UV/Vis measurements were
performed on a Hewlett–Packard 8453 UV/Vis spectrophotometer. Mo-
lecular modeling calculations for ZnP–C60 dyads 9, 10, and 11 were per-
formed using Spartan (MMFF94 force field), with energy-minimized con-
formations. All oxidative coupling reactions were performed in one-neck
round-bottomed flasks equipped with a calcium sulfate drying tube, and
protected from light.


1-Trimethylsilylethynyl-2-methyl[60]fullerene (1): Lithium trimethylsilyl-
acetylide (1.8 mL, 0.9 mmol) was added to a deoxygenated solution of
C60 (200 mg, 0.28 mmol) in anhydrous toluene (220 mL), under vigorous
stirring. The mixture was stirred at room temperature for about 1.5 h
under an argon atmosphere. To the mixture, iodomethane (0.2 mL,
0.32 mmol) was added and then dry THF (50 mL). The mixture was
heated at 40 8C for 3 h. The reaction mixture was filtered through a
silica-gel column using toluene as the eluent. The product was purified
on a silica column using hot cyclohexane as the eluent to afford 1 as a
brown solid (50 %). 1H NMR (200 MHz, CDCl3, 25 8C): d=0.44 (s, 9 H;
(CH3)3Si), 3.43 ppm (s, 3H; CH3); MALDI-TOF: calcd for C66H12Si
[M+]: 832.07; found: 832.99 [M+], 817.92 [M+�CH3], 720.64 [C60


+].


1-Ethynyl-2-methyl[60]fullerene (2): Potassium carbonate (50 mg) was
added to a solution of 1 (80 mg, 0.096 mmol) in THF (120 mL) and
MeOH (24 mL). The reaction vessel was flushed with argon for 10–
15 min at room temperature with vigorous stirring and was heated at
reflux for about 3–4 h. The mixture was cooled and filtered through a
silica funnel using CS2 as eluent. The solvent was removed under reduced
pressure and the crude product was chromatographed on silica with cy-
clohexane as the eluent to afford 2 as a brown solid (45 %). 1H NMR
(200 MHz, CDCl3, 25 8C): d=3.06 (s, 1H; CC�H), 3.49 ppm (s, 3 H;
CH3); MALDI-TOF: calcd for C63H4 [M+]: 760.03; found: 758.9 [M+],
743.46 [M+�CH3], 718.28 [C60


+].


Zinc(ii)–5-[4-(trimethylsilylethynyl)phenyl]-10,15,20-tris[3,5-di(tert-but-
yl)phenyl]porphine (3): Pyrrole (2 mL) was added through a dropping
funnel to a solution of 3,5-di(tert-butyl)benzaldehyde (4.7 g, 21 mmol)
and 4-(trimethylsilylethynyl)benzaldehyde (1.8 g, 8.8 mmol) in refluxing
glacial acetic acid (200 mL) and nitrobenzene (120 mL). The mixture was
heated at reflux for 1 h, stirred overnight at room temperature, followed
by vacuum distillation to remove the solvents from the reaction vessel.
The mixture was cooled, washed with methanol, and filtered through a
silica funnel with CH2Cl2 as eluent. To a solution of the crude porphyrin
mixture in CHCl3 (250 mL) and methanol (125 mL), Zn(OAc)2·2H2O
(5.0 g) was added. The mixture was heated at reflux for 4 h, cooled, fil-
tered, concentrated, and chromatographed on silica gel with hexanes/
CH2Cl2 (4:1) to afford a purple, crystalline solid in 16 % overall yield.
1H NMR (400 MHz, CDCl3, 25 8C): d=0.38 (s, 9H; Si�CH3), 1.52 (m,
54H; tBu�H), 7.79 (s, 3H; p-tBuPh�H), 7.86 (d, 2 H; m-H�PhCCTMS),
8.08 (s, 6 H; o-tBuPh�H), 8.18 (d, 2H; o-H�PhCCTMS), 8.91 (d, 2 H;
pyrrole�H), 9.00 ppm (d, 6H; pyrrole�H); UV/Vis (CHCl3): lmax (e�


103)=423 (136), 550 (5.50), 596 nm (1.68 mol�1 dm3 cm�1); MALDI-TOF:
calcd for C73H84N4SiZn [M+]: 1108.58; found: 1108.75.


Zinc(ii)–5-(4-ethynylphenyl)-10,15,20-tris[3,5-di(tert-butyl)phenyl]por-
phine (4): TBAF (4 mmol) was added to a solution of 3 (240 mg,
0.22 mmol) in THF (32 mL) with vigorous stirring. After 15 min, glacial
acetic acid (1 mL) was added and the reaction mixture was filtered
through a silica funnel using CH2Cl2 as eluent to afford 5 as a purple,
crystalline solid (99 %). 1H NMR (400 MHz, CDCl3, 25 8C): d=1.53 (m,
54H; tBu�H), 3.30 (s, 1 H; PhCCH), 7.79 (s, 3H; p-tBuPh�H), 7.84 (d,
2H; m-H�PhCCH), 8.09 (s, 6 H; o-tBuPh�H), 8.21 (d, 2H; o-H�
PhCCH), 8.92 (d, 2 H; pyrrole�H), 9.00 ppm (d, 6H; pyrrole�H); UV/
Vis (CHCl3): lmax (e� 103) =423 (133), 551 (5.22), 592 nm
(1.50 mol�1 dm3 cm�1); MALDI-TOF: calcd for C70H76N4Zn [M+]:
1036.54; found: 1036.735.


Zinc(ii)–5-[4-(trimethylsilylbutadiynyl)phenyl]-10,15,20-tris[3,5-di(tert-bu-
tyl)phenyl]porphine (5): Trimethylsilylacetylene (0.7 mL, 2 mmol) and
CuCl (300 mg) were added to a solution of 4 (200 mg, 0.2 mmol) in dry
methylene chloride (250 mL). The mixture was stirred vigorously under a
dry oxygen atmosphere for 2 h followed by dropwise addition of
TMEDA (2 mL). The reaction mixture was vigorously stirred for 1.5–2 h
under a dry oxygen atmosphere and was filtered through a silica funnel
to remove any insoluble residue. The solvent was removed under reduced
pressure and the crude porphyrin was redissolved in hexanes and trans-
ferred onto a silica funnel. The porphyrin was washed thoroughly on the
funnel with hexanes and then eluted with chloroform. The solvent was
removed under reduced pressure to afford 6 as a purple crystalline solid
in quantitative yield (as evidenced by TLC). 1H NMR (400 MHz, CDCl3,
25 8C): d=0.32 (s, 9 H; Si�CH3), 1.52 (m, 54 H; tBu�H), 7.79 (s, 3H; p-
tBuPh�H), 7.88 (d, 2 H; m-H�PhCCTMS), 8.08 (s, 6 H; o-tBuPh�H), 8.20
(d, 2H; o-H�PhCCTMS), 8.90 (d, 2H; pyrrole�H), 9.00 ppm (d, 6H;
pyrrole�H); UV/Vis (CHCl3): lmax (e� 103) =425 (136), 551 (5.50),
593 nm (1.65 mol�1dm3cm�1); MALDI-TOF: calcd for C75H84N4SiZn
[M+]: 1132.58; found: 1132.85.


Zinc(ii)–5-(4-butadiynylphenyl)-10,15,20-tris[3,5-di(tert-butyl)phenyl]por-
phine (6): TBAF (4 mmol) was added to a solution of 5 (190 mg,
0.17 mmol) in THF (40 mL) with vigorous stirring. After 15 min, glacial
acetic acid (1 mL) was added and the reaction mixture was filtered
through a silica funnel using CH2Cl2 as eluent to afford 6 as a purple
crystalline solid (97 %). 1H NMR (400 MHz, CDCl3, 25 8C): d=1.53 (m,
54H; tBu�H), 2.59 (s, 1 H; PhCCH), 7.79 (s, 3H; p-tBuPh�H), 7.91 (d,
2H; m-H�PhCCH), 8.08 (s, 6 H; o-tBuPh�H), 8.22 (d, 2H; o-H�
PhCCH), 8.90 (d, 2 H; pyrrole�H), 9.01 ppm (d, 6H; pyrrole�H); UV/
Vis (CHCl3): lmax (e� 103) =424 (135), 551 (5.46), 592 nm
(1.65 mol�1dm3cm�1); MALDI-TOF: calcd for C72H76N4Zn [M+]:
1060.54; found: 1060.94.


Zinc(ii)–5-[4-(trimethylsilylhexatriynyl)phenyl]-10,15,20-tris[3,5-di(tert-
butyl)phenyl]porphine (7): Trimethylsilylacetylene (0.5 mL, 1.4 mmol)
and CuCl (200 mg) were added to a solution of 6 (100 mg, 0.1 mmol) in
dry methylene chloride (250 mL). The mixture was stirred vigorously
under a dry oxygen atmosphere for 2 h followed by dropwise addition of
TMEDA (1 mL). The reaction mixture was vigorously stirred for 1.5–2 h
under dry oxygen and was filtered through a silica funnel to remove any
insoluble residue. The solvent was removed under reduced pressure and
the crude porphyrin was redissolved in hexanes and transferred onto a
silica funnel. The porphyrin was washed thoroughly on the funnel with
hexanes and then eluted with chloroform. The solvent was removed
under reduced pressure to afford 7 as a purple crystalline solid in quanti-
tative yield (as evidenced by TLC). 1H NMR (400 MHz, CDCl3, 25 8C):
d=0.27 (s, 9 H; Si�CH3), 1.51 (m, 54H; tBu�H), 7.79 (s, 3 H; p-tBuPh�
H), 7.91 (d, 2 H; m-H�PhCCTMS), 8.08 (s, 6H; o-tBuPh�H), 8.21 (d,
2H; o-H�PhCCTMS), 8.89 (d, 2 H; pyrrole�H), 9.00 ppm (d, 6 H;
pyrrole�H); UV/Vis (CHCl3): lmax (e� 103) =425 (136), 551 (6.00),
592 nm (2.18 mol�1 dm3 cm�1); MALDI-TOF: calcd for C77H84N4SiZn
[M+]: 1156.58; found: 1156.90.


Zinc(ii)–5-(4-hexatriynylphenyl)-10,15,20-tris[3,5-di(tert-butyl)phenyl]-
porphine (8): TBAF (4 mmol) was added to a solution of 7 (100 mg,
0.09 mmol) in THF (25 mL) with vigorous stirring. After 15 min, glacial
acetic acid (0.5 mL) was added and the reaction mixture was filtered
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through a silica funnel using CH2Cl2 as eluent to afford 8 as a purple
crystalline solid (96 %). 1H NMR (400 MHz, CDCl3, 25 8C): d=1.52 (m,
54H; tBu�H), 2.27 (s, 1 H; PhCCH), 7.79 (s, 3H; p-tBuPh�H), 7.90 (d,
2H; m-H�PhCCH), 8.08 (s, 6 H; o-tBuPh�H), 8.22 (d, 2H; o-H�
PhCCH), 8.90 (d, 2 H; pyrrole�H), 8.98 ppm (d, 6H; pyrrole�H); UV/
Vis (CHCl3): lmax (e� 103) =424 (135), 550 (5.85), 591 nm
(1.76 mol�1 dm3 cm�1); MALDI-TOF: calcd for C74H76N4Zn [M+]:
1084.54; found: 1084.96.


Zinc(ii)–5-(4-alkynylphenyl)-10,15,20-tris[3,5-di(tert-butyl)phenyl]por-
phine-1-ethynyl-2-methyl[60]fullerene dyads (9, 10, and 11)


General procedure : CuCl (208 mg, 2.1 mmol) and TMEDA (0.3 mL,
2 mmol) were added, under a dry oxygen atmosphere, to a solution of 2
(15 mg, 19.7 mm) and 4, 6, or 8 (9.6 mm) in chlorobenzene (30 mL) at room
temperature. The reaction mixture was stirred at room temperature for
90 min and filtered through a silica funnel using CS2 as eluent. The sol-
vent was removed under reduced pressure and the crude product was dis-
solved in CS2 and transferred onto a silica funnel. Separation of each
ZnP–C60 dyad from the ZnP–ZnP and C60–C60 homodimers was accom-
plished by eluting the silica funnel with copious amounts of CS2. The
ZnP–C60 dyads eluted before the ZnP–ZnP dimer, whereas the C60–C60


dimer was permanently retained on the silica. Each dyad was further pu-
rified by preparative TLC on silica gel using CS2 as eluent. Overall isolat-
ed yields for dyads 9, 10, and 11 were 29%, 26 %, and 21%, respectively.
The purity of 9, 10, and 11 was confirmed by TLC, 1H NMR, and
MALDI-TOF analysis. Elution with chloroform effectively isolated each
of the corresponding ZnP–ZnP dimers, whose identities were confirmed
by MALDI-TOF analysis; these materials were not otherwise character-
ized. The mass obtained for each of the ZnP–ZnP homodimers from the
synthesis of 9, 10, and 11 were 2071.56 (calcd 2071.06), 2119.83 (calcd
2119.06) and 2168.14 (calcd 2167.06), respectively. The silica containing
the C60–C60 homodimer (i.e., the dimer of 2) was sonicated in a flask con-
taining CS2, filtered, and concentrated to furnish the dimer in a very
small quantity. Its identity was confirmed by MALDI-TOF analysis by a
mass peak at 1518.92 (calcd 1518.05). It should be noted that the oxida-
tive coupling protocol employed in the synthesis of dyads 9, 10, and 11
was complete with respect to the consumption of terminal alkyne starting
material, resulting in a statistical distribution of homo- and heterodimers.


Dyad 9 : 1H NMR (400 MHz, CDCl3, 25 8C): d=1.45 (m, 54 H; tBu�H),
2.83 (s, 3H; CH3), 7.71 (s, 3H; p-tBuPh�H), 7.91 (s, 4 H; o-tBuPh�H),
7.99 (s, 2 H; o-tBuPh�H), 8.29 (d, 2 H; m-H�PhCC), 8.50 (d, 2 H; o-H�
PhCC), 8.82 (d, 2H; b-H13,17), 8.87 (d, 2H; b-H12,18), 8.95 (d, 2 H; b-H2,8),
9.02 ppm (d, 2H; b-H3,7); UV/Vis (CHCl3): lmax (e � 103)=258 (54.4), 424
(134), 551 (6.34), 592 nm (2.42 mol�1 dm3 cm�1); MALDI-TOF: calcd for
C133H78N4Zn [M+]: 1794.55; found: 1794.89.


Dyad 10 : 1H NMR (400 MHz, CDCl3, 25 8C): d=1.45 (m, 54 H; tBu�H),
2.74 (s, 3H; CH3), 7.71 (s, 3H; p-tBuPh�H), 7.96 (s, 4 H; o-tBuPh�H),
8.00 (s, 2 H; o-tBuPh�H), 8.11 (d, 2 H; m-H�PhCC), 8.34 (d, 2 H; o-H�
PhCC), 8.86–9.0 ppm (m, 8 H; pyrrole�H); UV/Vis (CHCl3): lmax (e� 103)
258 (59.3), 424 (130), 551 (6.37), 593 nm (2.44 mol�1 dm3 cm�1); MALDI-
TOF: calcd for C135H78N4Zn [M+]: 1818.55; found 1818.86.


Dyad 11: 1H NMR (400 MHz, CDCl3, 25 8C): d= 1.41 (m, 54H; tBu�H),
2.32 (s, 3 H; CH3), 7.72 (s, 3 H; p-tBuPh�H), 8.00 (d, 6 H; o-tBuPh�H),
8.09 (d, 2H; m-H�PhCC), 8.26 (d, 2 H; o-H�PhCC), 8.93 (m, 8 H;
pyrrole�H), 9.05 ppm; UV/Vis (CHCl3): lmax (e� 103)=258 (56.5), 425
(136), 551 (6.40), 593 nm (2.50 mol�1 dm3 cm�1); MALDI-TOF: calcd for
C137H78N4Zn [M+]: 1842.55; found: 1842.65.


Cyclic voltammetry : The electrochemical measurements for compounds
2–8 were performed using a CHI 440 Electrochemical Workstation (CH
Instruments Inc., Austin, Texas). Tetrabutylammonium hexafluorophos-
phate (Fluka) in redistilled CH2Cl2 (0.1 m) was used as the supporting
electrolyte (degassed with argon and saturated with CH2Cl2 vapors). A
platinum wire was employed as the counter electrode and a nonaqueous
Ag/AgCl electrode was used as the reference. Ferrocene (Fc) was added
as an internal reference and all the potentials were referenced relative to
the Fc/Fc+ couple. A glassy carbon electrode (CHI, 1.5 mm in diameter),
polished with aluminum paste (0.3 mm) and ultrasonicated in a deionized
water and CH2Cl2 bath, was used as the working electrode. The scan
rates for cyclic voltammetry were 100 mV and the pulse rate was set at


0.05 s at increments of 4 mV and an amplitude of 50 mV for the differen-
tial pulse voltammetry measurements. All experiments were performed
at room temperature (20�2 8C).


Due to limited sample availability, compounds 9, 10, and 11 were studied
in a special cell similar to one described earlier.[45, 46] This assembly con-
sists of a glass tube (1.5 mm diameter) fitted with a vycor tip (working
volume of 100 mL) and contained the test solution (compound+TBAPF6


in CH2Cl2). This cell was immersed in a glass vial containing the electro-
lyte solution. A platinum wire was employed as the counter electrode
and a nonaqueous Ag/AgCl electrode was used as the reference. This
electrode was similarly immersed in the electrolyte contained in the out-
side glass vial.


Spectroscopic measurements : Picosecond laser flash photolysis experi-
ments were performed using 355 or 532 nm laser pulses from a mode-
locked, Q-switched Quantel YG-501 DP Nd:YAG laser system (18 ps
pulse width, 2–3 mJ pulse�1). Nanosecond laser flash photolysis experi-
ments were performed with 355 or 532 nm laser pulses from a Quanta-
Ray CDR Nd:YAG system (6 ns pulse width) in a front-face excitation
geometry.


Fluorescence lifetimes were measured with a Laser Strobe Fluorescence
Lifetime Spectrometer (Photon Technology Int.) with 337 nm laser pulses
from a nitrogen laser fiber coupled to a lens-based T-formal sample com-
partment 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, all measured at room temperature, were recorded on a
SLM 8100 Spectrofluorometer. Each spectrum represents an average of
at least five individual scans, with appropriate corrections when necessa-
ry.
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Giant meso–meso-Linked Porphyrin Arrays of Micrometer Molecular Length
and Their Fabrication
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Tomoji Kawai,*[b] Zin Seok Yoon,[c] Dongho Kim,*[c] and Atsuhiro Osuka*[a]


Introduction


In the last two decades, remarkable progress has been made
in the synthesis of electrochemically and/or photochemically
active oligomeric and polymeric materials, which has led to
the exploration of new molecular architectures, better un-


derstanding of their properties, and practical applications in
electronic and optical devices.[1–7] Even though both the the-
ories and calculations have been explored based on ideal
polymers,[8] experiments on monodisperse oligomers, in
which no ensemble averaging is needed, can provide more
direct and insightful information and are thus of great im-


Abstract: On the basis of the AgI-pro-
moted coupling reaction of zinc(ii)–
5,15-bis(3,5-dioctyloxyphenyl)porphy-
rin Z1, chain elongation has been at-
tempted by using a stepwise doubling
approach, which provides Z2, Z4, Z8,
Z16, Z32, Z64, Z128, Z256, Z384, and
Z512. The porphyrin arrays up to Z128
are sufficiently soluble in CHCl3 and
THF despite their very long molecular
lengths and rodlike structures, while
the arrays over Z128 show a significant
drop in solubility and stability. The dis-
crete porphyrin arrays thus isolated
were characterized by means of
1H NMR spectroscopy, matrix-assisted
laser desorption ionization time-of-


flight (MALDI-TOF) mass spectrome-
try, UV/Vis spectroscopy, gel-permea-
tion chromatography (GPC), cyclic vol-
tammetry (CV), single-crystal X-ray
crystallography, scanning tunneling mi-
croscopy (STM), and atomic force mi-
croscopy (AFM). Contrary to expected
linear conformations of the arrays Zn
(where n is the number of porphyrins),
the single molecular images of Z128,
Z256, and Z512 revealed largely bent
structures; this finding indicates the


substantial conformational flexibility of
Zn. We also exploited an effective syn-
thetic route by means of which Zn can
be fabricated with a thiol-protected
aryl group to provide ZnS2 through
ZnBr2, by bromination with N-bromo-
succinimide and subsequent Pd-cata-
lyzed Suzuki–Miyaura arylation. Final-
ly, the reaction of Z256 provided Z512,
Z768, and Z1024. Collectively, this
work provides an important milestone
in the preparation of sub-microscale
discrete organic molecules and the fab-
rication of molecular-based materials,
hence significantly contributing to
device applications.
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portance. In this context, the synthesis of monodisperse
macromolecular rods of precise length and constitution has
attracted keen attention in light of their potential applica-
tion in molecular-scale electronics, optical devices, solar
energy conversion, and so forth,[1–3] because such discrete
oligomers can also offer a good opportunity for systematic
studies on structure–property relationships that will be
useful for predicting specific electronic, photonic, and mor-
phological property data.


Through recent extensive synthetic efforts, the range of
molecular lengths of linear monodisperse p-conjugated
oligomers has now reached over 10 nm. With respect to
oligo-p-phenylene, up to 16 p-phenylene rings were cova-
lently connected by use of the repetitive approach by
Hensel and Schl�ter,[9] who also synthesized a cyclotetraico-
saphenylene based on the same strategy.[10] Meier et al. syn-
thesized monodisperse oligo(1,4-phenylene ethenylene)s up
to 12-mer as a more planar p-conjugated oligomer.[11] Tour
et al. developed an approach to growing molecular systems
by means of an iterative divergent/convergent method,
which resulted in the synthesis of phenylethynyl 18-mer
bearing protected thiol groups for connection onto gold
electrodes.[12] This method, when combined with solid-phase
synthesis, furnished a block-alternating 23-mer consisting of
oligo(1,4-phenylene ethynylene)s and oligo(2,5-thiophene
ethynylene)s, the molecular length of which reached about
160 �.[13]


Conversely, oligo- and polythiophenes have been actively
exploited for molecular devices, such as organic conductive
materials, electroluminescence (EL) devices, organic light-
emitting diodes (OLEDs), field-effect transistors (FETs),
and so forth.[14–17] Roncali et al. reported the synthesis and
characterization of monodisperse soluble oligothienylenevi-
nylenes with chain lengths up to 10 nm.[15] A series of long
discrete oligothiophene molecules was synthesized by
Otsubo and co-workers,[17] whose work culminated in the
synthesis of a discrete 96-mer.[17a] Yet it still remains as a
great synthetic challenge to explore discrete functional mol-
ecules with well-defined structures far beyond the above
achievements.


Among the molecular modules suitable for use as a con-
struction element of supramolecular rods, porphyrins are
one of the most attractive building blocks, because they
offer a variety of desirable features, such as rigid planar ge-
ometry, high stability, intense electronic absorption and
emission, a small HOMO–LUMO energy gap, and flexible
tunability of their optical and redox properties by appropri-
ate metalation.[18] In fact, extensive efforts have been made
to prepare porphyrin arrays with a view to their use in real-
izing various functional units and molecular devices.[19] How-
ever, these studies have often been hampered by poor solu-
bility, difficult separation, and demanding characterization,
all of which are intrinsic problems of covalently linked,
large porphyrin arrays.


Recently, we reported the AgI-promoted meso–meso cou-
pling reaction of a ZnII–5,15-diarylporphyrin.[20, 21] This reac-
tion has the following advantages: 1) the regioselectivity of


the meso–meso coupling reaction is always quite high, 2) the
molecular length grows rapidly at the rate of 2n, where n is
the number of iterations, 3) the orthogonal conformations of
the porphyrin array products causes them to be highly solu-
ble, which allows the manipulation of very long porphyrin
arrays, 4) the separation of the coupling products is easily
carried out by means of recycling preparative gel-permea-
tion chromatography HPLC (GPC-HPLC), due to the large
difference in the molecular weights of the porphyrin prod-
ucts, and finally 5) the long coupling products still bear two
free meso-positions that are available for the next reaction
as long as the porphyrin array is soluble in the reaction sol-
vent. Taking advantage of these features, we synthesized a
series of meso–meso-linked porphyrin arrays up to 128-mer,
which was, at that time, the longest discrete molecule
made.[1j, 20b] In this respect, further extension of this synthetic
strategy is challenging in its own right.


Here, we report the synthesis of a series of much longer
meso–meso-linked porphyrin arrays. These arrays are partic-
ularly attractive due to their linear rodlike structure, ample
electronic interaction between neighboring porphyrins, and
unprecedented giant molecular size. These properties are in-
teresting from a photonic-molecular-wire viewpoint, because
1) the large Coulombic interactions between the neighboring
porphyrins are favorable for rapid excitation energy hop-
ping,[22] and 2) each porphyrin unit retains its individual
character, presumably because of the orthogonal geometry,
thus preventing the formation of an energy sink.[23] More-
over, it has been demonstrated that these porphyrin arrays
can be effectively transformed into completely p-conjugat-
ed, fused porphyrin arrays, which exhibit an extremely low
optical HOMO–LUMO gap, down to approximately
0.16 eV at the stage of 12-mer, and hence, encouraging the
potential conversion of a photonic wire to an electronic
wire.[24]


To use these porphyrin arrays in a variety of applications,
it is highly desirable to fabricate them with a thiol or car-
boxylic acid group, which will allow a chemical bond to be
formed between the array and a metal surface. In this re-
spect, the free end meso-position of the meso–meso-linked
porphyrin arrays is quite attractive. Thus, we examined the
reactivity of the end meso-position and developed a useful
and complete conversion into meso-mercaptophenylporphyr-
in arrays.


In the present study, we isolated a meso–meso linked por-
phyrin 1024-mer, which is, to the best of our knowledge, the
longest (ca. 850 nm= 0.85 mm) monodisperse rodlike man-
made molecule,[1j] which has a molecular formula of
C65 536H83 970N4096O4096Zn1024.


Results


Synthesis and separation : meso–meso-Coupled porphyrin
oligomers were prepared by the AgI-promoted oxidative
coupling reaction.[20] One of the key advantages of this syn-
thetic strategy is the high solubility of long porphyrin prod-
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ucts, even in their 128-mer stage, which allows for their iso-
lation and characterization. The synthesis of zinc(ii)–5,15-
bis(3,5-dioctyloxyphenyl)porphyrin (Z1) is shown in
Scheme 1. 3,5-Dihydroxybenzoic acid (1) was esterified in


methanol with a catalytic amount of concentrated H2SO4 to
form methyl 3,5-dihydroxylbenzoate (2). Alkylation of the
ester 2 was performed by a Williamson-type reaction to give
methyl 3,5-dioctyloxybenzoate (3), which was reduced with
LiAlH4 to 3,5-dioctyloxybenzyl alcohol (4). 3,5-Dioctyloxy-
benzaldehyde (5) was obtained by oxidation of 4 with pyri-
dinium chlorochromate in CH2Cl2. The porphyrin Z1 was
prepared from 5 and bis(2-pyrryl)methane (6)[25] in 44 %
yield under the standard conditions.[26]


The chain elongation strategy is quite simple, that is, by
repeating dimerization reactions from Z1 to Z2, Z2 to Z4,
Z4 to Z8, Z8 to Z16, Z16 to Z32, Z32 to Z64, and Z64 to
Z128 (Scheme 2). The reaction of Z1 with AgPF6 (1.2 equiv
in CHCl3) at 30 8C for 10 h, followed by preparative SEC
(size-exclusion chromatography) gave Z2 (22–27 %), Z3 (3–
6 %), Z4 (2 %), and a small amount of higher oligomers
along with the recovery of Z1 (50–55 %). In each step, di-


merized, trimerized, and tetramerized compounds were ob-
tained constantly in 20–30 %, ~13 %, and ~6 % yields, re-
spectively, along with the recovery of starting materials (50–
55 %). Use of purified CHCl3 as the reaction solvent and
keeping the reaction temperature strictly at 30 8C were cru-
cial to attaining constant results, because the coupling reac-
tion of Z1 is sensitive to additives and temperatures. Addi-
tion of small amounts (0.5–3 %) of N,N-dimethylformamide
(DMF), N,N-dimethylacetamide (DMA), or hexamethyl-
phosphoramide (HMPA) accelerated the reaction to give
poly(ZnII–porphyrinylene),[27] while addition of small
amounts of amine resulted in complete retardation of the
coupling reaction.[28] Slight heating (40–50 8C) also accelerat-
ed the coupling reaction to provide a wider range of large
porphyrin arrays in an uncontrollable manner.


The use of recycling preparative GPC-HPLC was crucial
for the isolation of porphyrin products. Figure 1 shows
GPC-HPLC chromatographs (column conditions: JAI-GEL
5 H-AF, 4 H-AF, and 3 H-AF with THF) of the reactions of
Z1, Z2, Z4, and Z8 (Figure 1 left), Z16, Z32, and Z64 (Fig-
ure 1 right). The coupling products were nicely separated by
means of GPC-HPLC in all cases, after several recycling
separations owing to large differences in molecular weight,
thus allowing isolation of pure, long porphyrin arrays. In
each step, strict separation of the doubling product is cru-
cially important for further chain elongation, as even a small
amount of contamination will lead to serious problems in
the longer array. During many repeated preparations, we
also isolated Z3, Z5, Z6, Z7, Z10, Z12, Z20, Z24, Z40, Z48,
Z80, Z96, and Z192, and accumulated more than 100 mg of
Z128.


Additionally, Zn can be transformed into the correspond-
ing free-base porphyrin arrays Hn (where n represents the
number of porphyrins) in good yields, which can in turn be
metalated with a variety of metal ions to give metalated
meso–meso-linked arrays.


The Z128 array has a molecular length of about 106 nm in
its linear form, but is sufficiently soluble in THF and CHCl3.
Thus, the coupling reaction of Z128 was attempted, although
the coupling reaction of such an extremely long molecule
should be entropically very unfavorable because of only two
reactive free meso-positions. Z128 was reacted with AgPF6


(12 equiv in CHCl3) for 11 h at room temperature, and the
reaction mixture was analyzed by GPC-HPLC, which indi-
cated the formation of Z256, Z384, and Z512 (Figure 2 left).
These large porphyrin arrays were actually isolated by the
preparative recycling GPC-HPLC in yields of 26, 11, and
4 %, respectively. Isolated arrays eluted at 14.8 min (Z256),
14.1 min (Z384), and 13.6 min (Z512) on the present column
setup. While Z128 can be stored in a refrigerator for a long
time without serious deterioration and can be manipulated
essentially in a similar manner to normal, small organic
compounds, the manipulation of the larger arrays (Z256,
Z384, and Z512) is more difficult, because, although freshly
separated samples are reasonably soluble, they change to an
insoluble material even upon storage in a refrigerator in the
dark. Once these porphyrin arrays become insoluble, it is


Scheme 1. Synthesis of Z1. Ar=3,5-dioctyloxyphenyl.


Scheme 2. Synthesis of Zn. Ar= 3,5-dioctyloxyphenyl.
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very difficult to redissolve them in common organic solvents.
This tendency becomes more serious upon increasing the
array size.


Finally, we examined the coupling reaction of Z256 under
similar conditions. If this trial were to go well, the longest
molecule would be formed. Actually this attempt afforded
Z512, Z768, and Z1024, as judged from the GPC-HPLC
chart of the reaction mixture (Figure 2 right). We used a dif-


ferent analytical column setup to get better separation for
larger arrays: JAI-GEL 5 H-AF and 4 H-AF with THF. The
preparative GPC column showed clearer separation
(Figure 3). These reaction products were separated with


Figure 1. GPC-HPLC chromatograms of the AgI-promoted coupling reac-
tion detected by absorbance at 413 nm. Each chromatogram is normal-
ized to the maximum intensity. Left: The reaction a–d) from Z1, e–
g) from Z2, h–j) from Z4, and k–m) from Z8 ; a) Z1, b) after 9 h, c) puri-
fied Z2, d) purified Z3, e) after 8 h, f) purified Z4, g) purified Z6, h) after
4 h, i) purified Z8, j) purified Z12, k) after 8 h, l) purified Z16, and m) pu-
rified Z24. Right: The reaction n–q) from Z16, r–t) from Z32, and u–
w) from Z64 ; n) Z16, o) after 9 h, p) purified Z32, q) purified Z48,
r) after 8 h, s) purified Z64, t) purified Z96, u) after 11 h, v) purified
Z128, and w) purified Z192. The GPC column setup is the combination
of JAI-GEL 5H-AF, 4H-AF, and 3 H-AF.


Figure 2. Left: GPC-HPLC chromatograms of the reaction from Z128 :
a) Z128, b) reaction mixture of Z128, c) purified Z256, d) purified Z384,
and e) purified Z512. The GPC setup is the combination of JAI-GEL
5H-AF, 4 H-AF, and 3H-AF. Right: GPC-HPLC chromatograms of the
reaction from Z256 : a) Z256, b) reaction mixture of Z256, c) purified
Z512, d) purified Z768, and e) purified Z1024. The GPC column setup is
the combination of JAI-GEL 5H-AF and 4 H-AF.


Figure 3. Preparative GPC-HPLC chromatogram of the reaction from
Z256.
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considerable difficultly, because their retention times are
quite close to the exclusion limit. But after repeated recy-
cling separations over the preparative GPC-HPLC, we iso-
lated Z512 (13 %), Z768 (5 %), and Z1024 (2 %). These iso-
lated long arrays exhibited the retention times of 9.9, 9.6,
and 9.5 min, respectively. The longest molecule, Z1024, has
a molecular length of 0.85 mm in its linear form and a molec-
ular formula of C65 536H83 970N4096O4096Zn1024.


The molecular weights of these porphyrin arrays, up to
Z128, were carefully determined by matrix-assisted laser de-
sorption ionization time-of-flight (MALDI-TOF) mass spec-
trometry, and the results are summarized in Table 1. The
mass spectra of Z64, Z96, and Z128 revealed the parent
peaks at 66 323, 99 050, and 130 295, respectively, along small
dicationic peaks, clearly indicating their clean monodispersi-
ty (Figure 4). Unfortunately, however, the parent ion peaks
of porphyrin arrays higher than Z128 could not be detected.


Further information on the monodispersity of the separat-
ed porphyrin arrays was given from their GPC-HPLC elut-
ing features, as all of the isolated porphyrin arrays exhibited
clear elution bands on the GPC-HPLC charts, and their re-
tention times showed a good continuous relationship, similar
to that of polystyrene standards, versus the actual molecular
weights. Zn arrays and polystyrene standards eluted in a
similar manner against their molecular weights in the
logMw<4 region, while Zn arrays eluted much faster than
polystyrene standards of the same molecular weight in the
logMw>4 region, and this discrepancy became more signifi-
cant with increasing molecular weight (Figure 5a). Figure 5b
demonstrates the good continuous relationship of the actual


molecular weights versus analytical GPC molecular weights
estimated with respect to polystyrene standards.


1H NMR spectroscopy: 1H NMR spectra of Z1–Z8, taken in
CDCl3 at room temperature, are shown in Figure 6. Assign-


ments were performed by
means of comprehensive
ROESY experiments (the des-
ignation of the protons is given
in Scheme 3. See also Support-
ing Information). In the spec-
trum of Z1, a singlet for the
meso protons (Hm) appears at
10.31 ppm and two doublets for
the b protons appear at 9.43
(H1) and 9.26 ppm (H2). The
spectrum of Z2 exhibits a sin-
glet for Hm at 10.38 ppm, two
doublets for the outer b protons
at 9.49 and 9.28 ppm (H1 and
H2, respectively), and two dou-
blets for the inner b protons at
8.82 (H3) and 8.10 ppm (H4),
which are characteristic of a
meso–meso-linked diporphyrin.
The inner b protons are lying in
the shielding region of the
neighboring porphyrin. Similar-
ly, the spectrum of Z3 exhibits
a singlet for Hm, two doublets
for H1 and H2, and four dou-


Table 1. Z n compounds list. Observed and calculated molecular weights and GPC retention times [min].


Compound Molecular formula Mc
[a] Mo


[b] Retention time[c]


Z1 C64H84N4O4Zn 1 037 1 036 26.1
Z2 C128H166N8O8Zn2 2075 2076 25.4
Z3 C192H248N12O12Zn3 3114 3112 24.9
Z4 C256H330N16O16Zn4 4146 4145 24.5
Z5 C320H412N20O20Zn5 5186 5183 24.2
Z6 C384H494N24O24Zn6 6222 6214 23.9
Z7 C448H576N28O28Zn7 7259 7253 23.6
Z8 C512H658N32O32Zn8 8296 8286 23.4
Z10 C640H822N40O40Zn10 10 369 10 351 22.9
Z12 C768H986N48O48Zn12 12 443 12 416 22.5
Z16 C1024H1314N64O64Zn16 16 590 16 566 21.8
Z20 C1280H1642N80O80Zn20 20 736 20 769 21.2
Z24 C1536H1970N96O96Zn24 24 884 24 465 20.7
Z32 C2048H2626N128O128Zn32 33 178 33 292 19.9
Z40 C2560H3282N160O160Zn40 41 470 41 177 19.2
Z48 C3072H3938N192O192Zn48 49 764 49 497 18.7
Z64 C4096H5250N256O256Zn64 66 350 66 323 17.8
Z96 C6144H7874N384O384Zn96 99 527 99 050 16.8
Z128 C8192H10498N512O512Zn128 132 709 130 295 16.1
Z192 C12288H15746N768O768Zn192 199 052 n.d.[d] 15.3
Z256 C16384H20994N1024O1024Zn256 265 416 n.d. 14.8
Z384 C24576H31490N1536O1536Zn384 398 122 n.d. 14.1
Z512 C32768H41986N2048O2048Zn512 530 830 n.d. 13.6
Z768 C49152H62978N3072O3072Zn768 796 242 n.d. n.d.
Z1024 C65536H83970N4096O4096Zn1024 1061 658 n.d. n.d.


[a] Calculated molecular weight. [b] Observed molecular weight detected by MALDI-TOF mass spectroscopy.
[c] GPC-HPLC analysis (JAIGEL-5 H-AF, 4H-AF, and 3H-AF columns in series). [d] n.d.=not determined.


Figure 4. MALDI-TOF mass spectra (9-nitroanthracene was used as a
matrix). a) Z64, b) Z96, and c) Z128.
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blets for the inner b protons H3, H4, H5, and H6. The
1H NMR spectra of Z1–Z8 clearly indicate totally symmetric
structures with straight, rodlike conformations. The


1H NMR spectra of Z16, Z32, Z64, and Z128, taken in
CDCl3 at room temperature, were shown in the previous


Figure 5. a) Relationship of the retention time versus log MW for Z n (*)
and standard polystyrene (&). b) The estimated molecular weights
(number-average, Mn), determined by GPC, versus actual molecular
weights of Z n (data points) relative to polystyrene standards (dashed
line).


Figure 6. a)–h) 1H NMR spectra, in CDCl3, of Z1–Z8, respectively.


Scheme 3. Structure of Z12 and proton designation. Ar =3,5-dioctyloxyphenyl.
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paper.[20b] Similar to these, the array Z256 also displays a rel-
atively well-resolved 1H NMR spectrum, in which Hm ap-
pears as a singlet at 10.42 ppm, and H1 and H2 appear as
two doublets at 9.53 and 9.31 ppm, respectively (Figure 7). It


is noteworthy that Hm, H1, H2, and many inner b protons
(H3–H8, etc.) appear at nearly the same chemical shifts for
all the arrays, independent of concentration, indicating no
significant aggregation of the arrays under these rather con-
centrated 1H NMR conditions. The free-base porphyrin
arrays Hn show similar 1H NMR spectra. The inner NH
protons of the porphyrin appear at �3.15 ppm for H1,
�2.44 ppm for H2, �1.65 (2 H) and �2.40 ppm (4 H) for H3,
�1.62 (4 H) and �2.39 ppm (4 H) for H4, and �1.57 (4 H),
�1.60 (4 H), and �2.38 ppm (4 H) for H6. Thus, the signals
of those inner protons are shifted to lower field, reflecting
the ring current of neighboring and other close porphyrins
(Supporting Information).


Single-crystal X-ray diffraction analysis : The molecular
structure of 5,15-bis(3,5-dioctyloxyphenyl)porphyrin H1 was
determined by X-ray crystal analysis (Figure 8). The por-
phyrin rings show rather planar structures with small devia-
tions (0.023 �) from the mean planes, which consist of 24
core atoms. Single crystals of Z2 were obtained from a
THF/2-propanol solution, although unfortunately the dif-
fraction data was not suitable for analysis (not shown).[29]


Through many attempts to make single crystals of meso–
meso-coupled porphyrin arrays, single crystals suitable for
X-ray structure analysis were obtained for triporphyrin ZP3
(all aryl substituents of the porphyrin array were phenyl
groups), which was the first crystal structure of a meso–
meso-linked triporphyrin (Figure 9).[34] In the solid state, tri-
porphyrin ZP3 displays a straight and orthogonal structure,
with dihedral angles between the directly linked porphyrins
of 88.38 and meso–meso bond lengths of 1.50(2) �. This
bond length is within the range of a typical C�C single
bond.


The packing structures provide information on molecular
interactions in the solid state. In the crystal structure of H1,
both faces of each porphyrin are covered by the octyloxy
side chains of the neighboring porphyrins in a parallel
manner with a distance between carbon atoms and porphyr-
in plane of about 3.5 � (Figure 8b). Interestingly, the non-
interacting octyloxy side chains on the opposite side take an
oblique orientation with respect to the porphyrin plane.


These structural features suggest a weak CH–p interaction
between the porphyrin p plane and the parallel octyloxy
side chain; this interaction leads to the formation of an in-
finite, one-dimensional network (Figure 8c). On the other
hand, the porphyrin trimer ZP3 possesses a one-dimensional
network with different structural motifs; orthogonally linked
triporphyrin subunits are nicely packed, with weak CH–p in-
teractions between the porphyrin p plane and the aromatic
CH group.[31] The distance between the mean p plane and
the phenyl p-carbon atom is estimated to be about 3.23 �


Figure 7. 1H NMR spectrum of Z256 in CDCl3.


Figure 8. Crystal structure of H1. a) The ORTEP drawing with thermal
ellipsoids at 50% probability. Hydrogen atoms are omitted for clarity.
Crystal packing structure: b) side view and c) top view.


Figure 9. Crystal structure of ZP3. a) The ORTEP drawing with thermal
ellipsoids at 50% probability. Solvent molecules are omitted for clarity.
b) The space-filling drawing. c) The crystal packing structure.
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(Figure 9c). This CH–p network structure cannot be suitable
for Zn owing to m-dioctyloxy side chains.


Electrochemical properties : The one-electron oxidation po-
tentials of the meso–meso-linked ZnII–porphyrin arrays are
also an important functional parameter for them, as well as
for an understanding of the mechanism of the AgI-promoted
meso–meso coupling.[32] Therefore, the electrochemical prop-
erties, particularly the one-electron oxidation potentials,
were studied by cyclic voltammetry (CV) in dry CHCl3 con-
taining 0.1 m tetrabutylammonium tetrafluoroborate
(nBu4NBF4) as a supporting electrolyte. At the time, we
could not precisely measure waves associated with electro-
chemical reduction. The cyclic voltammograms of the ZnII–
porphyrin arrays are shown in Figure 10. The monomer Z1
underwent a reversible first oxidation at 0.31 V (versus fer-
rocene/ferrocenium), while two reversible oxidation waves
were detected in Z2 at 0.28 and 0.43 V; these have been as-
signed as split first oxidation waves (one electron per por-
phyrin) judging from the results of other electronically cou-
pled diporphyrins.[24b] This split one-electron oxidation for
each ZnII–porphyrin should arise from the influence of the
positive charge of first-generated ZnII–porphyrin radical cat-
ions. EOX1 of Z2 was similar to that of Z1, indicating the


HOMO in Z2 is close to that in Z1, while EOX2 of Z1 was
slightly higher than its EOX1. The one-electron oxidation po-
tential of Z3 was detected at 0.29 V, but the first oxidation
potential waves of Z4 and Z8 could not be identified clearly.
Despite the poorly resolved voltammograms, it was possible
to assign the first one-electron oxidation at around 0.3 V for
Z4 and Z8. Therefore, it may be concluded that these ZnII–
porphyrin arrays (Zn) have almost the same first one-elec-
tron oxidation potentials, which are independent of the
number of porphyrin rings.


UV/Vis absorption and fluorescence spectroscopy: The opti-
cal properties of Zn, up to Z128, were reported previous-
ly[23] and are summarized here. Characteristically, Zn exhibit
large splitting of Soret bands due to strong exciton coupling.
With an increase in the number of porphyrins, the low-
energy Soret band is shifted to longer wavelengths, while
the high-energy Soret band remains at nearly the same posi-
tion, resulting in a progressive increase in the splitting
energy. The observed Soret-band splitting can be described
well by the exciton-coupling theory.[36] The energy difference
between high- and low-energy Soret bands becomes larger
as the array becomes longer, leading to an asymptotic fea-
ture (DEffi4615 cm�1). On the other hand, the shifts in the Q
bands are not so significant, but show a gradual increase in
intensity. UV/Vis absorption spectra of Z128, Z256, and
Z512 are shown in Figure 11a. A plot of the molar extinc-
tion coefficients of Zn as a function of the number of por-
phyrin units exhibits a good linear correlation, indicating
the higher absorptivity as the array becomes longer. In
other words, each porphyrin moiety in the array acts as an
independent light-absorbing unit.


On the other hand, the fluorescence quantum yields of
Zn increase up to Z16, but then continuously decrease as
the array becomes longer than Z16. The decreased fluores-
cence quantum yields of longer porphyrin arrays indicate
that each porphyrin unit in the array cannot act as an indi-
vidual fluorophore. As shown in Figure 11b, the total fluo-
rescence intensity decreases from Z128 to Z256, but not to
such a great extent from Z256 to Z512. The fluorescence
decays of Zn also show a similar trend to the fluorescence
quantum yields. As the porphyrin arrays become longer,
their average fluorescence lifetimes decrease consistently up
to Z512. In the arrays shorter than Z16, the fluorescence
decays exhibit single exponential behavior. Conversely, as
the array becomes longer than Z16, the fluorescence tempo-
ral profiles start to show double exponential decay, in which
the contribution of the fast-decay component increases grad-
ually with array length, up to Z512 (Table 2). It should be
noted that the fluorescence-decay profiles depend on the
probe wavelength, especially in Z256 and Z512 (Supporting
Information). Specifically, as the probe wavelength moves
towards red, the overall fluorescence decay becomes slower
in Z256 and Z512. In shorter arrays, however, the fluores-
cence decays do not show this probe-wavelength depend-
ence. This feature indicates that the excitation-energy migra-
tion occurs from the initially excited, shorter segments of


Figure 10. Cyclic voltammograms (vs Fc/Fc+) for the oxidation of a)–
d) Z1–Z4, respectively, and e) Z8, in CHCl3 using a platinum working
electrode and 0.1 m nBu4NBF4 as a supporting electrolyte.
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porphyrin oligomer to the longer ones; this migration be-
havior is commonly observed in the photoexcitation dynam-
ics of polymers.


The fluorescence excitation polarization of Z1 was nearly
1/7 regardless of the excitation wavelength, which is typical
when both absorption and emission oscillators are degener-
ate and polarized in the same plane.For Zn, in contrast, neg-
ative anisotropy values were observed in the fluorescence
excitation anisotropy spectra at around 413 nm, which corre-
sponds to the high-energy Soret band, and positive anisotro-
py values were observed from 450 to 500 nm, which corre-
sponds to the low-energy Soret band. The anisotropy values
above ~450 nm for Z n became larger, reaching a maximum
at Z16, and then decreased for the longer arrays. The maxi-
mum anisotropy value of ~0.3 above ~450 nm in Z16,
which is still slightly smaller than 0.4 for perfect in-plane
orientation between absorption and emission dipoles, indi-
cates a nearly parallel alignment between absorption and
emission dipoles upon photoexcitation at the low-energy ex-
citon split Soret and Q bands. These features indicate that
the overall geometries of Zn remain linear in form when
Zn is shorter than Z16 and thereafter start to deviate from
linearity.


Conformational investigation by means of pulsed-field-gra-
dient NMR (PFG-NMR) spectroscopy : To obtain informa-
tion on the molecular motion of meso–meso-linked ZnII–
porphyrin arrays in solution, the self-diffusion coefficients
(D) were measured based on pulsed-field-gradient NMR
spectroscopy.[34,35] Usually D values become smaller (mole-
cules diffuse more slowly) with increasing molecular size.
Given that diffusion coefficients reflect effective hydrody-
namic radii, not only the molecular size, but also the molec-
ular shape will determine the value of D. Therefore, we may
acquire information on the molecular shape of the porphyr-
in arrays in solution from their D values.


As noted above, all of these porphyrin arrays exhibit a
singlet signal of Hm at around 10.4 ppm. Taking advantage
of this 1H-NMR characteristic signal, the D values (in
m2 s�1) were determined on the basis of the PFG method at
20 8C in CDCl3 and are as follows: 9.7 �10�10 for Z3, 3.4 �
10�10 for Z8, 1.3 � 10�10 for Z20, and 1.2 � 10�10 for Z24.
Thus, it is actually shown that the D values become smaller
with increasing molecular length (Figure 12).


Structure investigation by scanning tunneling microscopy
(STM) and atomic force microscopy (AFM): In recent
years, the determination of molecular shape with a certain
molecular size has become more and more feasible by
means of scanning tunneling microscopy.[36–40] Even atomic
force microscopy can be effective in resolving a molecular
shape and/or packing pattern of a sufficiently big mole-
cule.[40] Therefore, an STM micrograph of Z6 adsorbed on a
Cu(100) surface was taken; it shows an image of paired
dots, having a constant spacing of about 2.00�1.04 nm be-
tween the dots (Figure 13a).[39a] This observation was as-
signed to Z6 having a bent conformation on the Cu surface
with the ZnII–porphyrin at each end, which were imaged
strongly by STM, attached parallel to the metal surface.
Here we report the STM images of Z9, Z48, and Z128 on a


Figure 11. a) UV/Vis and b) fluorescence spectra of Z128 (c), Z256
(g), and Z512 (b) in THF.


Table 2. Fluorescence lifetimes of Zn.[a]


t1 [ns] t2 [ns] tav [ns]


Z1 – – 2.62
Z2 – – 1.83
Z3 – – 1.72
Z4 – – 1.65
Z6 – – 1.59
Z8 – – 1.55
Z12 – – 1.52
Z16 – – 1.50
Z24 1.49 (95.4) 0.14 (4.6) 1.43
Z32 1.48 (92.8) 0.33 (7.2) 1.40
Z48 1.47 (61.1) 0.08 (38.9) 0.93
Z64 1.47 (31.2) 0.08 (68.8) 0.51
Z96 1.45 (27.7) 0.14 (72.3) 0.50
Z128 1.42 (21.8) 0.22 (78.2) 0.49
Z256 1.05 (28.8) 0.14 (71.2) 0.40
Z512 0.92 (17.7) 0.12 (82.3) 0.26


[a] Numbers given in parentheses are percentages. t1, t2 are slow and fast
decaying components of the fluorescence decay analyzed in terms of
double exponential function, and tav is the averaged fluorescence life-
time.
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Cu(111) substrate. Sample deposition was performed using
the pulse injection method under high vacuum
(10�6 mbar).[41] The observed STM images are shown in
Figure 13. As for Z6, the micrograph of the array Z9, which
was taken at Vs =2.0 V and I= 0.03 nA (Vs and I are sample
bias voltage and tunneling current, respectively), shows a
pair of images that are nearly constantly spaced at a dis-
tance of 55 � (Figure 13b). As bright images usually stem
from strong adsorption of p-conjugated molecules on a
metal surface, the bright pair-based images seen here may
be assigned to the adsorption of the two end porphyrins
with their planes parallel to the metal substrate. Thus, it
may be suggested that Z9, similar to Z6, takes a bent con-


formation with the porphyrins intermediate between the
two end porphyrins being detached from the metal surface.
This assignment suggests conformational flexibility of meso–
meso-linked porphyrins. This feature is highlighted by the
STM images of Z48 and Z128. Among many unclear images
that arose from significant entanglement or aggregation, a
clear image of a single molecule of Z48, taken at Vs = 2.0 V
and I= 0.03 nA, was obtained, which displays a severely
bent conformation on the plane of the metal surface (Fig-
ure 13c). Significantly, the molecular length of Z48 is esti-
mated to be 43.5 nm from this STM image, which is exactly
its predicted value. We also obtained a clear image of a
single molecule of Z128 (Figure 13d), taken at Vs =0.5 V
and I=0.05 nA, which also shows a snakelike, largely bent
structure with a molecular length of 117 nm that again
agrees well with its predicted molecular length.


The detection of long porphyrin arrays on a single-mole-
cule level has also been attempted by means of AFM on a
highly oriented pyrolytic graphite (HOPG) substrate. In
these experiments, a very dilute solution of porphyrin array
in CHCl3 was spread onto a freshly cleaved HOPG surface
followed by slow evaporation of the solvent. Figures 14a and
b displays the tapping-mode AFM images of Z96, in which
the molecules are aligned along the graphite crystal lattice.
It is interesting to note that many Z96 molecules are ob-
served with an extended-wire shape and with nearly the
same molecular length of 87.3�14.5 nm. Subsequently,
single molecules of Z256 and Z512 were observed on a
clean sapphire-Al2O3(0001) surface (Figures 14c and d, re-
spectively). The single molecules were well dispersed and
showed a clear zig-zag shape, with molecular lengths that
were fully consistent with the structures. The molecular


Figure 12. Diffusion coefficients of Z3, Z8, Z20, and Z24 in CDCl3. (n is
the number of porphyrins.)


Figure 13. STM images of a) Z6, b) Z9, c) Z48, and d) Z128.


Figure 14. AFM images of a) Z96 on HOPG, b) Z96 on sapphire, c) Z256
on sapphire, and d) Z512 on sapphire.
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lengths observed by scanning probe microscopy techniques
versus the number of porphyrin units n are plotted in
Figure 15.


Fabrication of meso–meso-linked porphyrin arrays : Func-
tionalization of one or both ends of the porphyrin array is
the next important step for their useful application. When
the fabrication of porphyrin arrays is possible with a thiol-
containing group, resultant fabricated arrays could be used
for covalent attachment on gold surfaces. For such a pur-
pose, we selected Pd-catalyzed Suzuki–Miyaura arylation of
meso-halogenated porphyrins with an arylboronic acid on
the basis of several successful precedents.[42] However, usual
thiol protective groups, such as acetyl and benzoyl groups,
were found not to able to tolerate the basic conditions of
the coupling reaction.[12,43] To avoid this, a diphenylmethyl
group was selected as a protective group.[44] The synthesis of
meso-thiophenylated porphyrin arrays is shown in Scheme 4.
4-Bromobenzenethiol (8) was protected with 1,1-diphenyl-
methanol (7) with the aid of trifluoroacetic acid (TFA) to
form sulfide 9, which was transformed into boronate 10 by a
Pd-catalyzed reaction with an equivalent of bis(pinacolato)-
diboron.[45]


Regioselective meso,meso’-dibromination of Z2 was per-
formed with 2.2 equiv N-bromosuccinimide (NBS) to give
zinc(ii)–meso,meso’-dibromoporphyrin Z2 Br2 in quantitative
yield. This bromination was similarly effective for Z3, Z4,
Z6, Z8, Z12, Z16, Z24, Z48, and Z64 to afford zinc(ii)–me-
so,meso’-dibromoporphyrin arrays Z3 Br2 (95%), Z4 Br2


(87 %), Z6 Br2 (78 %), Z8 Br2 (83 %), Z12 Br2 (92 %),
Z16 Br2 (84 %), Z24 Br2 (89 %), Z48 Br2 (91 %), and Z64 Br2


(87 %), respectively, with high regioselectivity at the meso-
position despite increasing pyrrolic b-positions in longer
arrays, which are potentially susceptible to NBS bromina-
tion. The ratio of meso- to b-positions was as much as 256 in
Z64. It is noteworthy that the present NBS bromination pro-
ceeded nearly quantitatively for all the Zn examined, which
allowed for the isolation of pure ZnBr2 by passing the prod-


uct through a short silica gel column without purification
over a GPC column.


Suzuki–Miyaura arylation of Z6 Br2 with 10 (10 mol% Pd-
(PPh3)4, 3 equiv Cs2CO3, DMF/toluene, at 90 8C for 4 h)
gave thiolated ZnII–porphyrin array Z6 S2 in 90 % yield.
Similarly, Z12 Br2, Z24 Br2, Z48 Br2, and Z64 Br2 were effec-
tively arylated under the same conditions to furnish Z12 S2


(85 %), Z24 S2 (79%), Z48 S2 (81 %), and Z64 S2 (91 %), re-
spectively. Here again, the conversion of ZnBr2 to ZnS2


was nearly quantitative and almost-pure ZnS2 products
were isolated by simple precipitation of the product. These
products were also characterized by MALDI-TOF mass
spectrometry and 1H NMR spectroscopy. Figure 16 illus-
trates the comparison of the 1H NMR spectra of Z64,
Z64 Br2, and Z64 S2. The single Hm signal in the spectrum of
Z64 is missing in those of Z64 Br2 and Z64 S2, and the dou-
blet signal for H1 is low-field shifted in the spectrum of
Z64 Br2 due to the influence of the meso-substituted bro-
mine, and high-field shifted in Z64 S2 due to the influence of
the meso-substituted aryl group. The protecting groups in
ZnS2 can be cleaved by subjecting them to phenol/TFA
(2.5 % w/v) solution for a certain time to provide meso,me-
so’-phenylthiol-modified meso–meso-linked porphyrin
arrays, the details of which will be reported elsewhere.


Discussion


The iterative dimerization strategy has proven to be effec-
tive for the preparation of very long meso–meso-linked
ZnII–porphyrin arrays. Although the same starting monomer


Figure 15. Relationship between the number of porphyrin units (n) and
the observed molecular length, measured using AFM (*) or STM (*).


Scheme 4. Ar=3,5-dioctyloxyphenyl.
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Z1 can be polymerized to macromolecules with dispersed
molecular weights under the slightly activated reaction con-
ditions,[27] the stepwise doubling strategy, together with strict
purification of each doubling product, allows for the discrete
preparation of gigantically long molecules in an unprece-
dented manner. Crucial to this success is the high regioselec-
tivity of the AgI-promoted oxidative coupling. In the reac-
tion of Zn, we did not observe the formation of any prod-
ucts that have any other form of connectivity. Equally im-
portant is the high solubility of Zn despite their large mo-
lecular weights; this solubility allows for the manipulation of
these large molecules. We noted, however, marked differen-
ces in solubility and stability between the arrays up to Z128
and those longer than Z128. As noted in the Results section,
Z128 can be stored for a long time without any serious
chemical changes, while Z256, for example, tends to become
insoluble when stored in the solid state for several months.
This Z256 solid is insoluble in organic solvents, precluding
its analysis by GPC or UV/Vis spectroscopy. Another evi-
dent advantage of this doubling strategy is the large differ-
ence between the molecular weights of the reactant and
products, which becomes larger as the reactant array be-
comes larger, thus making the separation of coupling prod-
ucts relatively easy over the preparative GPC-HPLC. De-
spite this advantage, the separation of extremely long mole-
cules, such as Z512 and Z1024, required multiple recycled
separations over the GPC. Lastly, the long arrays, such as
Z128 and Z256, still have a self-coupling reactivity that is
sufficient to produce even longer arrays in a reaction time
comparable to those of the shorter arrays.


The high regioselectivity for meso–meso coupling ob-
served for zinc(ii)–5,15-diarylporphyrins may be related to
its favorable a2u HOMO. When a zinc(ii)–5,10,15-triarylpor-


phyrin is oxidized to its radical cation, the corresponding a2u


orbital becomes a magnetic orbital.[46] Such a radical cation
will be attacked by a neutral ZnII–porphyrin at its meso-po-
sition, which is, in this case, the most nucleophilic site. In
line with this mechanism, the electrochemically generated
radical cation of the zinc(ii)–5,15-bis(3,5-di-tert-butylphe-
nyl)porphyrin complex showed clear splitting in the ESR
spectrum at g=2.0055, due to the coupling with the four
porphyrinic nitrogen atoms (aN = 1.5 G), thus indicating that
one electron was removed from the a2u orbital (Supporting
Information). A big question may be how two giant mole-
cules can find two reacting sites (the end meso-positions) for
each other in the reaction? Considering the large size of the
porphyrin arrays, the coupling reaction must be entropically
very unfavorable. Despite this, the coupling reactions pro-
ceed to give even longer products. One possible explanation
may be the pre-association of porphyrin arrays in CHCl3,
which might bring two or more porphyrin arrays parallel to
each other and their ends close together.


The Zn series is a rare example of a set of exactly dis-
crete, homologous chain molecules covering a very wide
range of molecular sizes (from 1000 to 1 000 000 Da). Thus,
this series provides a nice opportunity to examine the rela-
tionship of hydrodynamic volume to molecular shape. As
shown in Figure 5b, the molecular weights of Zn measured
using polystyrene standards are much larger than the actual
values. Particularly in the case of Z512, the estimated Mw is
about three times larger than the actual Mw. This is in line
with previous reports that the molecular weights of rodlike
molecules,[17b,c,47] when estimated by GPC against random
coil polystyrene standards, are considerably inflated relative
to the actual values. These results thus indicate that Zn do
not take random coil conformation like the polystyrene
standards, but rather as a whole take rodlike conformation
in solution. This relationship may provide important infor-
mation on the hydrodynamic volume of one-dimensional
rodlike molecules of molecular size up to Mw =5 � 105 Da
and is actually quite useful in estimating the weight-average
molecular weights of large poly(porphyrinylene)s.[27]


Information on porphyrin arrays in solution may be
gained from their self-diffusion coefficients (D). The
Stokes–Einstein equation [Eq. (1)] relates D to the molecu-
lar parameters:


D ¼ kBT=f ð1Þ


where kB is the Boltzmann constant, T is the absolute tem-
perature, and f is the frictional coefficient, a measure of the
forces that retard a molecule�s motion. Equation (2) gives
the expression for the frictional coefficient of a spherical
particle:


f ¼ 6 phrH ð2Þ


where rH is the hydrodynamic radius and h is the solvent vis-
cosity. Equations (1) and (2) predict that the self-diffusion
coefficient is inversely proportional to the hydrodynamic


Figure 16. 1H NMR spectra of a) Z64, b) Z64 Br2, and c) Z64 S2 in CDCl3.
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radius. Interestingly, it has been predicted that Equation (2)
can be used even for stiff, rodlike macromolecules by using
Equation (3) to calculate rH.


rH ¼ L=2½lnðL=dÞ� ð3Þ


where L and d (L @ d) are molecular length and diameter,
respectively.[8] In the present case, the molecular length of
Zn can be precisely predicted by the number of porphyrins,
provided they have linear rodlike conformations in solution.
Given d=10 �, their D values lead to an estimate of the ef-
fective L for Z20 and Z24 of 170 and 192 �, respectively.
These values are consistent with the calculated structures.


The rotational correlation time of the molecule (q) is
given by Equation (4):


q ¼ hV=RT ð4Þ


where R is the gas constant, and V is the volume of the ro-
tating unit. The rotational correlation time is also related to
the diffusion coefficient by q= (6 D)�1. The rotational diffu-
sion time, trot, is the rotational correlation time per molecule
and is therefore given by Equation (5):


trot ¼ hV=kBT ð5Þ


Because the rotational diffusion time can also be mea-
sured by the fluorescence anisotropy decay, we can obtain
similar information about the self-diffusion processes of Zn
in solution from PFG-NMR measurements. For longer
arrays, slower fluorescence anisotropy decay times were ob-
served,[23] mainly due to an increase in molecular hydrody-
namic volume caused by an increase in the total length of
Zn.


A plot of the molecular extinction coefficient of Zn
versus the number of porphyrins (n) indicated a linear sum-
mation behavior in absorption intensity as the arrays
became longer. On the other hand, in arrays longer than
Z16, the fluorescence quantum yield gradually decreased
and the contribution by the short component became larger,
exhibiting a good correlation with fluorescence quantum
yield. This spectroscopic data has been ascribed to confor-
mational heterogeneity in longer porphyrin arrays, and the
degree of heterogeneity increases as the arrays become
longer. These conformational heterogeneities are believed
to arise from bending of the main chain, as well as dihedral
angle distribution between adjacent porphyrin planes. On
the whole, we may conclude that the meso–meso-linked por-
phyrin arrays take a roughly linear rodlike conformation de-
spite substantial conformation flexibility and heterogeneity.
Based on this, the observed change of freshly separated,
long array samples to insoluble material may indicate possi-
ble entanglement of the main chain. Another explanation
would be the usual aggregation-induced precipitation.


Achieving direct access to a single molecule has become a
growing area of contemporary, interdisciplinary research
since the discovery of STM in 1982.[36] Research in this area


has also been aimed at the engineering of single molecules
and/or atoms and at the exploration of molecular properties
on an individual, nonstatistical basis. In 1996, an IBM re-
search group succeeded in obtaining an image of a CuII–tet-
rakis-(3,5-di-tert-butylphenyl)porphyrin complex by means
of STM.[37a] In recent years, this technique, combined with a
suitable sampling method, has been applied to the imaging
of large porphyrin oligomers.[38, 39] Among the imaging meth-
ods, the pulse injection method under high vacuum[41] has
been demonstrated to be particular effective in getting a
good STM image of a large porphyrin array that is decom-
posed at high temperature (>300 8C). By employing this
method, we succeeded in acquiring an STM image of Z48
on a Cu(111) surface, which provided strong support for its
discrete structure. However, its largely bent structure was
somewhat unexpected, as a 10,20-meso–meso direct connec-
tion of porphyrins was thought to result in a stiffer, linear
rodlike structure. A similarly bent and more winding struc-
ture was detected for Z128 under comparable conditions. It
is thus conceivable that conformation flexibility of Zn may
be substantially large in solution and may become larger
with increasing molecular size. The observed, roughly
straight, structure of Z96 on HOPG may stem from its fa-
vorable interaction with the graphite crystal lattice, hence
suggesting that the conformational flexibility of porphyrin
arrays depends on their environment.


Compared to the chain elongation steps, the purification
issue is more serious for modifications of the porphyrin
arrays. Separation of ZnBr2 from Zn was practically impos-
sible over the preparative GPC because of the small differ-
ence in molecular weight of the products, and serious tailing
of the long arrays on silica gel or alumina columns preclud-
ed the separation of these products. This obstacle has been
circumvented by the quantitative NBS bromination of the
array. This is also a remarkable finding, in that macromole-
cules in general tend to become less reactive upon increas-
ing in size relative to small molecules. The NBS bromination
proceeded in a quantitative manner at least up to Z64, in
which there are only two free meso-positions versus 512 free
pyrrolic b-positions that are all potentially susceptible to
NBS bromination. Nevertheless, NBS bromination occurred
exclusively only at both meso-positions, hence fabricating
synthetic handles just at the edges of long, rodlike mole-
cules. Furthermore, these ZnBr2 arrays have been quantita-
tively arylated with a boronate smoothly by means of a Pd-
catalyzed Suzuki–Miyaura coupling reaction. These both-
ends-manipulated porphyrin arrays will be quite useful in a
variety of embryonic fields, including molecular-wire, sensor,
and molecular electronics.


Conclusion


We have succeeded in synthesizing meso–meso directly
linked zinc(ii)–porphyrin arrays up to 1024-mer (Z1024) in a
discrete manner by a repeated AgI–salt-promoted meso–
meso coupling reaction. The arrays up to Z128 are fully
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characterized by 1H NMR spectroscopy, MALDI-TOF mass
spectrometry, and GPC-HPLC. The 1H NMR spectrum of
Z256 was recorded, but its parent-ion peak could not be
found in its MALDI-TOF mass spectrum. The actual molec-
ular lengths of Z48 and Z128 were confirmed by STM, and
those of Z96, Z128, Z256, and Z512 were confirmed by
AFM. We also succeeded in the manipulation of both ends
of the porphyrin arrays through NBS bromination and sub-
sequent Suzuki–Miyaura arylation (Zn to ZnBr2 to ZnS2)
up to the Z64 series. In solution, the Z n arrays are consid-
ered to overall take linear rodlike structures, but with sub-
stantial conformational flexibility as judged from their
1H NMR spectra, diffusion coefficients, eluting behavior on
GPC-HPLC, and UV/Vis and fluorescence spectra. The con-
formational flexibility has been shown by STM images of
single molecules on a Cu(111) surface and AFM images of
single molecules on HOPG and Al2O3 surfaces. The chemis-
try described here reveals a new area for nanoscaled and
sub-microscaled functional materials.


Experimental Section


General procedure : All reagents and solvents were of commercial re-
agent grade and were used without further purification except where
noted. Dry CH2Cl2 and CHCl3 were obtained by refluxing and distilling
over CaH2.


1H NMR spectra were recorded on JEOL ALPHA-500 and
ECA-600 spectrometers, and chemical shifts were reported in the delta
scale relative to a CHCl3 internal standard (d=7.26 ppm). Spectroscopic-
grade tetrahydrofuran (THF) and toluene were used as solvents for all
experiments. UV/Vis absorption spectra were recorded on a Shimadzu
UV-2400PC spectrometer. Steady-state fluorescence emission spectra
were recorded on a Shimadzu RF-5300PC spectrometer. Mass spectra
were recorded on a JEOL HX-110 spectrometer by means of the positive
FAB ionization method with an accelerating voltage of 10 kV and a 3-ni-
trobenzyl alcohol matrix, or on a Shimadzu/KRATOS KOMPACT
MALDI4 spectrometer by using the positive MALDI-TOF method with
a 9-nitroanthracene matrix. Redox potentials were measured by cyclic
voltammetry and differential pulse voltammetry on a BAS electrochemi-
cal analyzer (660 model). GPC-HPLC was performed by using a JASCO
HPLC system with JAIGEL 2.5 H-AF, 3 H-AF, 4H-AF, and 5H-AF col-
umns in series, and with a multiwavelength detector MD-915. Recycling
preparative GPC-HPLC was carried out with a JAI LC-908 that used
preparative JAIGEL-2.5 H, 3 H, 4 H, and 5H columns. Preparative sepa-
rations were performed by silica-gel flash column chromatography
(Merck Kieselgel 60H Art. 7736), silica-gel gravity column chromatogra-
phy (Wako gel C-200), and preparative size-exclusion chromatography
(BioRad Bio-Beads S-X1 packed in chloroform in a 4.0� 100 cm HPLC
column; flow rate 3.8 mL min�1).


Single-crystal diffraction analysis : Data was collected on a Rigaku R-axis
imaging plate refined by full-matrix least-squares procedures with aniso-
tropic thermal parameters for the non-hydrogen atoms. The hydrogen
atoms were calculated in ideal positions. Solutions of structures were per-
formed by using the “Crystal Structure” crystallographic software pack-
age (Molecular Structure Corporation). Compound H1 (C64H86N4O4):
Crystals were obtained by vapor diffusion of EtOH into a CH2Cl2 so-
lution of H1; a red-prism crystal of dimensions 0.7� 0.2 � 0.1 mm was
used for calculations. Compound ZP3 (C110H66N12O3Zn3): Crystals were
obtained by vapor diffusion of MeOH into a CH2Cl2 solution of ZP3 ; a
red prism crystal of dimensions 0.2 � 0.15 � 0.1 mm was used for calcula-
tions. The crystallographic details are summarized in Table 3. CCDC-
261869 (H1) and CCDC-261870 (ZP3) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge


from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.


STM and AFM measurement conditions : For STM measurements Cu-
(100) or Cu(111) were used as substrates. Clean, flat surfaces of Cu(100)
were obtained from a single crystal by Ar+ sputtering and annealing
(550 8C) cycles, while substrates of Cu(111) were made on a cleaved mica
surface by thermal evaporation. The arrays were dissolved into the
proper solvent (CHCl3 or CH2Cl2) to an approximate concentration of
10�5 mol L�1. They were deposited by spraying the solution (ca. 0.5 mL)
onto the substrate under high vacuum (10�6 mbar) using the pulse injec-
tion method, which was adequate for the arrays too large to be thermally
evaporated. STM imaging was performed in situ in constant-height mode
at room temperature under ultra-high vacuum (<10�10 mbar), by using a
home-built STM with an electrochemically etched Pt/Ir tip. For AFM
measurements, the arrays were deposited by placing drops of a dilute so-
lution of the array in CHCl3 (ca. 10�5 mol L�1) onto a tilted sapphire sub-
strate (Al2O3(0001)) and leaving to air-dry under ambient conditions.
AFM imaging was performed by using the intermittent-contact mode
under ambient conditions with a commercially available AFM (Nanosco-
pe III, Digital Instruments Ltd.) with Si cantilevers (resonant frequency
f= 300 kHz).
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Introduction


Chiral liquid crystalline compounds are considered as
“smart materials”, being highly important in technical appli-
cations, for example, in displays, polarizers, certain polymers
and paints, or as coloring-effect materials.[1] A particularly
efficient and elegant route to chiral mesophases is based on
the addition of small amounts of an enantiomerically pure
dopant to a nematic phase so that the latter is converted


into a cholesteric phase.[2] This phenomenon was observed
as long ago as the 1920s by Friedel.[3] Fifty years later, sys-
tematic studies by Buckingham, Stegemeyer, and Baessler,
and their co-workers have led to a deeper insight into this
phenomenon.[4] Stegemeyer and Mainusch showed[4c] that
even those enantiomerically pure compounds that do not
form a mesophase are able to function as dopants, thus in-
ducing a helical arrangement in a nematic phase (Fig-
ure 1).[1d]


The efficiency of a chiral dopant is quantified by the “hel-
ical twisting power” (HTP), which is defined by Equation
(1) for small concentrations of the dopant, where p is the
pitch of the induced helix and x is the mole fraction of the


Abstract: Enantiomerically and diaster-
eomerically pure bis-chelated imine-al-
koxytitanium complexes 6 and 7 have
been synthesized and used as chiral
dopants for converting nematic into
cholesteric phases. The dopants were
tested in mainly commercially available
nematic liquid crystalline compounds
or mixtures: LC1 (BASF), ZLI-1695
and ZLI-1840 (Merck), as well as N-(4-
methoxybenzylidene)-4’-butylaniline
(MBBA). The values of the helical


twisting power (HTP) were determined
by the Grandjean–Cano method. Ex-
ceptionally high helical twisting powers
were obtained. Thus, the titanium com-
plex 6 h displayed a HTP value of
740 mm�1 in MBBA, the highest HTP
value reported. The helical twisting


power has been found to depend
strongly on the structure of the nematic
phase and the substitution pattern of
the chiral ligand in the titanium com-
plexes 6 and 7. Crystal structure analy-
sis of 6 f confirmed the A,R,R configu-
ration of the metal complex. The chiral
imine ligands 4 and 5 were derived
from the regioisomeric amino alcohols
1 and 2.


Keywords: chirality · crystal
structure · liquid crystals ·
N,O ligands · titanium
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Figure 1. Conversion of a nematic phase into a cholesteric phase by addi-
tion of a dopant.[1d]
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dopant.[2] As a goal, high HTP values are desirable so that
as small as possible a mole fraction x of the dopant induces
maximum helicity. The degree of helicity is given by the
quantity of the pitch p of the helix, a value that can be in
the range of the wavelength of visible light. Of the different
physical procedures that are available to determine the HTP
value,[5] the method of Grandjean and Cano is most fre-
quently applied.[5a,b] Historically, the first substances used as
chiral dopants were readily available natural products,
mainly terpenes and steroids, and simple derivatives there-
of.[4c] Among the synthetic dopants available are binaphthol-
derived esters,[6a] biphenyls,[6b] and, in particular, some
TADDOL derivatives,[7] which have the highest HTP value
(534 mm�1) measured so far.[7b]


HTP ¼ lim
x!0


1
px


ð1Þ


Chiral metal complexes seem predestined to serve as
chiral dopants owing to the large number of possible struc-
tures that result from the diversity of metals that may serve
as stereogenic centers on the one hand and the plethora of
ligands, which may be chiral or achiral, on the other. Sur-
prisingly however, only a very limited number and kind of
metal complexes have found application as chiral dopants.
Tris(dionato)metal(iii) complexes with chromium, cobalt,
rhodium, and ruthenium as the metal have been reported to
display HTP values in the order of 100 mm�1.[8] In addition,
the use of binaphthol-derived titanates as chiral dopants has
been mentioned.[9] Recently, we synthesized and character-
ized several bis-chelated imine-alkoxytitanium(iv) com-
plexes,[10] which served us as precatalysts in various enantio-
selective conversions.[11] Here, we report for the first time
the use of this novel type of titanium complex, derived from
the regioisomeric triphenyl(amino)ethanols 1 and 2
(Scheme 1), as chiral dopants for nematic mesophases. They
turned out to display very high HTP values, and their appli-
cation as chiral dopants seems to meet commercial inter-
est.[12]


Results and Discussion


To convert the different isomers of triphenyl(amino)ethanol
1 and 2 into compounds that could serve as tridentate li-
gands, they were condensed with various ortho-hydroxy sub-
stituted aromatic aldehydes 3 a–h to give the corresponding
imines 4 a–h and 5 (Scheme 2). Whereas the preparation of
enantiomeric phenylglycine-derived amino alcohols (R)- and
(S)-1 was first described in the first part of the last century
by McKenzie and Wills,[13] the regioisomers (R)- and (S)-2
became accessible only recently from the corresponding
enantiomer of methyl mandelate.[11a,b] The aldehydes 3 a–d
were either commercially available or prepared according to
known procedures.[14] The aldehydes 3 e–h, which contain
the 4’-substituted biphenyl moiety, were obtained by Suzuki-


Scheme 1. The regioisomeric triphenyl(amino)ethanols 1 and 2.
Scheme 2. Condensation of aldehydes 3 with triphenyl(amino)ethanols 1
and 2.
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type coupling reactions of 4-bromo-2-formylphenol with 4-
phenoxy-, 4-chloro-, 4-propoxy-, and 4-ethoxyphenylboronic
acids, respectively (see Experimental Section).


The imines 4 and 5 were generated by condensation of
the aldehydes 3 with triphenylethanols 1 and 2, the different
combinations being outlined in Scheme 2. Procedures for
the generation of 4 a–c have been elaborated previously.[10]


The imines 4 d–h and 5 were prepared by following analo-
gous protocols.


Titanium(iv) complexes that contain various chiral ligands
have proved extremely fruitful in their applications in asym-
metric catalysis. In particular, complexes derived from car-


bohydrates, axially chiral biar-
yls, tartaric acid, as well as di-
and oligopeptides and amino al-
cohol-derived imines, have
been widely used in various
enantioselective conver-
sions.[7b, 15] We have previously
shown that imines like 4 a–c
readily form bis-chelated tita-
nium(iv) complexes of the TiL2-
type[16] when treated with titani-
um tetraisopropoxide in a 2:1
molar ratio.[10] This protocol
was applied to all of the imines
4 and 5 shown in Scheme 2. It
turned out that one diastereom-
er of the corresponding bis-che-
lated titanium complex was
formed predominantly or exclu-
sively. In all the cases studied
so far, the major diastereomer
was isolated by column chroma-
tography and/or recrystalliza-
tion as a diastereomerically and
enantiomerically pure com-
pound. Thus, the titanium com-
plexes 6 a–h, ent-6 c, and 7 were
isolated and characterized from
their analytical and spectro-
scopic data (see Scheme 3).[17]


In view of the exceptionally
high HTP obtained with bi-
phenyl-substituted titanium
complexes 6 d–h, the X-ray
crystal structure of one of them,
compound 6 f, was determined.
The structure shown in Figure 2
clearly reveals that the ligands
are arranged in a meridional
position around the central
metal atom, which becomes a
stereogenic center as a result of
the complexation. It turns out
that complex 6 f has the A con-
figuration. The assignment of


this configuration to complexes 6 a–e and 6 g,h and the op-
posite configuration C to compounds ent-6 c and 7 is not
only based on analogy but also on comparison of their CD
spectra. The chemical yields of the imines 4 and 5 as well as
the yields and the optical rotations of the bis-chelated titani-
um complexes 6 and 7 are shown in Table 1.


The induction of chirality, a feature of dopants, obviously
relies on noncovalent interactions between the dopant and
the nematic phase. As a consequence, the helical twisting
power is expected to depend not only on the structure of
the dopant but also on the nematic “host” compound.
Therefore, the HTP values of the titanium complexes 6 and


Scheme 3. Bis-chelated titanium(iv) complexes 6a–h, ent-6 c, and 7, prepared from imines 4 and 5 and used as
dopants.
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7 were measured in various nematic phases that differ signif-
icantly in their geometry and functional groups. As the dop-
ants developed here might be useful for end-applications,
mainly commercially available nematic phases were select-
ed. To be specific, the liquid crystalline compound LC1
(made available by BASF) and the commercial nematic
compounds ZLI-1840 and ZLI-1695, both available from
Merck (Darmstadt), were used. In addition, the helical
twisting power in the achiral mesophase formed by MBBA
was also studied. Whereas LC1 and MBBA are pure com-
pounds, the commercial products ZLI-1840 and ZLI-1695
are mixtures (see Scheme 4); ZLI-1695 is a mixture of four
alkyl-substituted bicyclohexylcarbonitriles, whereas the nem-
atic liquid crystalline product ZLI-1840 contains eight alkyl-


substituted cyclohexylphenyl and cyclohexylbiphenyl nitriles.
Both liquid crystalline mixtures are suitable mesogenic ma-
terials for LC displays.


The titanium complexes 6 and 7 were dissolved in the
nematic compounds (Scheme 4) at different concentrations
in the range of 10�3 to 10�4 mole fraction of the respective
dopant. The HTP values were determined by the Grand-
jean–Cano wedge method.[5a,b] The chiral nematic mixture
was sandwiched between a glass-plate surface and a plane-
convex lens of known radius (R =3.618 mm). The samples
under the crossed polarizers of an optical microscope
showed concentric disclination rings the radii r of which are
directly correlated to the helical pitch p of the sample: p=


Dr2/R, where Dr2 is the difference between the squared radii
of neighboring disclination rings. The 1/p values were mea-
sured at different dopant concentrations and the HTP
values were determined by the gradient of the plot of 1/p
versus molar fraction. The sign of the helicity was deter-
mined by observing the change in the disclination ring size
under the polarization microscope when monochromatic
light was used and the analyzer rotated clockwise against
the polarizer direction.[5n] The HTP values and the signs of
the helicity are shown in Table 2. The right- and left-handed
systems are characterized by positive (P) or negative (M)
HTP values, respectively.


As expected, the HTP values depend both on the struc-
ture of the ligand in the particular titanium complex and on
the nematic host (Table 2). Those ligands that contain a
mononucleic aromatic moiety in the salene moiety (Table 2,
entry 1) exhibit only moderate helical twisting power. Ex-
tension of the aromatic skeleton by replacing the phenyl
group in the salene unit with a naphthyl group clearly en-
hances the helical twisting power, as shown by comparison
of the HTP values of 6 c and ent-6 c with that of 6 a (Table 2,
entries 2 and 3 versus 1). It was also expected that regioiso-
merism would influence the helical twisting power. Thus, the
HTP of the titanium complex 7 derived from the novel
amino alcohol (S)-2 was measured. Comparison of the HTP
values of 7 and 6 c, both determined by using ZLI-1840 as
the nematic host, revealed the regioisomer 7 to display a
higher HTP value (Table 2, entries 2 and 4, respectively).
This tendency was even more obvious when the HTP values
of the titanium complexes were measured in the nematic
phase LC1. Here again, substantially higher HTP values
were obtained when the dopant 6 c (Table 2, entry 5) was re-
placed with 7 (Table 2, entry 6). The latter complex is de-
rived from the regioisomeric amino alcohol 2 whereas the
former was generated from 1. This same tendency, the
better performance of the regioisomer-derived titanium
complex 7, is also shown in the nematic mixture ZLI-1695
by comparison of the HTP values of ent-6 c and 7 (Table 2,
entries 7 and 8). This effect, however, is clearly exceeded by
the influence of the substitution pattern of the aromatic
rings in the salene moiety. Thus, changing the naphthyl
group to a para-biphenyl ring system in the titanium com-
plexes substantially improved the HTP values measured in
ZLI-1695 (Table 2, entries 7 and 8 versus 9). Rather unex-


Figure 2. Structure of the titanium complex 6 f in the hexane/ethyl ace-
tate solvate, 6 f·0.5C6H14·0.5 C4H8O2 (ORTEP diagram; displacement el-
lipsoids are drawn at the 30% probability level; hydrogen atoms and
labels of carbon atoms have been omitted for clarity). Selected bond
lengths [�] and angles [8]: Ti1�O1 1.903(3), Ti1�O2 1.859(2), Ti1�O3
1.902(3), Ti1�O4 1.861(2), Ti1�N1 2.195(3), Ti1�N2 2.164(3); O1-Ti1-O2
92.15(11), O1-Ti1-O3 89.48(12), O1-Ti1-O4 154.60(10), O2-Ti1-O3
155.26(12), O2-Ti1-O4 94.04(11), O3-Ti1-O4 95.00(12), O1-Ti1-N1
80.53(11), O1-Ti1-N2 99.66(11), O2-Ti1-N1 113.71(10), O2-Ti1-N2
74.13(11), O3-Ti1-N1 90.91(10), O3-Ti1-N2 81.26(11), O4-Ti1-N1
74.42(11), O4-Ti1-N2 105.73(11), N1-Ti1-N2 172.16(11).


Table 1. Yields of imines 4 and 5 and yields and optical rotations of tita-
nium complexes 6 and 7.


Imines 4, 5 Yield [%] Titanium complexes 6, 7 [a]20
D


[a] Yield [%][b]


(R)-4a[c] 81 6a +929 68
(R)-4b[c] 88 6b +287 49
(R)-4c[c] 93 6c +1021 78
(R)-4d 68 6d +814 48
(R)-4e 43 6e +693 18
(R)-4 f 51 6 f +792 53
(R)-4g 83 6g +799 51
(R)-4h 91 6h +820 49
(S)-4c 79 ent-6c �1024 53
(S)-5 75 7 +205 80


[a] c= 1, in chloroform. [b] Isolated yield of diastereomerically pure
product. [c] See ref. [10].
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pectedly, complex 6 b with ligands with a mononucleic aro-
matic moiety provided a relatively high HTP value in
MBBA, presumably due to the tert-butyl substitution pat-
tern (Table 2, entry 10). As a general trend, the HTP was
enhanced when measured in the nematic phase MBBA
(Table 2, entries 10–15). In view of the positive influence of
the para-biphenyl moiety on the helical twisting power, it
was an obvious idea to improve it even further by introduc-
ing substituents onto the biphenyl system. This has been re-
alized through the 4,4’-disubstituted derivatives 6 e–h
(Table 2, entries 12–15): Indeed, exceptionally high HTP
values ranging from 450 to 740 mm�1 were obtained.


Aside from the chiral dopant, the nematic phase strongly
influences the helical twisting power. The mesophases ZLI-
1840 and LC1 clearly tend to give lower HTP values than
ZLI-1695 and particularly MBBA. It seems that twisting is
accomplished more easily as the size of the nematic mole-
cule decreases. There might also be an additional effect
based on the similarities of the structures of the dopant and
the nematic phase. As a result, MBBA, which contains an


imine moiety, is most strongly
twisted by a dopant that bears
the same functional group. A
phenolic ether moiety present
in the dopants 6 e, 6 g, and 6 h,
as well as in the nematic phase,
MBBA, also seems to have a
favorable effect. In conclusion,
bis-chelated titanium complexes
display the highest HTP values
reported so far, including a
“record” 740 mm�1 obtained
with the derivative 6 h.


Experimental Section


General : Melting points (uncorrected)
were determined with a B�chi 540


melting point apparatus. Optical rotations were measured with a Perkin-
Elmer 341 polarimeter; [a]D values are given in units of 10�1 deg cm2 g�1.
NMR spectra were recorded in CDCl3 solution (internal standard) with a
Varian VXR 200 or 300 or a Bruker DRX 500 spectrometer. IR spectra
were recorded with a Bruker Vector 22 spectrometer. Mass spectra were
measured with a Varian MAT 311 spectrometer. UV spectra were record-
ed with a Perkin-Elmer Lambda 19 spectrophotometer.


Silica gel 60 F254 TLC plates (Merck) were used to separate the products.
Column chromatography was performed using Macherey-Nagel Kieselgel
60 or Merck Kieselgel 60, mesh size 0.04–0.063. The GC–MS spectra
were measured with a Hewlett-Packard apparatus 5890/5790 using a HP
OV-1-FS capillary column or with a Varian GC 1700 using an Optima 1
capillary column. Elemental analyses were carried out with a Perkin-
Elmer CHN-Analysator 263. Elemental analyses were carried out at the
Institut f�r Pharmazeutische Chemie (Universit�t D�sseldorf) or by Mik-
roanalytisches Laboratorium Beller (Gçttingen). All reactions involving
organometallic compounds or metal complexes were carried out under
anhydrous nitrogen. Reactions at temperatures below 0 8C were moni-
tored by a thermocouple connected to a resistance thermometer (Ebro).


[1,1’-Bis(diphenylphosphino)ferrocene]palladium(ii) chloride–dichloro-
methane complex, [Pd(dppf)Cl2] was purchased from Alfa Aesar.


2-Hydroxy-5-(4-phenoxyphenyl)benzaldehyde (3 e): A 100-mL two-
necked round-bottomed flask was equipped with a magnetic stirrer and a
reflux condenser, which was connected to the combined nitrogen/vacuum
line. The flask was charged with 4-phenoxyphenylboronic acid (5.00 g,
23.36 mmol), 5-bromo-2-hydroxybenzaldehyde (4.27 g, 21.24 mmol), [Pd-
(dppf)Cl2] (0.05 equiv, 0.866 g, 1.06 mmol), and dry sodium carbonate
(3.377 g, 31.86 mmol) and closed with a septum. The air in the flask was
replaced with nitrogen and a degassed mixture of 1,2-dimethoxyethane
and water (30 mL and 10 mL, respectively) was added by syringe. The
septum was replaced by a stopper and the mixture was heated to 100 8C
for 5 h. After cooling to room temperature, the mixture was filtered and
the filtrate was poured into deionized water (150 mL). The mixture was
extracted with three 200 mL portions of dichloromethane and the com-
bined organic layers were dried with sodium sulfate and concentrated in
a rotary evaporator. The residue was purified by column chromatography
to give solid 3 e (0.824 g, 13%); m.p. 109.5–111.0 8C; Rf =0.25 (n-hexane/
chloroform, 1:2); 1H NMR (500 MHz): d= 7.04–7.09 (m, 5 H), 7.11–7.14
(m, 1H), 7.33–7.37 (m, 2H), 7.48–7.51 (m, 2 H) and 7.71–7.74 (m, 2H)
(aromatic H), 9.95 (s, 1H, CHO), 10.98 ppm (s, 1 H, OH); 13C NMR
(125 MHz): d =118.13–135.49 (aromatic C), 156.93 (C-O-C), 156.95 (C-
O-C), 160.75 [C(OH)], 196.62 ppm (CHO); MS (70 eV): m/z (%): 291
(21) [M +1]+ , 290 (100) [M]+ , 279 (4), 261 (2), 213 (5), 185 (4), 167 (6),
97 (8), 69 (14), 43 (21).


Scheme 4. Nematic phases used as host compounds for the chiral dopants 6 and 7.


Table 2. HTP values of bis-chelated imine alkoxytitanium complexes 6
and 7 in different nematic phases.


Entry Titanium complex Nematic phase HTP [mm�1] Helicity


1 6a ZLI-1840 20 (P)
2 6c ZLI-1840 39 (P)
3 ent-6c ZLI-1840 43 (M)
4 7 ZLI-1840 49 [a]


5 6c LC1 15 (P)
6 7 LC1 48 [a]


7 ent-6c ZLI-1695 200 [a]


8 7 ZLI-1695 250 [a]


9 6d ZLI-1695 311 (M)
10 6b MBBA 480 (P)
11 6d MBBA 400 (M)
12 6e MBBA 500 (M)
13 6 f MBBA 560 (M)
14 6g MBBA 450 (M)
15 6h MBBA 740 (M)


[a] Not determined.
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5-(4-Chlorophenyl)-2-hydroxybenzaldehyde (3 f): Compound 3 f was pre-
pared according to an analogous procedure starting from 4-chlorophenyl-
boronic acid (4.739 g, 30.30 mmol), 5-bromo-2-hydroxybenzaldehyde
(5.538 g, 27.55 mmol), [Pd(dppf)Cl2] (0.06 equiv, 1.348 g, 1.65 mmol), and
dry sodium carbonate (1.5 equiv, 4.380 g, 41.32 mmol). Heating was main-
tained at 100 8C for 15 h. The aldehyde 3 f was obtained as a solid in
51% yield (3.248 g): m.p. 86.0–87.5 8C; Rf =0.4 (n-hexane/chloroform,
1:1); 1H NMR (200 MHz): d=7.04–7.08 (m, 1H), 7.36–7.49 (m, 4H) and
7.68–7.74 (m, 2 H) (aromatic H), 9.95 (s, 1 H, CHO), 11.00 ppm (s, 1 H,
OH); 13C NMR (125 MHz): d= 118.73–138.20 (aromatic C), 161.58
[C(OH)], 196.95 ppm (CHO); MS (70 eV): m/z (%): 232 (100) [M]+ , 198
(13), 186 (7), 168 (8), 139 (15), 84 (6), 63 (5), 53 (4), 40 (7); elemental
analysis calcd (%) for C13H9O2Cl: C 67.11, H 3.90; found: C 67.09, H
4.05.


2-Hydroxy-5-(4-propoxyphenyl)benzaldehyde (3 g): Compound 3g was
prepared according to an analogous procedure starting from 4-propoxy-
phenylboronic acid (5.105 g, 28.36 mmol), 5-bromo-2-hydroxybenzalde-
hyde (15.182 g, 25.78 mmol), [Pd(dppf)Cl2] (0.05 equiv, 1.053 g,
1.29 mmol), and dry sodium carbonate (4.099 g, 38.67 mmol). Heating
was maintained at 100 8C for 7 h. The crude product was purified by two-
fold column chromatography (1: chloroform, Rf =0.3; 2: n-hexane/chloro-
form, 1:3, Rf =0.2) to give 3g (0.736 g, 11%) as a solid; 1H NMR
(500 MHz): d=1.04 (t, J= 7.4 Hz, 3 H, CH3), 1.82 (m, 2 H, CH2CH2CH3),
3.95 (t, J =6.6 Hz, 2 H, CH2CH2CH3), 6.95–7.04 (m, 3 H, aromatic H),
7.43–7.46 (m, 2 H, aromatic H), 7.68–7.73 (m, 2H, aromatic H), 9.94 (s,
1H, CHO), 10.94 ppm (s, 1 H, OH).


5-(4-Ethoxyphenyl)-2-hydroxybenzaldehyde (3 h): Compound 3h was
prepared according to an analogous procedure starting from 4-ethoxy-
phenylboronic acid (5.000 g, 30.12 mmol), 5-bromo-2-hydroxybenzalde-
hyde (5.504 g, 27.38 mmol), [Pd(dppf)Cl2] (0.06 equiv, 1.339 g,
1.64 mmol), and dry sodium carbonate (4.353 g, 41.07 mmol). Heating
was maintained at 100 8C for 7 h. After two-fold chromatographic purifi-
cation, the aldehyde 3h was obtained as a solid product in 10 % yield
(0.683 g): m.p. 89.0–91.0 8C; Rf =0.2 (n-hexane/chloroform, 1:3); 1H NMR
(200 MHz): d=1.43 (t, J= 7.0 Hz, 3H, CH3), 4.06 (q, J=6.9 Hz, 2H,
CH2), 6.92–7.05 (m, 3 H, aromatic H), 7.41–7.49 (m, 2H, aromatic H),
7.68–7.74 (m, 2H, aromatic H), 9.94 (s, 1 H, CHO), 10.94 ppm (s, 1H,
OH); MS (70 eV): m/z (%): 243 (17) [M +1]+ , 242 (100) [M]+ , 214 (81),
213 (55), 185 (18), 168 (7); elemental analysis calcd (%) for C15H14O3: C
74.37, H 5.82; found: C 74.40, H 5.87.


Imines 4a–c and titanium complexes 6a–c were prepared according to
procedures described in reference [10].


[OC-6-22’-(C,S,S)]-Bis{1-{[(2-hydroxy-1,2,2-triphenylethyl)imino]methyl}-
2-naphtholato(2�)-N,O,O�}titanium (ent-6 c): Prepared analogously, from
(S)-4c (0.155 g, 0.35 mmol) and Ti(Oi-Pr)4 (0.050 g, 0.175 mmol). The re-
action mixture was refluxed for 4 h. Yield: 0.086 g (53 %). The NMR and
MS data correspond to those of 6c.[10] [a]20


D =�1024 (c=1 in chloroform);
elemental analysis calcd (%) for C62H46N2O4Ti: C 79.99, H 4.98, N 3.01;
found: C 79.67, H 5.10, N 2.89.


General procedure for the preparation of imines 4d–h and 5 : A 100-mL
two-necked flask equipped with a magnetic stirrer and a connection to
the combined nitrogen/vacuum line was charged with (R)-1 (0.304 g,
1.05 mmol) and dry sodium sulfate (0.401 g, 2.82 mmol). The flask was
closed with a septum, the air in the flask was replaced by nitrogen and
dry methanol (15 mL) and dry dichloromethane (15 mL) were added by
syringe. The suspension was cooled to �20 8C. With vigorous stirring, a
solution of the corresponding aldehyde 3, dissolved under nitrogen in
20 mL of dry methanol or mixtures of methanol and dichloromethane,
was slowly injected at such a rate that the temperature, monitored by a
resistance thermometer, did not exceed �20 8C. Stirring was continued at
the same temperature for 48 h. Then, the solid was removed by filtration
at 0 8C and the filtrate was concentrated in an oil pump vacuum at 0 8C
to give the imines 4d–h. The crude products obtained quantitatively were
either used in the following step or purified by stirring in pentane and
subsequent filtration. They were stored at �18 8C in a refrigerator.


(R)-2-{[(2-Hydroxy-1,2,2-triphenylethyl)imino]methyl}-4-phenylphenol
[(R)-4 d]: Prepared from (R)-1 (0.507 g, 1.75 mmol) and 3 d (0.416 g,
2.10 mmol). Yield: 68 % (according to the NMR spectra); 1H NMR


(500 MHz): d=2.92 (br s, 1H, Ph2COH), 5.53 [s, 1 H, PhCH(N)], 6.96–
7.75 (m, 23 H, aromatic H), 8.38 (s, 1H, N=CH), 12.84 ppm (s, 1H,
ArOH); MS (FAB, NBA): m/z (%): 470 (29) [M]+ , 287 (100), 286 (36),
273 (22), 272 (38), 183 (38), 167 (29), 106 (84), 105 (65), 77 (84).


(R)-2-{[(2-Hydroxy-1,2,2-triphenylethyl)imino]methyl}-4-(4-phenoxyphe-
nyl)phenol [(R)-4 e]: Prepared from (R)-1 (0.735 g, 2.54 mmol) and 3 e
(0.775 g, 2.67 mmol). Yield: 43% (according to the NMR spectra); 1H
NMR (200 MHz): d =2.90 (s, 1H, Ph2COH), 5.52 [s, 1 H, PhCH(N)],
6.93–7.82 (m, 27 H, aromatic H), 8.37 (s, 1H, N=CH), 12.82 ppm (s, 1H,
ArOH); MS (FAB, NBA): m/z (%): 562 (22) [M +1]+ , 561 (4) [M]+ , 486
(9), 485 (6), 451 (3), 379 (100), 362 (5), 272 (29).


(R)-4-(4-Chlorophenyl)-2-{[(2-hydroxy-1,2,2-triphenylethyl)imino]me-
thyl}phenol [(R)-4 f]: Prepared from (R)-1 (4.098 g, 14.16 mmol) and 3 f
(3.138 g, 13.49 mmol). The crude product was stirred in n-pentane and
then filtered. Yield: 3.458 g (51 %); m.p. 133.5–134.0 8C; [a]20


D =++130 (c=


1 in chloroform); 1H NMR (200 MHz): d= 2.86 (s, 1 H, Ph2COH), 5.52 [s,
1H, PhCH(N)], 6.93–7.62 (m, 22 H, aromatic H), 8.36 (s, 1 H, N=CH),
12.88 ppm (s, 1 H, ArOH); 13C NMR (125 MHz): d =79.11 [PhCH(N)],
81.01 [Ph2C(OH)], 118.00–145.11 (aromatic C), 160.84 [aromatic
C(OH)], 167.53 ppm (NCHAr); MS (FAB, NBA): m/z (%): 504 (15)
[M]+ , 460 (3), 426 (2), 391 (2), 321 (45), 289 (15), 242 (5), 195 (7), 183
(23), 136 (83), 105 (46), 89 (63), 77 (76), 63 (47); elemental analysis calcd
(%) for C33H26O2NCl: C 78.64, H 5.20, N 2.78; found: C 77.74, H 5.23, N
2.67.


(R)-2-{[(2-Hydroxy-1,2,2-triphenylethyl)imino]methyl}-4-(4-propoxyphe-
nyl)phenol [(R)-4 g]: Prepared from (R)-1 (0.810 g, 2.80 mmol) and 3 g
(0.684 g, 2.67 mmol). The crude product was stirred in n-pentane and
then filtered. Yield: 1.171 g (83 %); m.p. 136.5–138.0 8C; [a]20


D =++134 (c=


1 in chloroform); 1H NMR (500 MHz): d =0.97 (t, J =7.3 Hz, 3H, CH3),
1.74 (m, 2 H, CH2CH2CH3), 2.84 (s, 1H, OH), 3.86 (t, J =6.6 Hz, 2 H,
CH2CH2CH3), 5.45 [s, 1 H, PhCH(N)], 6.83–6.88 [m, 3 H, aromatic H),
7.02–7.40 (m, 17 H, aromatic H), 7.53–7.55 (m, 2H, aromatic H), 8.30 (s,
1H, N=CH), 12.68 ppm (s, 1H, ArOH); 13C NMR (125 MHz): d=10.93
(CH2CH2CH3), 23.00 (CH2CH2CH3), 70.00 (CH2CH2CH3), 79.15
[PhCH(N)], 81.00 [Ph2C(OH)], 115.21–160.03 (aromatic C), 167.81 ppm
(NCHAr); MS (MALDI): m/z : 528 [M+ 1]+ .


(R)-4-(4-Ethoxyphenyl)-2-{[(2-hydroxy-1,2,2-triphenylethyl)imino]me-
thyl}phenol [(R)-4 h]: Prepared from (R)-1 (0.721 g, 2.49 mmol) and 3h
(0.574 g, 2.37 mmol). The crude product was stirred in n-pentane and
then filtered. Yield: 1.103 g (91 %); m.p. 141.0–142.5 8C; [a]20


D =++142 (c=


1 in chloroform); 1H NMR (200 MHz): d =1.41 (t, J =7.0 Hz, 3H, CH3),
2.87 (s, 1 H, OH), 4.03 (q, J =6.9 Hz, 2 H, CH2), 5.51 [s, 1 H, PhCH(N)],
6.86–6.95 (m, 3 H, aromatic H), 7.08–7.48 (m, 17H, aromatic H), 7.56–
7.62 (m, 2 H, aromatic H), 8.37 (s, 1H, N=CH), 12.74 ppm (s, 1 H,
ArOH); MS (MALDI): m/z : 514 [M+ 1]+ ; elemental analysis calcd (%)
for C35H31NO3: C 81.85, H 6.08, N 2.73; found: C 81.93, H 5.89, N 2.59.


(S)-1-{[(2-Hydroxy-1,1,2-triphenylethyl)imino]methyl}-2-naphthol (5):
Prepared from (S)-2 (0.21 g, 1.51 mmol) and 3 c (0.128 g, 0.744 mmol).
The reaction mixture was stirred at 60 8C for 20 h and the crude product
was purified by column chromatography. Yield: 0.234 g (74.6 %); m.p.
133.2–134.4 8C; Rf =0.6 (ethyl acetate/chloroform, 1:10); [a]20


D =�129 (c =


1 in chloroform); 1H NMR (500 MHz): d= 2.42 [br s 1H, PhCH(OH)],
5.79 [d, J =2.5 Hz, 1 H, PhCH(OH)], 6.79–7.80 (m, 21 H, aromatic H),
8.77 (d, J =8.0 Hz, 1H, N=CH), 15.48 ppm (d, J= 8.0 Hz, 1 H, naphtholic
OH); 13C NMR (125 MHz): d=70.35 [Ph2C(N)], 78.22 [PhCH(OH)],
103.23 and 117.9–129.7 (aromatic C), 139.56–145.35 (aromatic ipso-C),
159.18 (N=CH), 163.78 ppm [naphtholic C(OH)]; MS (70 eV): m/z: 444
[M+ 1]+ , 336, 259, 169, 167, 154, 126, 106.


General procedure for the synthesis of titanium complexes 6d–h : A
100 mL two-necked flask was charged with an imine (4d–h) (0.50 mmol),
equipped with a magnetic stirrer and a reflux condenser, connected to
the combined nitrogen/vacuum line, and closed with a septum. The air in
the flask was replaced by nitrogen, the solid was dissolved by adding dry
dichloromethane (2 mL), and, thereafter, whilst stirring, titanium tetrai-
sopropoxide (0.25 mmol) was injected at room temperature. The solution
was refluxed for the time given below. The solvent was then removed in
a rotary evaporator and the residue was purified by column chromatogra-
phy.
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[OC-6-22’-(A,R,R)]-Bis{2-{[(2-hydroxy-1,2,2-triphenylethyl)imino]meth-
yl}-4-phenylphenolato(2�)-N,O,O}titanium (6 d): Prepared from (R)-4d
(0.272 g, 0.579 mmol) and Ti(Oi-Pr)4 (0.082 g, 0.29 mmol). The reaction
mixture was refluxed for 7 h. Yield: 0.138 g (48 %), m.p. 205–206 8C
(color changing from yellow to brown), 215 8C (decomposition); Rf =0.7
(n-hexane/chloroform, 1:4); [a]20


D =++814 (c =1 in chloroform); 1H NMR
(500 MHz): d=5.56 (d, J= 8.8 Hz, 2H, o-phenolato-H), 6.43 [s, 2 H,
PhCH(N)], 6.92–7.14 (m, 18H) 7.23–7.37 (m, 12 H), 7.43–7.49 (m, 10H)
and 8.00–8.02 (m, 4H) (aromatic H), 8.74 ppm (s, 2H, N=CH); 13C NMR
(125 MHz): d=87.15 [PhCH(N)], 93.07 [Ph2C(OTi)], 119.04 (C-6), 120.07
(C-2), 131.14 (C-4), 133.91 (C-5), 140.26, 141.73, 146.81, 146.83 [aromatic
ipso-C (Ph)], 125.61–130.15 (remaining aromatic C), 163.98 (C-1),
166.57 ppm (N=CH) (carbon numbering refers to the phenolato ring);
MS (FAB, NBA): m/z (%): 983 (18) [M]+ , 906 (3), 905 (3), 801 (39), 800
(57), 724 (14), 723 (18), 695 (6), 619 (60), 618 (100), 516 (16), 515 (31),
514 (26), 411 (32).


[OC-6-22’-(A,R,R)]-Bis{2-{[(2-hydroxy-1,2,2-triphenylethyl)imino]meth-
yl}-4-(4-phenoxyphenyl)phenolato[2�]-N,O,O}titanium (6 e): Prepared
from 4 e (0.652 g, 1.16 mmol) and Ti(Oi-Pr)4 (0.165 g, 0.58 mmol). The re-
action mixture was refluxed for 8 h. The crude product was first purified
by two-fold column chromatography. The product was then dissolved in
diethyl ether (100 mL) and extracted three times with a saturated so-
lution of sodium hydrogen sulfite and another three times with water.
The organic layer was dried with sodium sulfate and concentrated in
vacuo. The residue was recrystallized from methanol to give 0.120 g
(18 %) of 6 e ; m.p. 177.5–179.0 8C; [a]20


D =++693 (c=1 in chloroform); 1H
NMR (500 MHz): d= 5.54 (d, J =8.8 Hz, 2 H, o-phenolato-H), 6.42 [s,
2H, PhCH(N)], 6.91–7.49 (m, 48H, aromatic H), 8.00 (d, J =6.95 Hz,
4H, aromatic H), 8.73 ppm (s, 2H, N=CH); 13C NMR (125 MHz): d=


87.54 [PhCH(N)], 93.45 [Ph2C(OTi)], 119.2–147.2, 156.51 and 157.66 (aro-
matic C), 164.19 (COTi), 166.95 ppm (N=CH); MS (FAB, NBA): m/z
(%): 1167 (14) [M +1]+ , 984 (54), 907 (12), 802 (97), 726 (12), 699 (17),
307 (100).


[OC-6-22’-(A,R,R)]-Bis{4-(4-chlorophenyl)-2-{[(2-hydroxy-1,2,2-tripheny-
lethyl)imino]methyl}phenolato(2�)-N,O,O}titanium (6 f): Prepared from
(R)-4 f (3.002 g, 5.96 mmol) and Ti(Oi-Pr)4 (0.847 g, 2.98 mmol). The re-
action mixture was refluxed for 7 h. Yield: 1.657 g (53 %); Rf = 0.6 (n-
hexane/chloroform 1:4); m.p. 213.0 8C; [a]20


D =++792 (c =1 in chloroform);
1H NMR (200 MHz): d =5.54 (d, J=8.8 Hz, 2H, o-phenolato-H), 6.42 [s,
2H, PhCH(N)], 6.89–7.18 (m, 19H), 7.25–7.49 (m, 19 H) and 7.97–8.02
(m, 4H) (aromatic H), 8.73 ppm (s, 2H, N=CH); 13C NMR (125 MHz):
d=87.61 [PhCH(N)], 93.57 [Ph2(COTi)], 119.6–147.1 (aromatic C),
164.48 (COTi), 166.89 ppm (N=CH); MS (70 eV): m/z (%):1051 (13)
[M+ 1]+ , 975 (5), 868 (65), 791 (21), 686 (100), 479 (43).


Crystal structure determination of complex 6 f : Crystals of 6 f were ob-
tained from a 4:1 mixture of hexane and ethyl acetate. A single crystal,
suitable for X-ray study, was selected by using a polarization microscope
and investigated on a Stoe Imaging Plate Diffraction System using graph-
ite monochromatized MoKa radiation (l =0.71073 �). Unit cell parame-
ters were determined by a least-squares refinement on the positions of
8000 strong reflections distributed equally in reciprocal space. An ortho-
rhombic lattice was found and space group P212121 was uniquely deter-
mined. Crystal data of 6 f·0.5C6H14·0.5C4H8O2: Mr(C71H59Cl2N2O5Ti)=


1138.97, a=13.2663(8), b=19.8502(9), c= 23.4711(17) �, V=


6180.9(6) �3, Z=4, Dx =1.224 gcm�3, m=0.276 mm�1, T =291 K, orange
prisms of dimensions 0.4� 0.35 � 0.15 mm. 57012 intensity data (Vmin =


2.058, Vmax =26.048) were collected and corrected for Lorentzian and po-
larization effects. The structure was solved by direct methods,[18] subse-
quent Fourier analysis, and a trial-and-error procedure for the inclusion
of the highly mobile hole-filling solvent molecules with rigid idealized ge-
ometry. The 1:1 ratio of hexane and ethyl acetate was determined by
NMR spectroscopic investigation after dissolving a sufficient number of
crystals in CDCl3. Approximate positions of all the hydrogen atoms of
the titanium complex were found by difference Fourier analysis. Taking
into account the 1:1 statistical occupation of one site by the solvent mole-
cules, refinement (690 parameters, all 11677 unique reflections were
used, 1 restraint) by full-matrix least-squares calculations on F2[19] con-
verged to the following final indicators: R1[F


2
o>2s(F2


o)]=0.0495, wR2 =


0.0966 (all data), w=1/[s2(F2
o)+ (0.02 P)2 +1.0P], where P = (F2


o +2F2
c)/3,


S=0.993,[19] largest peak and hole in the final difference map are
0.351 e��2 and �0.153 e ��3, respectively. The absolute structure was de-
termined by refinement of a Flack parameter [�0.02(3)].[20] Anisotropic
displacement parameters were used for the refinement of all non-hydro-
gen atoms of the titanium complex. All the hydrogen atoms were treated
as riding on their parent carbon atoms in idealized positions. Their iso-
tropic displacement parameters were kept equal to 120 % of the isotropic
or equivalent isotropic displacement parameters of the parent “aromat-
ic”, tertiary or secondary carbon atom and equal to 150 % of the parent
primary carbon atom, respectively. Scattering factors, dispersion correc-
tions, and absorption coefficients were taken from ref. [21]. CCDC-
258177 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


[OC-6-22’-(A,R,R)]-Bis{2-{[(2-hydroxy-1,2,2-triphenylethyl)imino]meth-
yl}-4-(4-propoxyphenyl)phenolato(2�)-N,O,O]titanium (6 g): Prepared
from (R)-4g (1.131 g, 2.14 mmol) and Ti(Oi-Pr)4 (0.304 g, 1.07 mmol).
The reaction mixture was stirred at room temperature for 72 h. The
crude product was purified by column chromatography (chloroform, Rf =


0.4). Yield: 0.601 g (51 %); m.p. 191 8C (decomp); [a]20
D =++799 (c =1 in


chloroform); 1H NMR (500 MHz): d=1.03 (t, J= 7.45 Hz, 6 H, CH3), 1.80
(pseudosextet, J =7.20 Hz, 4 H, CH2CH2CH3), 3.92 (t, J =6.62 Hz, 4 H,
CH2CH2CH3), 5.53 (d, J =8.75 Hz, 2H, o-phenolato-H), 6.41 [s, 2H,
PhCH(N)], 6.88–6.94 (m, 6 H, aromatic H), 7.00–7.13 (m, 16H, aromatic
H), 7.26–7.28 (m, 6H, aromatic H), 7.33–7.37 (m, 6H, aromatic H), 7.46–
7.48 (m, 4H, aromatic H), 8.00 (d, J =8.5 Hz, 4H, aromatic H), 8.72 ppm
(s, 2H, N=CH); 13C NMR (125 MHz): d=10.94 (CH2CH2CH3), 23.01
(CH2CH2CH3), 69.98 (CH2CH2CH3), 87.50 [PhCH(N)], 93.36
[Ph2C(OTi)], 115.1–158.5 and 164.0 (aromatic C), 167.0 ppm (N=CH);
MS (MAlDI): m/z : 1099 [M]+ .


[OC-6-22’-(A,R,R)]-Bis{4-(4-ethoxyphenyl)-2-{[(2-hydroxy-1,2,2-triphe-
nylethyl)imino]methyl}phenolato(2�)-N,O,O}titanium (6 h): Prepared
from (R)-4h (1.058 g, 2.06 mmol) and Ti(Oi-Pr)4 (0.293 g, 1.03 mmol).
The reaction mixture was refluxed for 6 h. The crude product was puri-
fied by column chromatography (chloroform, Rf =0.2). Then it was stir-
red in n-pentane and filtered. Yield: 0.541 g (49 %); m.p. 192.5 8C
(decomp.); [a]20


D =++820 (c =1 in chloroform); 1H NMR (500 MHz): d=


1.40 (t, J=6.9 Hz, 6H, CH3), 4.03 (q, J =6.9 Hz, 4 H, CH2), 5.53 (d, J=


8.5 Hz, 2 H, o-phenolato-H), 6.41 [s, 2 H, PhCH(N)], 6.87–6.94 (m, 6 H,
aromatic H), 7.00–7.03 (m, 4 H, aromatic H), 7.06–7.13 (m, 12H, aromatic
H), 7.26–7.28 (m, 6H, aromatic H), 7.33–7.37 (m, 6H, aromatic H), 7.46–
7.48 (m, 4H, aromatic H), 8.00 [d, J= 8.55 Hz, 4H, aromatic H),
8.72 ppm (s, 2H, N=CH); 13C NMR (125 MHz): d=15.28 (CH3), 63.89
(CH2), 87.51 [PhCH(N)], 93.37 [Ph2C(OTi)], 115.1–158.3 and 164.0 (aro-
matic C), 166.97 ppm (N=CH); MS (MALDI): m/z : 1071 [M]+ .


[OC-6-22’-(C,S,S)]-Bis{1-{[(2-hydroxy-1,1,2-triphenylethyl)imino]methyl}-
2-naphtholato(2�)-N,O,O}titanium (7): Prepared from 5 (0.155 g,
0.35 mmol) and Ti(Oi-Pr)4 (0.050 g, 0.175 mmol). The reaction mixture
was refluxed for 7 h. The product obtained after column chromatography
was recrystallized from n-hexane. Yield: 0.13 g (80 %); Rf = (chloroform/
n-hexane, 1:1); m.p. 182.4–183.8 8C; [a]20


D =++205 (c =1 in chloroform);
1H NMR (500 MHz): d=6.84 (s, 2 H, o-naphtholato-H), 6.84–7.96 (m,
42H, aromatic H), 9.02 ppm (s, 2H, N=CH); 13C NMR (125 MHz): d=


71.55 [Ph2C(N)], 79.36 [PhCH(O)], 138.29–144.76 (aromatic ipso C),
106.95 [OC(naphthyl)], 165.48 ppm (N=CH); MS (FAB, NBA): m/z (%):
931 (17) [M]+ , 825 (73), 718 (100); elemental analysis calcd (%) for
C62H46N2O4Ti; C 79.99, H 4.98, N 3.01; found C 79.01, H 5.66, N 2.53.
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On the Reaction of Ph2PNHPPh2 with RNCS (R=Et, Ph, p-NO2C6H4):
Preparation of the Zwitterionic Ligand EtNHC(S)Ph2P=NPPh2C(S)NEt
(HSNS) and the Zwitterionic Metalate [(SNS)Rh(CO)]


Mattia Asti, Roberto Cammi, Daniele Cauzzi,* Claudia Graiff, Roberto Pattacini,
Giovanni Predieri, Alessandro Stercoli, and Antonio Tiripicchio[a]


Introduction


The reaction of PEt3 with EtNCS is known since the 1870s
as a route to obtain ethyl isocyanide. In this reaction, the
transfer of a sulfur atom from the NCS group to the phos-
phorus center is responsible for the formation of the corre-
sponding phosphano-sulfide (Et3P=S) and EtNC. In fact, in
the reaction PR03 + RNCS=R03PS + RNC, a zwitterionic in-


termediate is formed, which is, in turn, dissociated in R03PS
and RNC. This process is believed to proceed by the forma-
tion of a three-membered C-P-S non-zwitterionic ring
(Scheme 1).[1]


Data reported in the literature indicates that only alkyl-
substituted phosphanes, R3P, or phosphanoamines,
(R02N)xR


00
ð3�xÞP, which contain P�N bonds, can react with iso-


thiocyanates. The zwitterion formation is an equilibrium de-
pending on R, R’, and the solvent, and it is initiated by a nu-


Abstract: The reaction of Ph2PNHPPh2


(PNP) with RNCS (Et, Ph, p-NO2-
(C6H4)) gives addition products result-
ing from the attack of the P atoms of
PNP on the electrophilic carbon atom
of the isothiocyanate. When PNP is re-
acted with EtNCS in a 1:2 molar ratio,
the zwitterionic molecule
EtNHC(S)PPh2=NP+Ph2C(S)N�Et
(HSNS) is obtained in high yield.
HSNS can be protonated (H2SNS+) or
deprotonated (SNS�), behaving in the
latter form as an S,N,S-donor pincer
ligand. The reaction of HSNS with
[(acac)Rh(CO)2] (acac= acetylaceto-
nate) affords the zwitterionic metalate
[(SNS)Rh(CO)]. Other products can
be obtained depending on the R group,


the PNP/RNCS ratio (1:1 or 1:2), and
the reaction temperature. The pro-
posed product of the primary attack of
PNP on RNCS, Ph2PN=PPh2C(S)NHR
(A), cannot be isolated. Reaction of A
with another RNCS molecule leads to
1:2 addition compounds of the general
formula RNHC(S)PPh2=NP+


Ph2C(S)N�R (1), which can rearrange
into the non-zwitterionic product
RNHC(S)PPh2=NP(S)Ph2 (2) by elimi-
nating a molecule of RNC. Two mole-
cules of A can react together, yielding


1:1 PNP/RNCS zwitterionic products
of the formula RNHCH[PPh2=


NP(S)Ph2]PPh2=NP+Ph2C(S)N�R (3).
Compound 3 can then rearrange into
RNHCH[PPh2=NP(S)Ph2]2 (4) by
losing a RNC molecule. When R= Et
(a), compounds 1 a, 2 a (HSNS), and 4 a
have been isolated and characterized.
When R= Ph (b), compounds 2 b and
4 b can be prepared in high yield.
When R=p-NO2C6H4 (c), only com-
pound 3 c is observed and isolated in
high yield. The crystal structures of
HSNS, [(SNS)Rh(CO)], and of the
most representative products have
been determined by X-ray diffraction
methods.
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Scheme 1. Addition reaction of alkylphosphanes to isothiocyanates and
subsequent transformation in phosphano-sulfide and isocyanide.
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cleophilic attack of the phosphorus center on the carbon
atom of the heterocumulene group.[2,3] The higher nucleo-
philic character of the P atom in phosphanoamines is due to
the N lone pair delocalization, evidenced in Ph2PNHPPh2


(PNP) by the planarity of the P-NH-P system.[4]


Similar reactions of R3P with CS2 give zwitterionic ad-
ducts R3PCS2, whose ligating properties have been re-
viewed.[5] On the other hand, the coordination chemistry of
phosphane- or phosphanoamine–isothiocyanate adducts has
not been studied until now. As far as we know only one
fully characterized complex containing a coordinated
N�C(S)P+ zwitterionic group has been reported,[6] but is ob-
tained by insertion of isothiocyanate in a preformed com-
plex. In particular, the derivatives of PNP are potential mul-
tidentate ligands that can afford a new class of zwitterionic
complexes.


Herein, we report the results of the reaction of PNP with
some common isothiocyanates.


Results and Discussion


Four kinds of products (1–4) can be obtained in the reac-
tion of PNP with RNCS, depending on R, the temperature,
and the PNP/RNCS molar ratio (Scheme 2).


Reaction i represents the primary attack of PNP on
RNCS giving the proposed intermediate A, via a proton mi-
gration. Intermediate A cannot be isolated because of the
reactivity of its free P atom, which is able to react further
with RNCS (pathway ii) or with another A molecule (path-
way iii) on the electrophilic CS group.


Along pathway ii, the zwitterionic compound 1 is ob-
tained, which, in turn, can rearrange to afford quantitatively
compound 2 and an isocyanide molecule.


Along pathway iii, two molecules of A react with each
other through the attack of the tertiary phosphorus of one
molecule on the PC(S)N carbon atom of the second one.
The resulting intermediate undergoes an S-atom transfer
from the C�S group to the free P atom, probably through
the formation of a C,P,N,P,S five-membered ring. After the
S-atom transfer, the C atom is formally negative and can
accept the thioamidic proton which migrates from N to C,
leading to the formation of a zwitterionic N�C(S)P+ “arm”
(compound 3). An isocyanide molecule can be finally re-
leased by rearrangement of 3 into 4, in the same way as the
rearrangement of 1 to 2.


These compounds can be purified by fractional crystalliza-
tion, and identified in the crude reaction mixture by their
31P NMR signals. In compound 2 the formation of the P=S
group from the PC(S)N zwitterionic arm with the release of


a RNC molecule depends on
the temperature. When R= Et
and the ratio of PNP/EtNCS is
1:2, compound 1 a (HSNS) is
obtained in high yield (90 %, >
60 % after recrystallization) to-
gether with traces of 2 a and 4 a.
Compound 2 a can be obtained
almost quantitatively (50 %
after recrystallization) by react-
ing PNP and EtNCS (1:2 ratio)
in refluxing ethanol, or by re-
fluxing an ethanol solution of
compound 1 a. When R= Et
and the ratio of PNP/EtNCS is
1:1, compound 4 a can be ob-
tained (20–30 % yield, together
with 1 a, 2 a and unreacted
PNP), whereas formation of
compound 3 a is not observed.
When R=Ph and the PNP/
PhNCS ratio is 1:2, the transfor-
mation of 1 b to 2 b occurs at
lower temperatures, and only
compound 2 b is obtained
(Yield >85 %). When the PNP/
PhNCS ratio is 1:1, compounds
4 b is obtained (together with
traces of a product that is prob-
ably 3 b, which can be detected
in the reaction mixture by
31P NMR spectroscopy). When


Scheme 2. Products and proposed intermediates of the 2:1 and 1:1 reactions of PNP with RNCS (Ph groups on
P atoms are omitted. The isolated products are evidenced for every R group: a=Et, b=Ph, c=p-NO2(C6H4).
The zwitterionic Lewis structures have been drawn with the formal negative charge located on the nitrogen
atom. Charge resonance on the sulfur atom has been omitted for clarity and will be omitted in all other
schemes).
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R=p-NO2(C6H4), only the formation of 3 c is observed re-
gardless of the temperature or the PNP/PhNCS ratio.


At the moment the influence of the R group on the
“choice” of the two reaction paths ii (yielding compound 1)
or iii (yielding compound 3) and on the stability of the zwit-
terionic functional groups (transformations of 1 into 2, and
of 3 into 4) is not rationalized. Only when R=p-NO2(C6H4)
is the reaction driven towards the formation of a single zwit-
terionic product that is stable with respect to the subsequent
P=S group and p-NO2(C6H4)NC formation. Apparently, the
resonance effect of the p-NO2(C6H4) group stabilizes the
negative charge on the N atom.


As far as we know, 1 a (HSNS) and 3 c are the first com-
pounds containing the new -N=P�C(S)NH- functional
group, belonging to the isoelectronic series X=P�C(S)NH-
(X=O, S, Se, NR).


Compounds 1 a (R=Et), 2 a (R=Et), 2 b (R= Ph), 3 c
(R=p-NO2C6H4), and 4 a (R=Et) were obtained as crystal-
line solids and their structures were determined by X-ray
diffraction. Views of the structures of compounds 1 a, 2 a,
3 c, and 4 a are shown in Figure 1, Figure 2, Figure 3, and
Figure 4, respectively, together with significant bond distan-
ces and angles. Structural data for 2 b has been deposited at
the Cambridge Crystallographic Data Base.


When the PNP group bears a positive charge as in the
zwitterionic compounds 1 a (HSNS) and 3 c, the two P�N
bond lengths are comparable, being 1.575(2) and 1.584(2) �


Figure 1. Molecular structure of 1a (HSNS). Selected bond lengths [�]
and angles [8]: C1�N1 1.297(3), C1�S1 1.690(2), C2�N2 1.314(3), C2�S2
1.660(2), N3�P1 1.584(2), N3�P2 1.575(2); N1-C1-S1 132.1(2), N1-C1-P1
113.0(2), S1-C1-P1 115.0(1), N2-C2-S2 127.3(2), N2-C2-P2 112.2(2), S2-
C2-P2 120.4(1), C1-N1-C3 116.4(2), C2-N2-C5 123.6(2), P1-N3-P2
140.3(1).


Figure 2. Molecular structure of 2a. Selected bond lengths [�] and angles
[8]: C25�S2 1.657(4), C26�N2 1.470(5), C25�P1 1.844(4), C25�N2
1.313(5), P1�N1 1.566(3), P2�N1 1.613(3), P2�S1 1.942(2); C25-N2-C26
124.5(4), N2-C25-S2 125.5(3), N2-C25-P1 115.2(3), S2-C25-P1 119.3(2),
P1-N1-P2 136.7(2), N1-P1-C25 113.8 (2), N1-P2-S1 119.6(1).


Figure 3. Molecular structure of 3 c (phenyl thermal ellipsoids omitted for
clarity). Selected bond lengths [�] and angles [8]: P1�S1 1.972(3), P4�C8
1.842(7), S2�C8 1.671(8), N1�C2 1.42(1), N1�C1 1.425(9), N4�C8 1.302(9),
N2�P1 1.611(4), N2�P2 1.572(6), N3�P3 1.543(6), N3�P4 1.565(6); C2-
N1-C1 125.3(7), P2-N2-P1 133.0(4), P3-N3-P4 166.0(4), C8-N4-C9
122.0(6), N4-C8-S2 134.4(6), N4-C8-P4 109.6(5), S2-C8-P4 115.9(4).


Figure 4. Molecular structure of 4a. Selected bond lengths [�] and angles
[8]: P1�S1 1.967(2), P1�N2 1.616(2), P2�N2 1.572(2), P2�C1 1.844(3),
N1�C1 1.459(3), P4�C1 1.852(3), P4�N3 1.571(2), P3�N3 1.602(2), P3�
S2 1.954(2); N2-P1-S1 119.1(1), P2-N2-P1 130.9(2), N2-P2-C1 113.6(1),
N1-C1-P4 111.0(2), P4-C1-P2 119.4(2), N3-P4-C1 111.0(1), P4-N3-P3
143.3(2), N3-P3-S2 119.5(1), N1-C1-P2 108.9(2).
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in 1 a, 1.543(6) and 1.565(6) � in 3 c, indicating that the posi-
tive charge is delocalized on the two P atoms. The P-N-P
angles are 140.3(1) and 166.0(4)8, respectively. When the
PNP group is not charged, as in 2 a, 4 a and for the P1-N2-
P2 group in 3 c, the P�N bond lengths differ more, (mini-
mum difference for the P4-N3-P3 group in 4 a : P4�N3
1.571(2) � and P3�N3 1.602(2) �) suggesting a less delocal-
ized character of the double bond. The P-N-P angles are
narrower (in the range 130.9(2)–143.3(2)8). In 1 a an intra-
molecular hydrogen bond is present between the N atoms of
the two EtNC(S)P phosphothioamidic moieties (N1···N2=


2.885(4) �, N1�H···N2=162(7)8). It is noteworthy that in all
molecules of 3 c the chiral C1 atom adopts an R configura-
tion, indicating spontaneous enantiomeric resolution during
crystallization. When a P=S group is present, intramolecular
NH···S=P interactions are observable (H···S distances
2.475(6) and 2.556(8) � for 2 a and 4 a, respectively), having
hydrogen-bonding character in 3 c (N1···S2, H1n···S2 distan-
ces 3.295(9) and 2.043(5) �, respectively, N1···H1n···S2 angle
163.9(7)8). In 3 c, this hydrogen bond creates a second chiral
center on the aminic N atom.


HSNS is easily and quantitatively protonated to give the
H2SNS+ ion (Scheme 3). By shaking a chloroform solution


of HSNS with concentrated hydrochloric acid, [H2SNS]Cl
was prepared and its crystal structure was determined
(structural data for this salt have been deposited at the
Cambridge Crystallographic Data Base). By reacting HSNS
with NaH in THF, the anion SNS� can be prepared as a
sodium salt, (Scheme 3) but it has not been isolated and
characterized because of its instability (this anion may also
be referred to as a cation–dianion or a zwitterion–anion).


HSNS reacts with [(acac)Rh(CO)2] (FTIR, CH2Cl2 so-
lution: n(CO) =2023, 2011 cm�1) through loss of the thioa-
midic proton and formation of acetylacetone. The anion
SNS� is then coordinated by the {Rh(CO)2}


+ moiety, afford-
ing a biscarbonyl labile intermediate (n(CO)= 2066,
2003 cm�1 after some minutes), which quickly loses CO, to
form [(SNS)Rh(CO)] (5) (n(CO) =1967 cm�1) in a quantita-
tive yield. Compound 5 can be also obtained by reaction of
[{(CO)2RhCl}2] with NaSNS. The molecular structure of 5 is
shown in Figure 5.


This complex, having a crystallographically imposed C2


symmetry, is a zwitterionic metalate.[7] The anion SNS� coor-
dinates as an S,N,S pincer ligand to the Rh atom, which is
found in a square-planar environment. It is noteworthy that
the two fused pentaatomic chelating rings contain five dif-
ferent atoms (Rh, S, C, P, N), and therefore can be consid-
ered as “true heterocycles”.[8] The two P�N bond lengths,


1.643(2) �, are longer than in
1 a and 3 c, with a P-N-P’ bond
angle of 134.3(3)8. The PNP co-
ordinated group, can be associ-
ated to the well-known
(Ph3P)2N


+ (PPN+) cation. As
far as we know this is the first
example of such a cation coor-


dinated by a metal atom.
To gain insight on the electronic charge distribution in


complex 5, density functional theory (DFT) calculations
were performed. The relevant electronic properties of chela-
tion rings, Mulliken atomic charges, and the total electric
dipole moment, as obtained by the DFT calculations are re-
ported in Table 1. The electronic structure is characterized
by a high charge separation between the phosphorus atoms
and the neighboring nitrogen and carbon atoms. In the
Lewis structure of [(SNS)Rh(CO)], the negative charge
would be located on the Rh atom, as shown in Scheme 4
(for this reason these complexes are called “metalates”), in-
stead it is mainly found on the coordinated N atom. The


Scheme 3. Protonation and deprotonation of HSNS (Ph groups are omitted for clarity).


Figure 5. Molecular structure of 5. Selected bond lengths [�] and angles
[8]: Rh1�C1 1.815(8), Rh1�N1 2.158(5), Rh1�S1 2.367(2), S1�C14
1.764(5), P1�N1 1.643(2), P1�C14 1.851(5), N2�C14 1.288(7); C1-Rh1-
N1 180.0(0), C1-Rh1-S1 91.92(3), N1-Rh1-S1 88.08(3), S1’-Rh1-S1
176.15(7), C14-S1-Rh1 102.5(2), N1-P1-C14 106.2(2), P1-N1-P1’ 134.3(3),
P1-N1-Rh1 112.8(2), N2-C14-S1 131.8(4), N2-C14-P1 111.5(4), S1-C14-P1
116.7(3). (symmetry transformation used to generate equivalent atoms:
’=�x +1, y, �z +1/2)


Table 1. Mulliken atomic net charges and calculated molecular dipole
moment in gas phase and in cyclohexane and THF solutions.


N P C S Rh m/D


gas �0.439 0.205 �0.280 0.017 �0.150 12.870
C6H12 �0.442 0.207 �0.270 �0.010 �0.157 14.923
THF �0.447 0.210 �0.268 �0.044 �0.177 17.664
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charge separation also determines the high value of the total
electric dipole moment (12.9 D in the gas phase), which is
the sum of the local dipoles on the two chelation rings. Its
direction is the same as the twofold axis found in the solid-
state structure. The PNP system is the location of the charge
separation, with a total positive charge of + 0.41 found on


the two P atoms and a negative charge of �0.439 on the N
atom.


The value of the dipole moment was calculated in nonpo-
lar (cyclohexane) and polar (THF) solvents. Its value is
higher than in the gas phase, showing that the molecule is
highly polarizable.


In the solid state, molecules all oriented in the same direc-
tion are disposed in layers in a head-to-tail fashion (see Fig-
ure 6a). Adjacent layers contain molecules with opposite
orientations. A perpendicular view with respect to the layers
shows that the molecules form “columns” defined by alter-
nated opposite orientations (Figure 6b). The shortest inter-
molecular Rh···Rh separation, between two molecules with
different orientations in two adjacent layers in the same
column, is 9.0 �. The shortest Rh···Rh separation between
two equally oriented molecules in the same layer is 10.3 �.


Conclusion


The reaction of PNP with isothiocyanates, RNCS, yields
four kinds of structurally characterized products that
depend mainly on the R group of RNCS. Among these new
products there are zwitterionic molecules that are able or
potentially able to coordinate to metal species. In particular,
we have found that the ligand HSNS behaves, in its deproto-
nated form, as an efficient S,N,S-donor pincer ligand. The
complex [(SNS)Rh(CO)] is the first member of a series
(e.g., PdII, PtII, CuI, CoIII, HgII etc) that will be studied to
produce a new class of zwitterionic complexes whose prop-
erties should be promising in catalysis and in nonlinear
optics.


Experimental Section


General remarks : The starting reagents Ph2PCl, EtNCS, Me3SiNHSiMe3,
p-NO2(C6H4)NCS, PhNCS, [(acac)Rh(CO)2], [{(CO)2RhCl}2], and NaH
were pure commercial products (Aldrich and Fluka) and were used as re-
ceived. Ph2PNHPPh2 (PNP) was prepared by reacting Ph2PCl and Me3-


Scheme 4. Reaction of RhI precursors, [(CO)2Rh(acac)] and [{(CO)2RhCl}2], with HSNS and its deprotonated form SNS� (Ph groups are omitted for
clarity).


Figure 6. Two views of the [(SNS)Rh(CO)] crystal packing. The unit cell
axes are highlighted.
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SiNHSiMe3 in 2:1 ratio in refluxing diethyl ether and purified by recrys-
tallization. The solvents (C. Erba, Fluka) were dried and distilled by stan-
dard techniques before use. Purity was checked by elemental analysis
and/or by 1H and 31P NMR spectroscopy. Elemental (C, H, N, S) analyses
were performed with a Carlo Erba EA 1108 automated analyzer. IR
spectra (KBr discs or CH2Cl2 solutions) were recorded on a Nicolet
Nexus FT spectrometer. 1H (300 MHz, CDCl3), NMR spectra were re-
corded on Bruker instruments, AC 300, Avance 300 (1H). 31P
(162.0 MHz, 85 % H3PO4 as external reference, CDCl3/CHCl3) NMR
spectra were recorded on a Bruker AMX400. Multiplicity and coupling
constants for 1H NMR spectra of 2 a, 4 a, and (H2SNS)Cl compounds
were simulated, in very good accordance with those observed experimen-
tally, by using MestRe-C program.[9] Mass spectra were recorded on a
Fennigan MAT SSQ710.


Preparation of 1 a (HSNS): A solution of HN(PPh2)2 (3.86 mmol, 1.387 g)
in CH2Cl2 (15 mL) was added to a stirred solution of EtNCS (7.72 mmol,
0.697 mL, 97%) in CH2Cl2 (10 mL) and left at room temperature for 3 h.
The resulting yellow solution was concentrated under reduced pressure.
Hexane (10 mL) was added to give, after two days at 4 8C, a yellow crys-
talline product. Yield: 67 %; 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d=13.0 (s, br, 1H; NH), 7.7–7.3 (m, 20 H; Ph), 3.7 (qd, 3J(H,H) =7.2, 4J-
(H,P) =2.0 Hz, 4H; CH2), 1.2 ppm (t, 3J(H,H) =7.2 Hz, 6 H; CH3);
31P{1H} NMR (CDCl3, 25 8C): d=8.4 ppm (s); MS (CI): m/z (%): 473
(15), 417 (100), 384(40), 308 (10), 262 (15); elemental analysis calcd (%)
for C30H31N3P2S2: N 7.51, C 64.38, H 5.58, S 11.46; found: N 7.24, C
64.03, H 5.49, S 11.25.


Preparation of 2a : A solution of HN(PPh2)2 (2.6 mmol, 1 g) in EtOH
(20 mL) was added to a solution of EtNCS (5.2 mmol, 0.469 mL, 97%) in
refluxing EtOH (30 mL). After 3 h, the heating was stopped and at room
temperature a yellow crystalline product was obtained. The product was
washed with hexane. Yield: 48%; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=11.4 (s, br, 1 H; N-H), 7.7–7.2 (m, 20 H; Ph), 3.8 (obsd multi-
plicity: m, simulated: qdd, 3J(H,H) =7.4, 4J(H,P) =5.6, 6J(H,P) =1.8 Hz,
2H; CH2), 1.4 ppm (t, 3J(H,H) =7.4 Hz, 3H; CH3), 31P{1H} NMR
(400 MHz, CDCl3, 25 8C): d=44.4 (s, P=S), 11.4 ppm (s, P-C(S)NEt); MS
(CI): m/z (%): 504 ([M]+ , 60), 417 (100), 385 (20), 308 (20); elemental
analysis calcd (%) for C27H26N2P2S2: N 5.55, C 64.27, H 5.19, S 12.71;
found: N 5.61, C 64.46, H 5.08, S 12.84.


Preparation of 2b : A solution of HN(PPh2)2 (2.7 mmol, 1.04 g) in CH2Cl2


(20 mL) was added to a stirred solution of PhNCS (5.4 mmol, 0.659 mL,
98%) in CH2Cl2 (20 mL) at room temperature over 3 h. The resulting
yellow solution was concentrated under reduced pressure. Hexane
(10 mL) was added to give, after two days at 4 8C, a yellow crystalline
product. Yield: 85 %; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=12.4
(s, br, 1H; N-H), 8.1–6.8 ppm (m, 25H; Ph); 31P{1H} NMR (400 MHz,
CDCl3, 25 8C): d=44.5 (s, P=S), 12.1 ppm (s, P-C(S)NPh); MS (CI): m/z
(%): 550 ([M]+ , 20), 522 (70), 446 (56), 418 (100), 385 (30); elemental
analysis calcd (%) for C31H26N2P2S2: N 5.07, C 67.37, H 4.74, S 11.60;
found: N 5.12, C 67.52, H 4.64, S 11.46.


Preparation of 3c : A solution of HN(PPh2)2 (1.2 mmol, 0.462 g) in
CH2Cl2 (20 mL) was added under stirring to a solution of p-NO2-
(C6H4)NCS (1.2 mmol, 0.220 g, 98 %) in CH2Cl2 (10 mL) at room temper-
ature over 3 h. The resulting orange solution was concentrated under re-
duced pressure. Hexane (10 mL) was added to give, after 3–4 days at
4 8C, an orange product. Yield: 91%; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=8.7 (br, 1 H; NH), 8.3–6.9 (m, br, 48H; Ph, C6H4NO2),
6.75 ppm (t, br, 2J(H,P) =8.0 Hz, 1 H; CHP2); 31P NMR (400 MHz,
CDCl3, 25 8C): d=44.6 (s; P=S), 20.3 (dd, 2J(P,P) =12, 2J(P,P) =27 Hz; S=


CPNP), 17.4 (d, 2J(P,P)=12 Hz; S=PNP), 8.0 ppm (d, 2J(P,P)=12 Hz;
PC=S); MS (70 CI): m/z (%): 566 (18), 446 (18), 417 (100), 401 (34), 384
(30), 340 (24), 308 (30), 262 (58), 217 (20), 181 (34), 139 (28). elemental
analysis calcd (%) for C62H50N6P4O4S2: N 7.43, C 65.83, H 4.45, S 5.67;
found: N 7.36, C 65.69, H 4.44, S 5.71.


Preparation of 4a : A solution of EtNCS (2.6 mmol, 0,235 mL, 97 %) in
CH2Cl2 (20 mL) was added dropwise to a stirred solution of HN(PPh2)2


(2.6 mmol, 1 g) in CH2Cl2 (10 mL) at 0 8C. After 4 h, the solution was
concentrated under reduced pressure and hexane was added to obtain,
after two days, a yellow powder. The solution was filtered and after two


days a crystalline white product was obtained. Yield: 37 %. 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=8.0–6.9 (m, 40H; Ph), 6.48 (td, 2J-
(H,P) =15.9, 3J(H,H) =9 Hz, 1H; CHP2), 3.40 (ttd, 3J(H,H) =6.7, 3J-
(H,H) =9 Hz, 3J(H,P) = sim. 7.8 Hz, 1 H; NH), 2.49 (qd, 3J(H,H) =6.7, 3J-
(H,H) =6.7 Hz, 2 H; CH2), 0.58 ppm (t, 3J(H,H) =6.7 Hz, 3H; CH3);
31P{1H} NMR (400 MHz, CDCl3, 25 8C): d= 44.0 (s, P=S), 18.4 ppm (s,
CH-P); MS (CI): m/z (%): 472 (15), 417 (100), 384 (20), 308 (10); ele-
mental analysis calcd (%) for C51H47N3P4S2: N 4.72, C 68.83, H 5.32, S
7.21; found: N 4.79, C 68.49, H 5.32, S 7.15;


Preparation of 4 b : A solution of PhNCS (2.6 mmol, 0.317 mL, 98%) in
CH2Cl2 (20 mL) was added to a stirred solution of HN(PPh2)2 (2.6 mmol,
1 g) in refluxing EtOH (10 mL). After 45 min, the solution was concen-
trated under reduced pressure. After two days at 4 8C a white solid was
filtered. Yield: 60%. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d =7.9–
6.65 (m, 45H; Ph), 6.55 (t, 2J(H,P) = 7 Hz, 1 H; CHP2), 3.75 ppm (s, br,
1H; NH); 31P{1H} NMR (400 MHz, CDCl3, 25 8C): d =44.7 (s, P=S),
17.9 ppm (s, CH-P); elemental analysis calcd (%) for C55H47N3P4S2: N
4.48, C 70.42, H 5.05, S 6.83; found: N 4.52, C 70.81, H 4.99, S 6.81.


Preparation of [(SNS)Rh(CO)] (5): Method a): A solution of HSNS (1a)
(0.65 mmol, 0.364 g) in THF (5 mL) was added to a stirred solution of
[(acac)Rh(CO)2] (0.65 mmol, 0.168 g) in THF (5 mL) at room tempera-
ture over 3 h. Hexane (5 mL) was added to the orange resulting solution
to give, after 2–3 days, a crystalline orange-red solid [Rh(SNS)CO] (5)
(yield 82 %).


Method b): NaSNS in THF (15 mL) was prepared by adding a suspension
of NaH (0.2 mmol, 5 mg in THF (15 mL)) to a HSNS solution (0.2 mmol,
112 mg in THF (30 mL). The color turned from yellow to white in few
seconds. A solution of [{(CO)2RhCl}2] (0.1 mmol, 40 mg) in THF (15 mL)
was then added at room temperature under stirring. After 3 h, the sol-
vent was evaporated under reduced pressure, and CH2Cl2 (10 mL) was
added to the orange resulting powder. After the color of the solution
turned to orange, the NaCl precipitated was filtered off. The solvent was
then evaporated to give an orange-red powder (5), which was recrystal-
lized from CH2Cl2/hexane. Yield: 80%; 1H NMR (300 MHz, CDCl3,
25 8C, TMS): 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.48 (m, 12H;
Ph), 7.26 (m, 8 H; Ph), 3.75 (qd, 3J(H,H) =7.2, 4J(H,P) = 3.9 Hz, 4H; -
CH2-), 1.19 ppm (t, 3J(H,H) =7.2 Hz, 6 H; -CH3); 31P NMR (400 MHz,
CDCl3, 25 8C): d=16.6 ppm (s); FTIR (CH2Cl2): ñ =1967 cm�1 (CO); ele-
mental analysis calcd (%) for RhC31H30N3OP2S2: N 6.09, C 53.99, H 4.38,
S 9.30; found: N 6.12, C 54.25, H 4.46, S 9.18.


Preparation of (H2SNS)Cl : HSNS (0.13 mmol, 73 mg) was dissolved in
CH2Cl2 (20 mL) to give a yellow solution; HCl (1 mL, 37%) was added
and the reaction mixture was vigorously shaken. The upper aqueous
phase was eliminated and the resulting organic phase was dried on anhy-
drous Na2SO4 and evaporated under reduced pressure to obtain a yellow
powder. Yield: 98%; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=12.8
(s, 2 H; NH), 8.0–7 (m, 40H; Ph), 4.05 (obsd. multiplicity: q, J =6.7 Hz,
simulated qd, 3J(H,H) =7.2, 4J(H,P) = 7 Hz, 4 H; CH2), 1.41 ppm (t, 3J-
(H,H) =7.2 Hz, 6H; CH3); 31P NMR (CDCl3, 25 8C): d=12.8 ppm (s); el-
emental analysis calcd (%) for C30H32N3P2S2Cl: N 7.05, C 60.44, H 5.41, S
10.76; found: N 7.00, C 60.18, H 5.24, S 10.88.


X-ray data collection, structure solution and refinement for complexes
1a, 2a, 3 c, 4 a, and 5 : Crystals suitable for X-ray analysis of 1a, 2a, 3 c,
4a, and 5 were obtained by layering hexane on a dichlorometane so-
lution. The intensity data were collected at room temperature on a Phi-
lips PW 1100 (1a, 4 a), on a Bruker area detector AXS Smart 1000 (2 a,
5), and on a Enraf-Nonius CAD4 diffractometers (3c) (the first two
using graphite-monochromated MoKa radiation, l=0.71073 �, while the
latter using CuKa radiation, l =1.54183 �). Crystallographic and experi-
mental details of the structures are summarized in Table 2. An empirical
correction for absorption was made for 1 a, 3c, 4 a (maximum and mini-
mum value for the transmission coefficient: 1.000 and 0.473 (1), 1.000
and 0.7227 (3), 1.000 and 0.623 (4)).[10a,b] For complex 2 a and 5 (maxi-
mum and minimum effective transmission value 1.000 and 0.827, 1.000
and 0.591, respectively) the raw frame data were processed by using
SAINT and SADABS to yield the reflection data file and the Bruker
software was used for the absorption correction.[10c–e] The structures were
solved by Patterson and Fourier methods and refined by full-matrix least-
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squares procedures (based on F2
o) (SHELX-97),[11] first with isotropic


thermal parameters and then with anisotropic thermal parameters in the
last cycles of refinement for all the non-hydrogen atoms. The hydrogen
atoms were introduced into the geometrically calculated positions and re-
fined riding on the corresponding parent atoms or except those bound to
nitrogen atoms and H1 in compound 3 a, which were found and refined
isotropically.


CCDC-246734 (1a), CCDC-246735 (2a), CCDC-246737 (3 c), CCDC-
246738 (4 a), and CCDC-246740 (5) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data request/cif.


Calculations : DFT calculations were performed by using the B3 LYP[12a–c]


exchange-correlation functional with LanL2DZP effective core potential
basis function,[13] augmented by a supplemented set of d valence orbitals
on the phosphorus atoms to properly describe the low-lying empty d or-
bitals. All calculations were performed with the Gaussian 03 program.[14]


The equilibrium geometry of the molecular systems was obtained by ap-
plying a standard criterion of convergence of the molecular forces. The
computed geometry is in reasonable agreement with the structure ob-
tained by single-crystal X-ray analysis.
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Table 2. Crystal data and structure refinement for compounds 1a, 2a, 3c, 4 a, and 5.


1a 2a 3c 4 a 5


formula C30H31N3P2S2 C27H26N2P2S2 C62H50N6P4O4S2 C51H47N3P4S2 RhC31H30N3OP2S2


FW 559.64 504.56 1131.08 889.92 689.55
crystal system monoclinic monoclinic orthorhombic triclinic monoclinic
space group P21/n C2/c P212121 P �1 C2/c
a [�] 14.718(4) 17.506(5) 21.820(5) 16.778(5) 13.810(5)
b [�] 11.178(3) 14.626(5) 20.636(5) 12.958(4) 15.389(5)
c [�] 18.263(5) 20.601(5) 12.492(5) 12.765(4) 16.236(5)
a [8] 90 90 90 64.94(5) 90
b [8] 102.41(5) 97.404(5) 90 70.51(5) 106.88(5)
g [8] 90 90 90 71.99(5) 90
V [�3] 2934(2) 5231(3) 5625(3) 2323.7(1) 3302(2)
Z 4 8 4 2 4
1calcd [gcm�3] 1.267 1.281 1.336 1.272 1.387
F(000) 1176 2112 1162 932 1408
crystal size [cm] 0.14 � 0.21 � 0.15 0.17 � 0.21 � 0.15 0.24 � 0.18 � 0.14 0.22 � 0.11 � 0.20 0.12 � 0.20 � 0.25
m [cm�1] 3.14 3.44 23.70 2.91 7.68
rflns collected 5710 10240 4637 6866 7474
rflns unique 5710 3204 4637 6866 2300
rflns observed
[I>2s(I)] 3641 2262 3581 3559 1879
parameters 338 309 443 556 187
R indices R1[a] 0.0511 0.0484 0.0388 0.0499 0.0389
[I>2s(I)] wR2[b] 0.1468 0.1357 0.0604 0.1264 0.0750
R indices R1 0.0797 0.0746 0.0662 0.1049 0.0637
(all data) wR2 0.1572 0.1357 0.0711 0.1349 0.0834


[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= [�[w(F2
o�F2


c)
2]/�[w(F2


o)
2]]1/2.
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Electronic Structural Changes between Nickel(ii)–Semiquinonato and
Nickel(iii)–Catecholato States Driven by Chemical and Physical Perturbation


Hideki Ohtsu and Koji Tanaka*[a]


Introduction


Transition-metal complexes containing redox-active dioxo-
lene ligands, represented as quinone (Q), semiquinone
(SQ), and catecholate (Cat), have been one of the most im-
portant and attractive research objectives, since they exhibit
unusual valence tautomeric interconversion.[1] Valence tau-


tomers are characterized by different distributions of elec-
tron density such as MII-SQ and MIII-Cat compounds (M:
metal ion), which interconvert to each other through intra-


molecular electron transfer between metal and ligand cen-
ters.


Much information about metal complexes with dioxo-
lene[2–4] and other redox-active ligands[5–8] exhibiting valence
tautomeric behavior has been accumulated and this phe-
nomenon has been explored in order to develop molecular
switching devices.[9] However, nickel–dioxolene complexes
that exhibit valence tautomeric interconversion have not
been reported, and there has so far been no experiments to
control the valence tautomerism taking advantage of the
donor ability of the ligands[10] and external perturbation.


A pivotal property of nickel(ii) complexes[11–16] is that they
exhibit the unique solvatochromism and thermochromism
induced by the transformation of the nickel(ii) spin state be-
tween a low-spin (S=0) state with a tetracoordinate square-
planar structure and a high-spin (S=1) state with a hexa-
coordinate octahedral geometry,[17,18] triggered by the coor-
dination of two solvent molecules to the nickel ion. The im-
portance of control over nickel(ii) spin states has recognized
not only in inorganic chemistry,[17–20] but also in biological
chemistry,[21,22] since it promotes the development of molec-
ular memories and switches[9,17–20] as well as leading to fur-
ther understanding of biological systems.[21, 22] In this context,
we have recently demonstrated that modulation of the
donor ability of the ligands in nickel(ii) complexes makes it
possible to control the spin states between S= 0 and S= 1.[23]


This finding stimulated us to research the effect of the spin-


Abstract: The selective synthesis of tet-
racoordinate square-planar low-spin
nickel(ii)–semiquinonato (NiII-SQ) and
nickel(iii)–catecholato (NiIII-Cat) com-
plexes, 1 and 2, respectively, was ach-
ieved by using bidentate ligands with
modulated nitrogen-donor ability to
the nickel ion. The electronic structures
of 1 and 2 were revealed by XPS and
EPR measurements. The absorption
spectra of 1 and 2 in a noncoordinating
solvent, dichloromethane (CH2Cl2), are


completely different from those in tet-
rahydrofuran (THF), being a coordi-
nating solvent. As expected from this
result, the gradual addition of N,N-di-
methylformamide (DMF), which is also
a coordinating solvent like THF, into a
solution of 1 or 2 in CH2Cl2 leads to


color changes from blue (for 1) and
brown (for 2) to light green, which is
the same color observed for solutions
of 1 or 2 in THF. Furthermore, the
same color changes are induced by
varying the temperature. Such spectral
changes are attributable to the trans-
formation from square-planar low-spin
NiII-SQ and NiIII-Cat complexes to oc-
tahedral high-spin NiII-SQ ones, caused
by the coordination of two solvent mol-
ecules to the nickel ion.
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state change in valence tautomeric compounds containing
nickel ions.


We report herein the synthesis, XPS, EPR, and electronic
spectroscopic investigations of tetracoordinate square-planar
low-spin nickel(ii)–semiquinonato and nickel(iii)–catechola-
to complexes that contain bidentate ligands with modulated
nitrogen donor ability, Py(Bz)2 or MePy(Bz)2 {Py(Bz)2 =


N,N-bis(benzyl)-N-[(2-pyridyl)methyl]amine, MePy(Bz)2 =


N,N-bis(benzyl)-N-[(6-methyl-2-pyridyl)methyl]amine},[24]


represented as [NiII(Py(Bz)2)(tBu2SQ)](PF6) (1) and [NiIII-
(MePy(Bz)2)(tBu2Cat)](PF6) (2) (tBu2SQ=3,5-di-tert-butyl-
1,2-benzosemiquinone, tBu2Cat= 3,5-di-tert-butylcatecho-
late). In this article, we have two goals. The first is to report


the first example for successful control of the NiII-SQ and
NiIII-Cat frameworks through fine-tuning of nitrogen donor
ability of the bidentate ligands to the nickel ion. The second
is to clarify the drastic difference in the solvent- and temper-
ature-dependent interconversion processes of 1 and 2 ; the
transformation between square-planar low-spin NiII-SQ and
octahedral high-spin NiII-SQ states occurs in 1, whereas
square-planar low-spin NiIII-Cat framework is transformed
to octahedral high-spin NiII-SQ states in the case of 2.


Results and Discussion


Preparation and characterization of the nickel(ii)–semiqui-
nonato and nickel(iii)–catecholato complexes : The reactants
Py(Bz)2, tBu2CatH2, and Ni(ClO4)2·6 H2O were mixed in a
1:1:1 ratio in acetonitrile under a nitrogen atmosphere, and
then two equivalents of triethylamine and one equivalent of
ferricenium hexafluorophosphate were added to the result-
ing solution. This procedure enabled us to isolate the nick-
el(ii)–semiquinonato complex 1. In the same manner, the
nickel(iii)–catecholato complex 2 was obtained using the
MePy(Bz)2 ligand instead of Py(Bz)2 (see Experimental Sec-
tion). The colors of both complexes are entirely different,
since 1 is blue, whereas 2 is brown.


The oxidation states of the nickel ions in 1 and 2 were de-
termined by X-ray photoelectron spectra (XPS). The XPS
of 1 and 2 are shown in Figure 1 (parts a and b, respective-
ly). The binding energy of the Ni 2p3/2 signals are observed
at 854.9 (for 1) and 856.1 eV (for 2). The Ni 2p3/2 peak in 2
is evidently higher than that in 1, a fact which reveals the
nickel oxidation states in 1 and 2 are NiII and NiIII, respec-
tively.[25] Such a result is consistent with the EPR studies, as
described below.


The EPR spectrum of 1 in dichloromethane (CH2Cl2) at
193 K is shown in Figure 2, which exhibits a sharp isotropic


Figure 1. X-ray photoelectron spectra of a) [NiII(Py(Bz)2)(tBu2SQ)](PF6)
(1) and b) [NiIII(MePy(Bz)2)(tBu2Cat)](PF6) (2).


Figure 2. EPR spectrum of [NiII(Py(Bz)2)(tBu2SQ)](PF6) (1) (1.0 � 10�3
m)


in CH2Cl2 at 193 K, and its computer simulation using the parameters
(g=2.0061, aH =0.38 mT).
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signal at g=2.0061 with hyperfine structure.[26] The hyper-
fine coupling constant was determined by the computer sim-
ulation of the EPR spectrum as shown in Figure 2. The two-
line isotropic signal is ascribed to the hyperfine coupling
(aH =0.38 mT) of an unpaired electron with the proton in
the 4-position of the dioxolene ligand.[27] The observed
sharp isotropic signal with the g value of 2.0061 is close to
free-spin value (g=2.0023) and can be assigned to the
ligand-centered radical species consisted of the square-
planar low-spin d8 NiII (S=0) and semiquinone radical (S=


1/2) frameworks.
In contrast to 1, interestingly, an anisotropic signal (g?=


2.29, gk= 2.20, and giso =2.26)[28] is obtained at 77 K in the
case of 2 (Figure 3). The significantly larger g value of 2


(giso =2.26) compared with that of 1 (g= 2.0061) clearly indi-
cates that the unpaired electron is localized on the metal
center. The electronic configuration of 2 can thus be inter-
preted as metal-centered oxidized species composed of the
low-spin d7 NiIII (S= 1/2) and catecholate (S=0) states. Fur-
thermore, the EPR parameters (g?=2.29, gk=2.20) strong-
ly indicate that the coordination environment of the nickel-
(iii) ion is a distorted square-planar structure with a dz2


ground state.[29]


The cyclic voltammograms of 1 and 2 have been measured
in CH2Cl2 under anaerobic conditions and show two reversi-
ble redox waves (1: E1/2a = 0.63 V and E1/2b =0.19 V, 2 : E1/2a =


0.59 V and E1/2b = 0.10 V vs SCE). Taking into account the
results of XPS data (Ni 2p3/2 = 854.9 eV) as well as EPR
signal (g=2.0061), the first E1/2a and the second E1/2b redox
waves of 1 are assigned to the NiIII/NiII couple and the Cat/
SQ couple, respectively. On the other hand, the first and
second reversible waves of 2 at E1/2a and E1/2b correspond to
the SQ/Cat and NiII/NiIII redox couples, respectively, based
on the XPS (Ni 2p3/2 =856.1 eV) and EPR (giso =2.26) meas-
urements.


Such a drastic difference in the electronic states of 1 and
2 can be ascribed to the steric effect induced by the o-
methyl group[23,30–32] in the MePy(Bz)2 ligand. The o-methyl
group of the MePy(Bz)2 ligand leads to the weaker coordi-


nation to the nickel ion relative to the nonsubstituted
Py(Bz)2 ligand. As a result, the dioxolene ligand of 2 binds
more strongly to the nickel ion than that observed for 1; this
causes the deviation of electron density to form the NiII-SQ
and NiIII-Cat states selectively.


The conformational changes to give octahedral structures
from the square-planar nickel(ii)–semiquinonato and nickel-
(iii)–catecholato complexes: The addition of an exogenous
ligand such as nitrate ion (NO3


�) into a solution of the tetra-
coordinate square-planar low-spin nickel(ii)–semiquinonato
(1) or nickel(iii)–catecholato (2) complexes in CH2Cl2 result-
ed in color changes from blue and brown, respectively, to
light green. The absorption spectral changes observed upon
addition of tetra-n-butylammonium nitrate (TBA-NO3) into
a solution of 1 or 2 in CH2Cl2 are shown in Figures 4 and 5,
respectively. The absorption spectrum of blue 1 exhibits an
intense band at 595 nm[33] (e=2500 m


�1 cm�1), which can be


Figure 3. EPR spectrum of [NiIII(MePy(Bz)2)(tBu2Cat)](PF6) (2) (1.0 �
10�3


m) in CH2Cl2 at 77 K.


Figure 4. Absorption spectral changes observed upon addition of various
amounts of TBA-NO3 into a solution of [NiII(Py(Bz)2)(tBu2SQ)](PF6) (1)
in CH2Cl2 (5.0 � 10�4


m) at 298 K. Inset: Titration of 1 with TBA-NO3 in
CH2Cl2 at 298 K.


Figure 5. Absorption spectral changes observed upon addition of various
amounts of TBA-NO3 into a solution of [NiIII(MePy(Bz)2)(tBu2Cat)](PF6)
(2) in CH2Cl2 (5.0 � 10�4


m) at 298 K. Inset: Titration of 2 with TBA-NO3


in CH2Cl2 at 298 K.
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assigned to the charge-transfer transition between the semi-
quinone and the low-spin nickel(ii) ion. The absorbance of
the band at 595 nm decreases linearly with an increase in
the NO3


� concentration up to just one equivalent of NO3
� .


No other spectral change is observed even when an excess
amount of NO3


� is added as depicted in the inset of
Figure 4. This result clearly indicates that the stoichiometry
of the reaction between 1 and NO3


� is 1:1. In the case of
brown 2, the absorption spectrum displays characteristic
bands centered at 405, 540, and 775 nm[33] (e= 2700, 450,
and 350 m


�1 cm�1, respectively) associated with nickel(iii)
complexes.[34] The spectral change behavior in the reaction
of 2 with NO3


� (see the inset of Figure 5) is the same as that
in 1, and the spectrum of the resulting light green solution
of 2 (lmax (e)= 435 (1200) and 785 nm (400 m


�1 cm�1)) is also
quite close to that of 1 (lmax (e)= 435 (1000) and 780 nm
(350 m


�1 cm�1)).
The EPR measurements allows us to clarify the electronic


structures of the 1:1 adducts formed in the reaction between
1 or 2 and NO3


� . The EPR spectra of the 1:1 NO3
� adducts


in 1 and 2, denoted as complexes 3 and 4, respectively, at
77 K are shown in Figure 6, from which the EPR parameters


(g1 =5.0 and 4.6, g2 = 2.2 and
2,1, g3 =1.9 and 1.9 for 3 and 4,
respectively)[28] are obtained.
Such EPR signals in both com-
plexes at X-band frequency are
typical of a Kramers� doublet in
a quartet ground state and
clearly indicate that the nick-
el(ii) ion with the high-spin
state (S=1) is ferromagnetical-
ly coupled to the semiquinone
radical (S= 1/2) to yield a total
S= 3/2 state.[35,36] Furthermore,


the oxidation states of nickel ion in both 1:1 NO3
� adducts


has been confirmed by XPS. The detected binding energy of
the Ni 2p3/2 signals at 855.3 eV (for both complexes) are con-
sistent with the NiII oxidation states.[25] Thus, the electronic
structures of the 1:1 adducts with NO3


� in 1 and 2 can be ex-
pressed as the hexacoordinate octahedral high-spin NiII-SQ
complexes, [NiII(Py(Bz)2)(tBu2SQ)(NO3)] (3) and [NiII-
(MePy(Bz)2)(tBu2SQ)(NO3)] (4)[37] (Scheme 1). Indeed, the
observed EPR and absorption spectra are the same as those
of the structurally established hexacoordinate octahedral
high-spin nickel(ii)–semiquinonato complex.[35] Such color
changes induced by the transformation from square-planar
low-spin NiII-SQ and NiIII-Cat complexes to the octahedral
high-spin NiII-SQ complexes occur when either noncoordi-
nating or coordinating solvents are used.


Solvatochromic and thermochromic behavior : The charac-
teristic absorption bands of tetracoordinate square-planar
low-spin NiII-SQ and NiIII-Cat complexes (1: l=595 nm (e=


2500 m
�1 cm�1), 2 : l=405, 540, and 775 nm (e= 2700, 450,


and 350 m
�1 cm�1, respectively)) are observed in CH2Cl2, a


noncoordinating solvent, as described above. The spectra of
1 and 2, however, completely change when a coordinating
solvent such as tetrahydrofuran (THF) is used instead of
CH2Cl2. The obtained absorption bands of 1 and 2 in THF
are centered at l=425 (e=1200), 795 nm (e=350 m


�1 cm�1)
and l=420 (e=850), 790 nm (e=350 m


�1 cm�1), respectively,
and are very close to those of the 1:1 NO3


� adducts 3 and 4
as shown in Figure 4 and 5. In addition, the EPR spectra of
1 and 2 in THF at 77 K (1: g=4.7, 2.1, 1.9, 2 : g= 5.0, 2.1,
1.9; see Supporting Information)[28] are exactly the same as
those of 3 and 4 (see Figure 6). These results indicate that
the conversion from square-planar low-spin NiII-SQ and
NiIII-Cat complexes to octahedral high-spin NiII-SQ com-
plexes is attributable to the coordination of two THF mole-
cules to the tetracoordinate square-planar nickel center. For-
mation of the 1:2 solvent molecule adducts has been further
confirmed by the CSI mass spectrum of 1 in N,N-dimethyl-
formamide (DMF), which is a also a coordinating solvent
like THF. A signal at m/z 712 was exhibited and the ob-
served mass and isotope pattern correspond to the ion [NiII-
(Py(Bz)2)(tBu2SQ)(dmf)2]


+ .
As expected from the solvatochromic properties of 1 and


2, the conversion of square-planar low-spin NiII-SQ and


Figure 6. EPR spectra of a) [NiII(Py(Bz)2)(tBu2SQ)(NO3)] (3) (1.0 �
10�3


m) and b) [NiII(MePy(Bz)2)(tBu2SQ)(NO3)] (4) (1.0 � 10�3
m) in


CH2Cl2 at 77 K.


Scheme 1.
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NiIII-Cat complexes to octahedral high-spin NiII-SQ com-
plexes can be induced by gradual addition of DMF into a
solution of 1 or 2 in CH2Cl2 (Figure 7). The characteristic


absorption bands at l= 595 (for 1) and 405 nm (for 2) de-
crease with increasing the concentration of added DMF, ac-
companied by increases in the absorption bands at ~430
and ~800 nm in both cases, which belong to the correspond-
ing octahedral high-spin NiII–
DMF adducts. Such absorption
spectral changes shown in
Figure 7 are reasonably associ-
ated with the 1:2 complex for-
mation between 1 or 2 and
DMF as illustrated in
Scheme 2.[38] The binding con-
stants (Kb) for the 1:2 adducts
with DMF expressed by
[Eq. (1)] were calculated by
using the equation (A0�A)/
(A�A¥)=Kb[DMF]2.


Kb ¼
½NiIIðPyðBzÞ2 or MePyðBzÞ2ÞðtBu2SQÞðdmfÞ2�


½NiIIðPyðBzÞ2ÞðtBu2SQÞ or NiIIIðMePyðBzÞ2ÞðtBu2CatÞ�½DMF�2
ð1Þ


The plots of (A0�A)/(A�A¥) versus [DMF]2 give straight
lines passing through the origin as shown in the insets of
Figure 7. The Kb values are determined as 2.0 � 104 and
9.9 m


�2 for 1 and 2, respectively, from the slopes of the plots.
The significantly larger binding constant of 1 with respect to
that of 2 may be due to the difference in the interconversion
processes of 1 and 2. In complex 1 only the nickel(ii) spin
states, such as low- and high-spin NiII-SQ, are transformed,
whereas in complex 2 the conversion of low-spin NiIII-Cat
and high-spin NiII-SQ states occurs, as depicted in Scheme 2.
Such a drastic difference of Kb values in 1 and 2 has an in-
fluence to the thermal behavior of both complexes.


The tetracoordinate square-planar low-spin NiII-SQ com-
plex, [NiII(Py(Bz)2)(tBu2SQ)]+ (1), exhibits reversible ther-
mochromism induced by the nickel(ii) spin-state intercon-
version between square-planar low-spin and octahedral
high-spin states with the SQ ligand when 2.5 equivalents of
DMF are added to a solution of 1 in CH2Cl2 (see Supporting
Information). At room temperature, there is a band (lmax =


595 nm) that is characteristic of the low-spin NiII-SQ form.
As the temperature of this blue solution of 1 is decreased
from 298 K to 213 K, the color gradually changes toward
light green (lmax = 425 and 795 nm) very similar to the spec-
trum with in one equivalent of TBA-NO3 (Figure 4) and
that with excess amounts of DMF in CH2Cl2 (Figure 7a).
The notable thermochromism can be explained by the shift
of the equilibrium to the right upon cooling the solution
down to 213 K as shown in Scheme 2.


In contrast to the case of 1, temperature-dependent spec-
tral change is not observed under the same conditions for
complex 2 (2.5 equiv of DMF). On the other hand, when
200 equivalents of DMF are added to a solution of 2 in
CH2Cl2, the thermochromism between two distinguishable
electronic isomers, one is low-spin [NiIII(MePy(Bz)2)-
(tBu2Cat)]+ with square-planar structure (brown) and the
other is high-spin [NiII(MePy(Bz)2)(tBu2SQ)(dmf)2]


+ with
octahedral geometry (light green), takes place as illustrated
in Scheme 2 (see also the Supporting Information). Such a


Figure 7. Absorption spectral changes observed upon addition of various
amounts of DMF into a solution of a) [NiII(Py(Bz)2)(tBu2SQ)](PF6) (1) in
CH2Cl2 (5.0 � 10�4


m) and b) [NiIII(MePy(Bz)2)(tBu2Cat)](PF6) (2) in
CH2Cl2 (5.0 � 10�4


m) at 298 K. Insets: Plots of (A0�A)/(A�A¥) versus
[DMF]2 for the 1:2 DMF adducts of a) 1 and b) 2.


Scheme 2.
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difference in the amounts of DMF to cause the thermo-
chromism is associated with the binding constants of 1 (Kb =


2.0 � 104
m
�2) and 2 (Kb = 9.9 m


�2) with DMF (vide supra).
Thus, the modulation of nitrogen-donor ability of the biden-
tate ligands plays a crucial role in controlling thermochrom-
ism as well as solvatochromism in conjunction with electron-
ic distribution.


Conclusion


The tetracoordinate square-planar low-spin nickel(ii)–semi-
quinonato and nickel(iii)–catecholato complexes, [NiII-
(Py(Bz)2)(tBu2SQ)](PF6) (1) and [NiIII(MePy(Bz)2)-
(tBu2Cat)](PF6) (2), have been synthesized selectively by
using bidentate ligands with modulated nitrogen-donor abili-
ty to the nickel ion. Complexes 1 and 2 exhibit the unique
solvatochromism as well as thermochromism induced by
electronic structural changes between square-planar low-
spin NiII-SQ (blue) or NiIII-Cat (brown) and octahedral
high-spin NiII-SQ (light green) states. The significantly
larger binding constant of 1 (Kb = 2.0 � 104


m
�2) for the 1:2


DMF adducts with respect to that of 2 (Kb =9.9 m
�2) and the


thermochromic condition (1: 2.5 equiv of DMF, 2 : 200 equiv
of DMF) may be caused by the different interconversion
pathways in 1 and 2. Complex 1 is transformed between
square-planar low-spin NiII-SQ ([NiII(Py(Bz)2)(tBu2SQ)]+)
and octahedral high-spin NiII-SQ ([NiII(Py(Bz)2)(tBu2SQ)-
(dmf)2]


+), whereas complex 2 converts between square-
planar low-spin NiIII-Cat ([NiIII(MePy(Bz)2)(tBu2Cat)]+) and
octahedral high-spin NiII-SQ ([NiII(MePy(Bz)2)(tBu2SQ)-
(dmf)2]


+). Thus, control of valence distribution in the
nickel–dioxolene system can be accomplished by fine-tuning
of the donor ability of the bidentate ligands to the nickel
ion as well as solvent and thermal effects.


Experimental Section


Materials: All chemicals used for the synthesis of the ligands and com-
plexes were commercial products of the highest available purity and
were further purified by the standard methods.[39] Solvents were also puri-
fied by standard methods before use.[39]


Synthesis: All ligands and complexes used in this study were prepared ac-
cording to the following procedures and the structures of the products
were confirmed by the analytical data (vide infra).


N,N-Bis(benzyl)-N-[(2-pyridyl)methyl]amine (Py(Bz)2) and N,N-bis-
(benzyl)-N-[(6-methyl-2-pyridyl)methyl]amine (MePy(Bz)2): These li-
gands used in this study were prepared as described previously.[24]


[NiII(Py(Bz)2)(tBu2SQ)](PF6) (1): Ni(ClO4)2·6 H2O (0.366 g, 1.0 mmol) in
acetonitrile (10 mL) was added to a solution of Py(Bz)2 (0.288 g,
1.0 mmol) and tBu2CatH2 (0.222 g, 1.0 mmol) in acetonitrile (10 mL)
under a nitrogen atmosphere, followed by addition of triethylamine
(0.202 g, 2.0 mmol). The ferricenium hexafluorophosphate (0.331 g,
1.0 mmol) was added to the mixture, and the solution was stirred for 2 h
at room temperature. After removal of the solvent under reduced pres-
sure, the resulting residue was dissolved in dichloromethane and ammo-
nium hexafluorophosphate (0.326 g, 2.0 mmol) was added to the solution.
The mixture was stirred overnight at room temperature, and insoluble
material was removed by filtration. Addition of pentane to the filtrate


gradually gave blue powder that was collected by filtration and recrystal-
lized from dichloromethane/pentane. Yield: 0.380 g (53.4 %); ESI MS
data: m/z : 566 [M�PF6]


+ ; elemental analysis calcd (%) for
C34H40F6N2O2Ni1P1: C 57.33, H 5.66, N 3.93; found: C 57.14, H 5.62, N
3.90.


[NiIII(MePy(Bz)2)(tBu2Cat)](PF6) (2): This complex, the color of which is
brown, was prepared in the same manner as that for the synthesis of 1
but with the MePy(Bz)2 ligand instead of Py(Bz)2. Yield: 0.259 g
(35.7 %); ESI MS data: m/z : 580 [M�PF6]


+ ; elemental analysis calcd
(%) for C36H43.5F6N2.5O2Ni1P1: C 57.89, H 5.87, N 4.69; found: C 57.63, H
6.04, N 4.51.


Measurements: NMR measurements were performed with a JEOL GX-
500 (500 MHz) NMR spectrometer. Electronic spectra were measured
with a Hewlett-Packard 8453 diode array spectrophotometer with a Uni-
soku thermostated cell holder designed for low-temperature experiments.
Solution and frozen solution EPR spectra were taken on a JEOL JES-
FA200 equipped with an attached VT (variable temperature) apparatus
and were recorded under nonsaturating microwave power conditions.
The magnitude of the modulation was chosen to optimize the resolution
and the signal-to-noise ratio of the observed spectra. The g values were
calibrated with a MnII marker used as a reference. XPS (X-ray photoelec-
tron spectra) were recorded on a VG Scientific Ltd. ESCALAB 220i-XL.
Mg Ka radiation (1253.6 eV) operated at 15 kV and 20 mA was used as
an X-ray excitation source. All samples were deposited on gold foil from
solutions of the sample in CH2Cl2. The C 1s peak was assigned as the
value of 284.6 eV and used as the internal reference. ESI-mass spectra
were obtained with a Shimadzu LCMS-2010 liquid chromatograph mass
spectrometer. CSI (cold-spray ionization) mass spectra were taken on a
JEOL JMS-T100CS attached to a syringe pump apparatus (Harvard Ap-
paratus model 22). Sample solutions were delivered to the sprayer
through a fused silica capillary (100 mm diameter) at 10 mLs�1. The spray-
er was held at a potential of 2.0 kV, and compressed N2 controlled the
temperature at 248 K was employed to assist liquid nebulization. The ori-
fice potential was maintained at 30 V. The positive ion CSI-mass spectra
were measured in the range of m/z 100 to 1000. Cyclic voltammetry
measurements were performed at 298 K on an ALS/Chi model 660 elec-
trochemical analyzer in deaerated solvent containing 0.1 m tetra-n-butyl-
ammonium hexafluorophosphate (TBA-PF6) as a supporting electrolyte.
A conventional three-electrode cell was used with a glassy-carbon work-
ing electrode and a platinum wire as the counter electrode. The glassy-
carbon working electrode was routinely polished with a BAS polishing
alumina suspension and rinsed with acetone before use. The reversibility
of the electrochemical processes were evaluated by standard procedures
and all potentials were recorded against an SCE reference electrode,
which was calibrated by using the ferrocene/ferricenium redox couple.
All electrochemical measurements were carried out under an atmospher-
ic pressure of argon. Elemental analyses were carried out at Research
Center for Molecular-scale Nanoscience, Institute for Molecular Science.
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Synthesis of Mono- and Disubstituted Porphyrins: A- and 5,10-A2-Type
Systems


Claudia Ryppa,[a] Mathias O. Senge,*[b] Sabine S. Hatscher,[a] Erich Kleinpeter,[a]


Philipp Wacker,[a] Uwe Schilde,[a] and Arno Wiehe[c]


Introduction


Porphyrin chemistry has undergone a renaissance in the last
decade and its multifaceted applications and uses in nature
are evidenced by the recent publication of 20 volumes of
The Porphyrin Handbook.[1] Despite the many advances
made in the synthesis and functionalization of porphyrins,[2]


much less is known about the chemistry of the parent mac-
rocycle porphyrin (porphine 1) or derivatives thereof with


only a few substituents. Indeed, most of the recent develop-
ments made with respect to chemical transformation and
functional-group interconversions involving porphyrins have
been made with the synthetically easily accessible
2,3,7,8,12,13,17,18-octaalkylporphyrins or 5,10,15,20-tetraar-
ylporphyrins.[3] The latter are examples of so-called A4-type
porphyrins[4] and a typical compound is tetraphenylporphyr-
in (TPP, 10 ; R= Ph), probably one of the most widely stud-
ied molecules in bioorganic and bioinorganic chemistry.
Thus, many methods are available for chemical transforma-
tions involving the b position(s) of A4 porphyrins.


On the other hand, there is increasing demand for unsym-
metrically substituted porphyrins for applications in cataly-
sis, optics, biomedicine, and biological studies. Notably,
chiral or amphiphilic porphyrins are in high demand and
progress on the application side is currently hampered due
to the inaccessibility of such compounds in practical terms.
Theoretically, almost any unsymmetric b-substituted por-
phyrin can be prepared by total synthesis.[5] However, these
multistep syntheses are too cumbersome for large-scale syn-
thesis or industrial use. Even more limited are the possibili-


Abstract: General syntheses have been
developed for meso-substituted por-
phyrins with one or two substituents in
the 5,10-positions and no b substitu-
ents. 5-Substituted porphyrins with
only one meso substituent are easily
prepared by an acid-catalyzed conden-
sation of dipyrromethane, pyrrole-2-
carbaldehyde, and an appropriate alde-
hyde using a “[2+1+1]” approach. Sim-
ilarly, 5,10-disubstituted porphyrins are
accessible by simple condensation of
unsubstituted tripyrrane with pyrrole
and various aldehydes using a “[3+1]”
approach. The yields for these reac-
tions are low to moderate and addi-
tional formation of either di- or mono-


substituted porphyrins due to scram-
bling of the intermediates is observed.
However, the reactions can be per-
formed quite easily and the desired
target compounds are easily removed
due to large differences in solubility. A
complementary and more selective syn-
thesis involves the use of organolithium
reagents for SNAr reactions. Reaction
of in situ generated porphyrin (por-
phine) with 1.1–8 equivalents of RLi
gave the monosubstituted porphyrins,


while reaction with 3–6 equivalents of
RLi gave the 5,10-disubstituted por-
phyrins in yields ranging from 43 to
90 %. These hitherto almost inaccessi-
ble compounds complete the series of
different homologues of A-, 5,15-A2-,
5,10-A2-, A3-, and A4-type porphyrins
and allow an investigation of the grad-
ual influence of type, number, and re-
giochemical arrangement of substitu-
ents on the properties of meso-substi-
tuted porphyrins. They also present im-
portant starting materials for the syn-
thesis of ABCD porphyrins and are
potential synthons for supramolecular
materials requiring specific substituent
orientations.
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ties for meso-substituted, b-unsubstituted porphyrins. Total
syntheses are yet only possible for selected types of substitu-
ents and still suffer from acid-catalyzed scrambling, again
making this a futile endeavor in practical terms.[6] However,
as mentioned, a broad range of methods for the b function-
alization of meso substituents are available and strategies
have emerged that put unsymmetrically meso-substituted
porphyrins within reach. This involves use of either transi-
tion-metal-catalyzed coupling reactions[7] or of organometal-
lic substitution reactions[8] for the modification of the meso
positions and requires step-wise introduction of individual
meso substituents in a regioselective manner,[8b] for example,
through a sequence A-!AB-!ABC-!ABCD-type (6) por-
phyrin (Figure 1).


However, several blank spots remain on the map of syn-
thetic porphyrin chemistry. The most significant one of these
is the synthesis of meso-substituted porphyrins with lower
symmetry, that is, with fewer substituents than for example,
TPP. Thus, while A4-type porphyrins have been in use for a
long time and 5,15-A2-type porphyrins (8) have come of
age,[9a] use of A3- (9), 5,15-A2B-,[9b,c] or 5,15-AB-type[9a] (4)
porphyrins is just emerging, and A- (2), 5,10-A2- (7), or
-AB-type (3) porphyrins are almost unknown. In many of
these cases the accessible porphyrins are routinely prepared
from mixed condensation reactions, often requiring labori-
ous purification methods resulting in low yields. Thus, there
is a pressing need for simple syntheses of the latter to access
the full range of ABCD porphyrins (6) by meso transforma-
tions.


Herein we show that porphyrins of the A- (2) and A2-
type (7) can be prepared by either classical condensation re-
actions involving dipyrromethanes (13) or tripyrranes (28)
or alternatively by SNAr reactions of unsubstituted porphine
1.[10] This opens the way for the first time for a synthesis of
ABCD-type porphyrins by successive introduction of meso
substituents. In addition, 2 and 7, in conjunction with the
other members of the ABCD- and An-type series, now allow
an investigation of the gradual influence of type, number,
and regiochemical arrangement of substituents on the prop-
erties of meso-substituted porphyrins.


Results and Discussion


Synthesis of A-type porphyrins by condensation reactions :
Our previous work had shown that meso substitution with


RLi is a facile method of introducing (additional) residues
into the porphyrin.[8] Thus we envisaged the use of A-type
porphyrins as starting materials for subsequent SNAr reac-
tions to yield, for example, AB-, then ABC-, and finally
ABCD-type porphyrins. At that time no reliable method ex-
isted for either the large-scale preparation of porphine or
the synthesis of mono-meso-substituted porphyrins (2).
Indeed, only very few examples of 5-substituted porphyrins
have been described in the literature. They were either ob-
tained directly by functionalization of porphine or were iso-
lated as byproducts from condensation reactions in yields of
�1 %. Examples are 5-tert-butylporphyrin (14 a, 0.3 %),[11]


formylation (no yield),[12a] nitration,[12b] or bromination[12c] of
porphine 1, or condensation reactions of pyrrole (27)[13a] or
dipyrromethane[13b] and the corresponding aldehyde. Due to
the low yields their characterization is often incomplete.


Most porphyrins with D2 or D4 symmetry are synthesized
by acid-catalyzed condensation reactions, using an aldehyde
as the meso-building-block component and pyrrole or dipyr-
romethanes as a second component. Thus, monosubstituted
porphyrin 2 should be accessible by condensation of an alde-
hyde with a bilane.[13b] However, unsubstituted bilane is dif-
ficult to prepare and highly unstable making it an unsuitable
component for a simple synthesis. Looking for an alternative
to bilane we focused on using pyrrole-2-carbaldehyde (11)
as one building block. Hans Fischer, in one of the earliest
syntheses, originally used the aldehyde for preparing por-
phine.[14] Use of two equivalents of aldehyde 11 together
with one equivalent of the relatively stable dipyrromethane
(13)[15] in a condensation reaction would then constitute an
equivalent of the bilane. We anticipated that the deactivat-
ing effect of the formyl group in 11 would favor a reaction
with 12 over self-condensation, as outlined in Scheme 1.


Initial test reactions with benzaldehyde using two equiva-
lents of 11 and one of 13 were promising and gave the re-


Figure 1. Different types of meso-substituted porphyrins.


Scheme 1. Synthesis of A-type porphyrins by condensation reactions
(procedure A using 11 or procedure B using 12).
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spective monosubstituted 5-phenylporphyrin (17 a) in a 7 %
yield (Table 1). Subsequent reactions with other aldehydes
and attempts to optimize the conditions showed that this
method can be used for the preparation of porphyrins with
various types of meso substituents. These include simple


alkyl and aryl residues, aryl halides useful for subsequent
C�C coupling reactions (e.g., 18 or 19), methoxyphenyl de-
rivatives for the preparation of hydrophilic porphyrins (e.g.,
22–24 after deprotection of the methyl ether),[16] 20 or 21
for in vivo 19F NMR diagnostics, or compounds like 25 or 26
that can be used for the construction of superstructured sys-
tems (e.g., after conversion to the amines). The yields of the
monosubstituted porphyrins vary between 2 and 16 % if the
reaction is performed under standard conditions (general
procedure A in the Experimental Section). Although low,
these yields are satisfactory given the low yields often ob-
served for pyrrole condensation reactions and the inaccessi-
bility of the target compounds by other means.


In many cases the 5,15-disubstituted porphyrins 8 (b in
Table 1) are often observed as a second product. Their for-
mation is due to acid-catalyzed scrambling reactions and in-
dividual rates of formation depend on the electronic struc-
ture of the intermediary porphyrinogens.[17] Nevertheless,
the yields of mono- versus disubstituted product depend in
practical terms more on their relative solubilities. The solu-
bilities of the mono- and disubstituted compounds are quite
different and in most cases the disubstituted porphyrin is
much less soluble. Thus, the disubstituted (by)products are
often simply retained on the column or can easily be re-
moved by standard column chromatography. For example,
for either the alkylporphyrins 14 or the dimethoxyphenyl-
porphyrins 24 simple filtration through a short silica column
is sufficient for purification.


For individual compounds the possibility exists to signifi-
cantly increase the yields. Utilizing a limiting amount of the
aldehyde favors formation of the monosubstituted product.
For example, reaction of 11 with 13 and 2-ethylbutanal in a
molar ratio of 4:2:1, respectively, increased the yield of 15 a
from 11 to 17 % and lowered the yield of 15 b from 7 to 4 %.
The best overall yield was observed using a limiting amount
of 3-methoxybenzaldehyde. Under these conditions the m-
anisole aldehyde was completely converted into porphyrins
to yield 34 % of 23 a and 76 % of 23 b. Another possibility is
the alternative use of 2-hydroxymethylpyrrole (12)[18] instead
of 11. As hydroxymethylpyrrole should show a higher reac-
tivity towards acid-catalyzed tetramerization,[18b] we pre-
pared compound 12 by hydride reduction of 11. Using 12
under standard conditions (general procedure B in the Ex-
perimental Section) resulted in an increase of the yields for
22 a and 24 a to 14 and 22 %, respectively. Additionally,
using a limited amount of the aldehyde as described above
gave yields of 23 and 25 % for 22 a and 23 a, respectively.
Using four instead of two equivalents of 12 resulted in an in-
creased yield of the disubstituted products. Contrary to the
reactions with pyrrole-2-carbaldehyde (11), porphine 1 was
obtained as a side product in yields of up to 14 %. Unsubsti-
tuted porphyrin is difficult to remove from mixtures and to-
gether with the additional synthetic step and the more care-
ful handling required for the less stable 2-hydroxymethylpyr-
role, use of pyrrole-2-carbaldehyde is more efficient and rec-
ommended. Initial experiments using BF3–etherate catalysis
were not promising.


Table 1. Products and yields (% in relation to the aldehyde) for the con-
densation reaction A using 11.


5-Mono- 5,15-Di-
R1 a[a] b


14 7 –


15 11 7


16 2 15


17 7 5


18 6 3


19 5 1


20 2 15


21 4 2


22 12 –


23 16 12


24 6 –


25 3 6


26 2 –


[a] Note, that in individual cases significantly higher yields are possible
by modification of the reaction conditions or by using 2-hydroxymethyl-
pyrrole (see text).
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Synthesis of 5,10-A2-type porphyrins by condensation reac-
tions : The success of developing a practical condensation
method for preparing monosubstituted porphyrins (2)
prompted us to also try to establish a similar method for the
preparation of 5,10-A2-type porphyrins (7), which have re-
mained rather elusive. Longo and Drach dinitrated porphine
to yield 56 % of a compound they speculated to be the 5,10-
dinitro derivative,[12b] 5,10-bis[3,5-di(tert-butyl)phenyl]por-
phyrin has been prepared in small amounts (3% yield),[19a]


and an N-confused 5,20-diphenylporphyrin has been descri-
bed.[19b] The first rational synthesis was described in a recent
report by BriÇas and Br�ckner, who prepared 5,10-diphenyl-
porphyrin (17 c) in an elaborate synthesis involving the con-
densation of a substituted dipyrromethane dicarbinole
(5 steps, 10–20 % yield).[20]


Retrosynthetic analysis of 7 indicates that the simplest
components for a condensation reaction would be a tripyr-
rane, a pyrrole, and two equivalents of aldehyde. So far un-
substituted tripyrrane has rarely been used;[19a,b] in most
cases b-substituted tripyrranes were used for the preparation
of porphyrins with both 5,10- and b substituents.[19c] We pre-
pared tripyrrane 28 from pyrrole 27 and 2,5-bis(hydroxyme-
thylpyrrole)[21a] by using a modified literature procedure.[21b]


Reaction of tripyrrane 28 with pyrrole 27 under the condi-
tions of a [3+1] condensation with trifluoroacetic acid
(TFA) catalysis and benzaldehyde then gave the 5,10-diphe-
nylporphyrin 17 c in a 6 % yield (general procedure C in the
Experimental Section). Variation of the aldehyde gave a va-
riety of alkyl- (15 c, 30 c, 31 c) or aryl-substituted (17 c, 23 c,
29 c) A2-type porphyrins 7 (c in Table 2) in yields of up to
11 % (Scheme 2). Like the reaction shown in Scheme 1,
scrambling occurred and resulted in the additional forma-
tion of the 5-monosubstituted porphyrins (2) as by-products
(a in Table 2). Again, the yields are low but comparable to
those of other condensation reactions.[2a] The mono- and di-
substituted porphyrins are easily separated by column or
flash chromatography and this method offers the first facile
entry into the synthesis of this fundamental class of porphy-
rins.


Note that the reaction with pivalaldehyde gave solely the
monosubstituted product 14 a in a 6 % yield. This is most
likely due to the steric bulk of the tert-butyl group. This
group induces a high degree of ruffling in the porphyrin[11, 22]


and this effect is exacerbated if the steric strain is located in
two neighboring quadrants of the macrocycle,[23] presumably
leading to an instable intermediate.[24]


Mono- and disubstitution of porphyrin by nucleophilic-sub-
stitution reactions : Although the described condensation re-
actions present a practical way of synthesizing 5- and 5,10-
substituted porphyrins, reactions that proceed with conver-
sion of ~90 % of the starting material into a black, polymer-
ic material are hardly satisfactory from an organic synthetic
viewpoint. As stated in the introduction, meso substitution
of porphyrins has been employed widely by us for the syn-
thesis of various A2B, A2BC, or A2B2 porphyrins[8] and for
ABCD-type derivatives of 2,3,7,8,12,13,17,18-octaethylpor-


phyrin[8c] or tetrabenzoporphyrins.[8d] Thus, we reasoned that
the direct transformation of unsubstituted porphine 1 should
be possible, too. Until recently, such reactions were not pos-
sible due to the limited accessibility of this compound.[25]


A novel concept for the preparation of porphine 1 would
be the acid-catalyzed thermal dealkylation of a suitable pre-
cursor porphyrin, akin to the classical reactions of tert-butyl-
substituted benzenes.[26] Thus appropriate starting com-
pounds would be either meso- or b-tert-butyl-substituted


Table 2. Products and yields (% in relation to the aldehyde) for the con-
densation reaction B using 28.


5-Mono- 5,10-Di-
R1 a c


14 6 –


15 5 4


17 2 6


23 2 7


29 3 11


30 1 7


31 1 5


Scheme 2. Synthesis of 5,10-A2-type porphyrins by condensation reactions
(procedure C) using tripyrrane 28.
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porphyrins. During the course of our studies on the dealky-
lation of either 33 or 34, Neya and Funasaki[27] showed that
this is indeed possible and published a simple procedure for
the de-tert-butylation of the easily accessible 5,10,15,20-tet-
ra(tert-butyl)porphyrin (33)[22] that gives the target com-
pound in high yield and good purity (Scheme 3).[27b] Similar-


ly, b-tert-butylporphyrins can also be used for dealkylation
although the steric strain in these molecules is smaller.[28a]


For example, 2-tert-butyl-4-hydroxymethylpyrrole (32)[28b] or
2-dimethylaminomethyl-4-tert-butylpyrrole[28c] can be con-
verted into a regioisomeric mixture of b-tetra(tert-butyl)por-
phyrins (34)[28d,e] and dealkylated in aqueous H2SO4.


[28c,f]


Having the desired porphine 1 in hand, we reacted it first
with butyllithium under the standard reaction conditions
used by us previously for other porphyrins (general proce-
dure D in the Experimental Section).[8,9b] Treatment of 1
with three equivalents of nBuLi in THF at �70 8C followed
by brief stirring at room temperature gave the 5,10-dibuty-


lated porphyrin (36) in a quantitative yield. Analogous reac-
tions with either hexyl- or phenyllithium required 6 equiva-
lents to yield the disubstituted porphyrins 16 c and 17 c in 61
and 43 % yields, respectively. Similar to the observation
made during condensation studies, the di-tert-butylated por-
phyrin 14 c could not be prepared by substitution reactions.
Irrespective of the number of tBuLi equivalents used, the
monosubstituted porphyrin 14 a was obtained as the sole
product in low yield (4 %).


It became clear quickly that for unencumbered tetrapyr-
roles such as porphine 1 both mono- and disubstitution can
occur.[8b] Thus, simple variation of the number of equivalents
of the organolithium reagent used allows the facile prepara-
tion of either 5-mono- or 5,10-disubstituted porphyrins.[29]


Indeed, reaction of 1 with 1.2–1.5 equivalents of RLi gave,
for example, 16 a and 35 in yields of 48 % each. For the less
reactive PhLi, 3 equivalents were necessary to obtain 17 a in
a 17 % yield. Similarly, 37 could be prepared in a 17 % yield.
This was the least reactive reagent as eight equivalents of in
situ generated 2-methoxyphenyllithium (2-MeOPhLi) were
required for monosubstitution. Further increases in the
number of equivalents resulted in lower yields of 37 without
any detectable formation of the 5,10-disubstituted porphyrin
38.[30] In all of these cases either the mono- or disubstituted
porphyrins were the sole product detected under the reac-
tion conditions given. However, the latter reactions indicate
that for less reactive RLi reagents a compromise has to be
found between the necessity to use more equivalents and
the need to prevent formation of the disubstituted product.
For example, reaction of porphine 1 with 2 equivalents of
PhLi gave no reaction at all, 3 equivalents gave 17 % of 17 a,
4 equivalents gave 25 % of 17 a and 20 % of 17 b, while
6 equivalents gave 43 % of 17 b. Alkyllithium reagents typi-
cally give much higher yields with the respective nickel(ii)
porphyrins.[8a] Thus, as long as nickel(ii) can be tolerated in
the context of the synthetic project, further improvements
of the yields are possible.


Spectroscopic studies : The method just described offers a
simple way to prepare the elusive 5,10-disubstituted por-
phyrins in good to excellent yields from an easily accessible
symmetric porphyrin. Likewise, meso-monosubstituted por-
phyrins (2) can now be prepared in acceptable yields. To-
gether with the known 5,15-A2-, A3-, and A4-type porphyrins
this finally offers the possibility to investigate the conse-
quences of different numbers and regiochemical arrange-
ments of individual meso substituents on the spectroscopic
and structural properties of porphyrins.


Absorption spectra : One complete fundamental series of
porphyrins that can now be studied is that of meso-phenyl-
substituted porphyrins, thus closing the gap between unsub-
stituted porphine and the well-known tetraphenylporphyrin.
The main absorption bands are gradually shifted batho-
chromically with increasing number of phenyl residues
(Table 3). For example, 17 a exhibits the Soret band at
403 nm, the disubstituted porphyrins 17 b and 17 c at 406 nm,


Scheme 3. Synthesis of A-type or 5,10-A2-type porphyrins by substitution
of porphine (procedure D). [a] See text.
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while 5,10,15-triphenylporphyrin and 5,10,15,20-tetraphenyl-
porphyrin have the strongest absorbing bands at 412 and
418 nm, respectively. Similar trends were observed for the Q
bands and porphyrins with other substituents (not shown).
Changes in absorption spectra can either be due to electron-
ic or steric effects.[33] The present incremental redshift of
both the Soret and Q bands in the series of phenylporphyr-
ins appears to be mainly due to electronic effects. If steric
effects were a main contributor, then the 5,15- and 5,10-dis-
ubstituted derivatives would differ in their spectra, the latter
being potentially more distorted. This reasoning is born out
by the fact that all 5,10- and
5,15-derivatives of porphyrins
with linear alkyl chains de-
scribed here have very similar
absorption spectra with the
main maxima around 406 and
634 nm. Steric effects become
apparent only when inspecting
derivatives with more bulky
meso substituents.[22b] For ex-
ample, on going from the
mono-n-butyl derivative 35 to
the 5,10-di(n-butyl) derivative
36 a shift from 399/621 to 406/
633 nm occurs, while the rele-
vant data for the iso-butyl de-
rivatives 31 a and 31 c are 399/
621 and 403/635 nm, respec-
tively. For the 2-ethylpropyl
derivatives with a -C(H)R2


group in the ipso position a
much larger shift from 399/621
(15 a) to 412/644 nm (15 c)
occurs. Thus, electronic absorp-
tion spectroscopy is a simple
means of determining the
number of meso substituents
present in a given series of
meso-substituted porphyrins
but not their regiochemical ar-
rangement.


1H NMR spectra : The regio-
chemical arrangement and sub-
stitution pattern is easily de-
rived from the NMR spectra.


Primarily, the 1H signals of porphyrins depend on the dis-
tance and orientation of the protons with respect to the p


electrons of the macrocyclic ring system with protons above
or inside the ring being shielded and those outside the ring
being deshielded.[34a] Due to this, the main 1H signal groups
are easily distinguished (dHb~8–9, dHmeso~10, dN�H<


0 ppm). Due to the limited accessibility of the various An-
type porphyrins, detailed NMR investigations on the influ-
ence of various substituents relied on the use of symmetric
macrocycles such as tetraarylporphyrins.[34b] As discussed for
the absorption spectra, the present syntheses now allow a
comparative analysis of the NMR spectra of the changes oc-
curring as a result of different numbers and regiochemical
arrangements of meso substituents. If we consider the five
meso-3-methoxyphenyl-substituted porphyrins (23 a, 23 b,
23 c, 5,10,15-tris(3-methoxyphenyl)porphyrin, and 5,10,15,20-
tetrakis(3-methoxyphenyl)porphyrin) the changes in symme-
try[34b,c] are clearly reflected in the 1H NMR spectra
(Figure 2).


Porphyrins with four equal substituents such as 5,10,15,20-
tetrakis(3-methoxyphenyl)porphyrin (D4 symmetry) exhibit


Table 3. UV/Vis absorption spectra for meso-phenyl-substituted porphyr-
ins in CH2Cl2.


l [nm]
Soret band Q bands


5-phenylporphyrin (17a) 403 495, 526, 568, 622
5,15-diphenylporphyrin (17b)[32a] 406 502, 536, 574, 630
5,10-diphenylporphyrin (17c) 406 504, 534, 579, 630
5,10,15-triphenylporphyrin[9b] 412 508, 543, 584, 638
5,10,15,20-tetraphenylporphyrin[32b] 418 515, 549, 590, 645


Figure 2. 1H NMR spectra of meso-3-methoxyphenyl-substituted porphyrins in CDCl3 at room temperature.
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only one signal for the b protons at 8.87 ppm. The 5,15-dis-
ubstituted porphyrin 23 b (D2 symmetry) shows two AB sys-
tems for the non-equivalent protons at 9.11 (H3/H7H13/
H17) and 9.38 ppm (H2/H8H12/H18), respectively, and the
two meso protons exhibit a singlet at 10.31 ppm. The
5,10,15-tris(3-methoxyphenyl)porphyrin, 5,10-bis(3-methoxy-
phenyl)porphyrin, and 5-(3-methoxyphenyl)porphyrin (C2


symmetry) show characteristic splitting of the pyrrole pro-
tons along the C2 axis. The triarylated porphyrin exhibits
splitting of the AB signal for H2/H18 at 9.32 ppm and H3/
H17 at 9.05 ppm. Due to the relative similarity in chemical
environment of protons H7, H8, H12, and H13 they give a
multiplet at 8.91 ppm, while a singlet at 10.20 ppm identifies
the meso proton. The spectrum of 23 c exhibits two flanking
singlets for H17/H18 at 9.38 ppm and H7/H8 at 9.02 ppm
and two AB signals for H2/H13 at 9.32 ppm and H3/H12 at
9.10 ppm, while the two meso protons give a singlet at
10.17 ppm. The pattern of the b-pyrrole protons of the mon-
oarylated porphyrin (23 a) looks like a mirror image of that
of the triarylated porphyrin. The pattern for 23 a is charac-
terized by a multiplet for H12/H13/H17/H18 at 9.46 ppm
and two AB signals at 9.39 and 9.13 ppm for H2/H8 and H3/
H7, respectively, while the two meso protons (H10/H20)
give a singlet at 10.31 ppm and H15 at 10.24 ppm. Depend-
ing on the degree of substitution, the N�H signals undergo
low-field shifts with increasing number of meso-aryl resi-
dues. Similar spectral habits were found for a series of por-
phyrins with meso-2-methoxyphenyl, -phenyl, and -tolyl resi-
dues (not shown). Thus, the 1H NMR spectra allow a simple
and rapid identification of the number and arrangement of
aryl substituents in the series of meso-substituted porphyr-
ins.


The high-field shift of the b protons H3 and H7 in 5-aryl-
substituted porphyrins with respect to other b protons re-
sults from the ring-current effect of the adjacent phenyl
ring. An example for 5-aryl-substituted porphyrins can be
demonstrated with 5-phenylporphyrin (Figure 3). A value of
64.88 was calculated for the torsion angle between the
phenyl and porphyrin planes in the geometry optimized


structure of this model compound. The ring-current effect of
benzene was calculated elsewhere[35] and applied to 5-phe-
nylporphyrin. The shaded area in Figure 3 gives the iso-
chemical-shift surface (ICSS)[35] and represents a shielding
of 0.4 ppm. H3 and H7 are located in this shielding region
above and below the phenyl plane.


Likewise, porphyrins with alkyl substituents show a clear-
cut dependence of the spectral composition on the symme-
try of the porphyrin. For example, the series of hexylpor-
phyrins shown in Figure 4 exhibits a similar shift of the NH
proton signals from �2.67 (5,10,15,20-tetra(n-hexyl)porphyr-
in) to �3.56 ppm (16 a). Considering the b protons of
5,10,15-tri(n-hexyl)porphyrin, the signals for H2/H18, H3/
H17, H7/H13, and H8/H12 show a splitting in four AB sys-
tems at 9.23, 9.43, 9.47, and 9.53 ppm. The splitting of signals
in the low-field region differs for 16 c and 16 a compared
with aryl-substituted porphyrins. The chemical shift of the
pyrrole protons (H7/H8) of 16 c does not differ enough from
that of H3/H12. This results in a multiplet at 9.56 ppm by
the overlap of a singlet and an AB signal. The pyrrole pro-
tons H2/H13/H17/H18 show similar behavior and give a
multiplet at 9.29 ppm. For 16 a, an AB signal is found for
H3/H7 at 9.63 ppm, an AB signal at 9.44 ppm for H2/H8, an
AB signal for H12/H18 at 9.42 ppm, and an AB signal for
H13/H17 at 9.38 ppm. For 16 b, two AB signals at 9.49 (H3/
H7/H13/H17) and 9.33 ppm (H2/H8/H12/H18) are observed.


Structural studies : An ongoing focus in porphyrin chemistry
is the inter-relationship between steric effects imposed by
substituents and the physiochemical and biological proper-
ties of tetrapyrroles.[8c,11, 22,23,33b] Most of the several hundred
papers in this area[23a] have focused on symmetric porphyrins
or on unsymmetric porphyrins carrying several types of sub-
stituents.[36] Only one study has addressed the question of
the structural and conformational influence of the tert-butyl
substituent on the porphyrin macrocycle of the nickel(ii)
complexes of 14 a and 14 b.[11] While being a landmark study,
studying metal complexes has the inherent problem of meas-
uring the influence of the central metal ion and the substitu-
ent effect at the same time. For example, nickel(ii) induces a
core contraction of the porphyrin resulting in ruffling (ruf)
distortions.[37] The syntheses reported here will now allow
detailed and comparative analyses of individual substituent
types and arrangements on the macrocycle. As an initial
result of these forthcoming studies we report here on the
crystal structure of the free base 5-tert-butylporphyrin (14 a ;
Figure 5). Visual inspection of the crystal structure reveals a
“folded” macrocycle conformation with a localized influence
of the tert-butyl substituents, clearly the deformation is
more pronounced in the two quadrants involving the sub-
stituent than in the other quadrants. For example, the tilt
angles of individual pyrrole rings against the 24-atom plane
are 11.7, 14.3, 4.0, and 5.38 for pyrrole rings with N21, N22,
N23, and N24, respectively. The compound crystallizes in
the non-centrosymmetric space group P212121 (no. 19) and
the asymmetric nature of the conformation is especially evi-
dent when looking at the skeletal deviations given in Fig-


Figure 3. Iso-chemical-shift surface for the phenyl ring in 5-phenylpor-
phyrin.
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ure 5b. The tert-butyl group induces a local ruf distortion
and the overall degree of nonplanarity is moderate, as evi-
denced by a deviation of 0.14 � of the 24 macrocycle atoms
from their least-squares plane. The crystal structure also
provides evidence for some degree of in-plane distortion;
the core elongation parameter (X)[23a] is 0.25 �.


A normal-coordinate structural decomposition analysis as
developed by Shelnutt and co-workers[38] gives further de-
tails of the mix of distortion modes present in this porphy-
rin. This method classifies the distortions in terms of equiva-
lent displacements along the normal coordinates. As shown
in Figure 6, the main contributors to the out-of-plane distor-
tions are ruf (B1u), doming (A2u), waving(x) (wav ; Egx),
wav(y) (Egy), and a minor contribution of saddling (B2u) dis-
tortion. For the in-plane distortions the main contributor is
meso stretching (m-str ; B2g). A comparison with the nickel
complex[11] reveals significant differences. While minor dif-
ferences in the observation and degree of ruf and wav defor-


mations can be due to crystal
packing effects, the nickel com-
plex shows a significantly
larger degree of ruf distortion
(1.999 � for B1u) than the free
base (0.678 � for B1u) and the
degree of doming is larger in
the latter (0.3086 � for A2u


compared with 0.135 �). For
the in-plane distortions m-str is
larger in the free base
(�0.3756 � vs �0.09 � for B2g)
while the breathing contribu-
tion is smaller (0.081 � vs
�0.554 �). Thus, the central
metal exerts a significant influ-
ence on the overall conforma-
tion and the mix of individual
distortion modes and so masks
the steric influence of the indi-
vidual meso substituents.


Conclusion


In conclusion, we have devel-
oped simple and straightfor-
ward methods that provide the
first systematic access to syn-
thesizing meso-monosubstitut-
ed and meso-5,10-disubstituted
porphyrins without b substitu-
ents. For both types of por-
phyrins a condensation and a
substitution method have been
developed. It is most likely
that the former methods will
be more widely used, as they
tolerate various aldehydes and


the starting materials are easily available; nevertheless,
yields are low and chromatographic separation of the by-
products is required. The substitution methods give the por-
phyrins in good to excellent yields but only a few organo-
lithium compounds are commercially available requiring a
more involved experimental setup. Both methods now allow
a rational synthesis of the various porphyrins of the “alpha-
bet soup” by stepwise introduction of additional meso sub-
stituents. For example, 5,10-AB-type porphrins (3) with elec-
tron-withdrawing and -releasing groups or related A2B2-type
porphyrins would make a new approach available for the
known push–pull porphyrins which can be used for nonlin-
ear optics. Until now most push–pull porphyrins were based
on 5,15-diphenylporphyrin (17 b) with nitrophenyl “versus”
aminophenyl, formyl, cyano groups, or covalently linked
multiporphyrin arrays.[39a] Likewise, the now accessible 5,10-
disubstitution pattern presents a convenient building block
introducing an orthogonal (908) substituent orientation.


Figure 4. 1H NMR spectra of meso-hexyl-substituted porphyrins in CDCl3 at room temperature.
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With appropriate functional groups this will be a valuable
synthon in crystal engineering, supramolecular chemistry, or
dynamic combinatorial libraries for which a “right angle”
(›!) orientation is required. Similarly, the 5-monosubstitut-
ed porphyrins can be considered a monodirectional synthon
(›). Additionally, they are important reference compounds
for various applications.[39b, 40] These two classes of meso-sub-


stituted porphyrin close the gap between porphyrin (por-
phine) and the well-studied 5,15-A2- and A4-type porphyrins.
This has allowed initial studies on the systematic influence
of the substituent pattern on the spectroscopic and physico-
chemical properties, as exemplified here with investigations
of the UV-visible and 1H NMR spectra. More detailed crys-
tallographic investigations will be forthcoming once a com-
plete series of structurally related porphyrins has been crys-
tallized.


Experimental Section


General methods : All chemicals were of analytical grade and purified
before use. Dichloromethane was dried over phosphorous pentoxide fol-
lowed by distillation; THF was dried over sodium followed by distilla-
tion. The preparation of dipyrromethane (13),[41] 2-hydroxymethylpyrrole
(12),[18a] tripyrrane (28),[21b] tetra(b-tert-butyl)porphyrin (34),[28d] and por-
phine (1)[27a] followed published procedures. All condensation reactions
were performed under an argon atmosphere with the reaction flask
shielded from ambient light. Silica gel 60 (Merck) was used for column
chromatography. Analytical thin-layer chromatography (TLC) was car-
ried out using silica gel 60 plates (fluorescence indicator F254; Merck).
Melting points are uncorrected and were measured with a Reichert Ther-
movar instrument. NMR spectra were recorded at frequencies of 250
(Bruker AM 270 instrument), 270 (Bruker AM 270 instrument), or
500 MHz (Bruker AMX 500). Chemical shifts are given in ppm and refer-
enced to the TMS signal as internal standard. The assignment of the sig-
nals was confirmed by 2D spectra (COSY, HMBC, HMQC) except for
those porphyrins with low solubility. See Figure 7 for the atom number-


ing and assignments used in the description of the NMR data. Electronic
absorption spectra were recorded with a Specord S10 instrument (Zeiss)
using CH2Cl2 as solvent. Mass spectra were recorded using a Varian
MAT 711 or MAT 112 S mass spectrometer using the EI technique with a
direct insertion probe and an excitation energy of 80 eV. FAB spectra
were recorded with a CH-5 DF instrument from Varian. Elemental analy-
ses were performed with a Perkin–Elmer 240 analyzer. Preparative
HPLC was performed with columns (23 � 15 and 23� 30 mm) filled with
silica gel (Merck, Nucleosil 50, 5 m) using a Knauer pump (Knauer
MPLC Pump and Knauer HPLC Pump 64). The solvent flow rate was
64 mL min�1 (P =23 bar=23� 105 Pa). UV detection (Knauer Variable
Wavelength Monitor) was performed at 420 nm for the porphyrins. Ana-
lytical HPLC was performed using a Spectra Physics pump (SP 8810) and
an analytical column (4 � 250 mm) filled with silica gel (Merck, Nucleosil
50, 5 m). The solvent flow rate was 1 mL min�1, with UV/Vis detection at
420 nm for the porphyrins. All yields are given with respect to the alde-
hyde used in the reactions.


Calculations : The ab initio calculations were performed on SGI
Origin 200 workstations using GAUSSIAN 98.[42] Geometry optimization
was carried out using B3LYP[43]/6-31G** without constraints. The iso-


Figure 5. a) View of the molecular structure of 14a in the crystal. Hydro-
gen atoms have been omitted for clarity; thermal ellipsoids give 50% oc-
cupancy. b) Skeletal deviation plot with respect to the plane of the
24 macrocycle atoms; ^ denotes the tert-butyl-substituted meso carbon; x
axis not to scale; sequence of pyrrole rings follows the IUPAC nomencla-
ture from left to right (N21, N22, N23, N24).


Figure 6. Graphical representation of the out-of-plane (above) and in-
plane (below) displacements along the lowest-frequency coordinates that
best simulate structure 14a.


Figure 7. Porphyrin numbering and nomenclature used in the NMR as-
signments.
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chemical-shift surface (ICSS) was calculated with the GIAO method[44]


on the HF[45] theory level using the 6-31G* basis set.


2-Hydroxymethylpyrrole (12):[46] A three-necked flask (1 L) equipped
with magnetic stirrer and bubble counter was charged with pyrrole-2-car-
baldehyde (11: 10 g, 105 mmol) dissolved in THF (250 mL). Sodium bor-
ohydride was added (4 g, 106 mmol) resulting in warming of the reaction
flask and gas evolution. The mixture was stirred for 1.5–2 h until the re-
action was complete (TLC control, n-hexane/ethyl acetate 1:1) and then
treated with water (250 mL). After the NaBH4 in suspension was com-
pletely dissolved, the mixture was extracted with dichloromethane (4 �
150 mL). The combined organic extracts were washed with water and
dried over Na2SO4. The slightly milky solution should turn clear at this
step. Triethylamine (ca. half-filled glass pipette) was added and the so-
lution was concentrated with a rotary evaporator to yield a light-yellow
oil. Again 1–2 drops of triethylamine were added. Final purification was
achieved by round-flask distillation (5 mbar, 90 8C). The final product is a
colorless, clear solution and requires storage in the refrigerator, otherwise
polymerization occurs. Yield: 80–100 % (8.2–10.2 g, 7.2–9 mL).


General procedure A


Condensation method for A-type porphyrins using pyrrole-2-carbalde-
hyde : Dipyrromethane (13 : 290 mg, 2.00 mmol), pyrrole-2-carbaldehyde
(11: 380 mg, 4.00 mmol), and the corresponding aldehyde (2.00 mmol)
were dissolved in dry dichloromethane (1 L) under argon. To this so-
lution, TFA (70 mL, 0.9 mmol) was added, the reaction flask shielded
from ambient light, and the mixture was stirred for 16 h in the dark.
After this time, dichlorodicyanobenzoquinone (DDQ: 1.30 g, 5.73 mmol)
suspended in CH2Cl2 (50 mL) was added and the mixture was stirred for
another hour. The reaction was terminated by addition of triethylamine
(1 mL), and concentrated in vacuo. Typically, the reaction mixture was
concentrated to about 50 mL and filtered through a short silica-gel
column, eluting with dichloromethane. The solution was concentrated in
vacuo and the residue purified by column chromatography on silica gel.


General procedure B


Condensation method for A-type porphyrins using 2-hydroxymethylpyr-
role : Dipyrromethane (13 : 290 mg, 2.00 mmol), 2-hydroxymethylpyrrole
(12 : 349 mL, 4.00 mmol), and the corresponding aldehyde (2.00 mmol)
were used. Further reaction conditions and workup are as described
above for procedure A.


General procedure C


Condensation method for 5,10-A2-type porphyrins : A three-necked flask
was charged with a solution of tripyrrane (28 : 0.46 g, 2.06 mmol), pyrrole
(27: 0.14 mL, 2.06 mmol), and the corresponding aldehyde (4.12 mmol) in
dry dichloromethane (1 L). The mixture was shielded from light and stir-
red under argon for 30 min. TFA (100 mL) was added and stirring was
continued at RT for 16 h. This was followed by oxidation with DDQ
(1.80 g, 7.93 mmol), stirring for 60 min, addition of triethylamine (1 mL),
and concentration of the solution in vacuo.


General procedure D


SNAr reaction method for A-type or 5,10-A2-type porphyrins : A Schlenk
flask was charged with porphine (20 mg, 0.06 mmol) dissolved in dry
THF (30 mL) under an argon atmosphere. The solution was cooled to
�70 8C for the alkyllithium or to 0 8C for the aryllithium reactions. After
dropwise addition of the lithium reagent (for number of equivalents see
individual procedures) over 15 min, the mixture was stirred for 30 min at
RT. A mixture of THF/H2O (5:1) was added and stirring continued for
15 min. For oxidation, 3.5 mL of a 0.1 m solution of DDQ in THF was
added and the mixture was stirred for another 30 min. After filtration
through a short silica-gel column, eluting with dichloromethane, the so-
lution was concentrated in vacuo, and the residue purified by column
chromatography on silica gel.


5-tert-Butylporphyrin (14 a)[47]


Procedure A : The porphyrin was purified by column chromatography on
silica gel (CH2Cl2/n-hexane 2:1). After recrystallization from CH2Cl2/
CH3OH, the product was obtained as purple crystals (51 mg, 0.14 mmol,
7%).


Procedure C : Reaction followed by standard workup yielded the title
compound (45 mg, 0.12 mmol, 6 %).


Procedure D : A solution of tert-butyllithium (1.5 m, 0.06 mL, 0.09 mmol)
in pentane was used for the reaction with porphine 1 yielding 1 mg of
product (27 mmol, 4%) after chromatography on silica gel (CH2Cl2/n-
hexane 1:1).


Rf = 0.40 (CH2Cl2/n-hexane 2:1); m.p. 235 8C (decomp); 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d= 10.09 (s, 2 H; 5,20-Hmeso), 10.01 (s,
1H; 15-Hmeso), 9.90 (AB, 3J(H,H) =5 Hz, 2H; 3,7-Hb), 9.33 (AB, 3J-
(H,H) =4 Hz, 2 H; 12,18-Hb), 9.31 (AB, 3J(H,H) = 4 Hz, 2H; 13,17-Hb),
9.23 (AB, 3J(H,H) =5 Hz, 2H; 2,8-Hb), 2.60 (s, 9 H; CH3), �2.69 ppm
(br s, 2H; NH); 13C NMR (126 MHz, CDCl3, 25 8C): d=147.43, 146.63,
144.37, 142.52, 131.47, 130.70, 130.36, 130.28, 127.62, 104.33, 103.21, 41.14,
40.57 ppm; UV/Vis (CH2Cl2): lmax (log e) =401 (5.15), 502 (3.96), 536
(3.51), 577 (3.53), 625 nm (2.78); MS (80 eV, EI, 350 8C): m/z (%): 366
(100) [M +], 351 (94) [M +�CH3], 336 (10) [M +�C2H6], 310 (32)
[C20H14N4


+], 183 (12) [M 2+], 175 (9) [M 2+�CH3], 168 (8) [M 2+�C2H6],
155 (6) [C20H14N4


2+]; HRMS: m/z calcd for C24H22N4: 366.18445; found:
366.18634.


5-(1-Ethylpropyl)porphyrin (15 a)


Procedure A : The crude reaction mixture was purified by column chro-
matography on silica gel (CH2Cl2/n-hexane 1:1). The first fraction con-
tained the disubstituted porphyrin 15 b and the second fraction the mono-
substituted porphyrin 15 a. After recrystallization from CH2Cl2/CH3OH,
the product was obtained as purple crystals (85 mg, 0.22 mmol, 11%).
Use of 2-ethylbutanal (1 mmol, 0.14 mL) in procedure A followed by
standard workup gave 129 mg (0.34 mmol, 17%) of the title compound
15a, and compound 15b as byproduct.


Procedure C : Yield 39 mg (5 %, 0.10 mmol); Rf =0.45 (CH2Cl2/n-hexane
2:1); m.p. 281 8C; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d =10.27 (s,
2H; 10,20-Hmeso), 10.11 (s, 1 H; 15-Hmeso), 9.84, 9.77 (AB, 3J(H,H) =4 Hz,
2H; 3,7-Hb), 9.44 (AB, 3J(H,H) =4 Hz, 4H; 2,8,12,18-Hb), 9.39 (AB, 3J-
(H,H) =4 Hz, 2H; 13,17-Hb), 5.14 (m, 1H; CH), 3.00, 2.84 (m, 4H; CH2),
0.95 (t, 3J(H,H) =7 Hz, 6H; CH3), �3.27, �3.48 ppm (each br s, 2H;
NH); 13C NMR (126 MHz, CDCl3, 25 8C): d=148.72, 146.00, 146.88,
145.07, 144.76, 144.40, 142.98, 131.79, 131.55, 131.39, 130.67, 130.40,
129.04, 128.63, 123.42, 104.23, 103.90, 102.50, 50.06, 34.63, 13.83 ppm;
UV/Vis (CH2Cl2): lmax (log e) =399 (5.32), 497 (3.89), 526 (3.35), 569
(3.71), 621 nm (2.58); MS (80 eV, EI, 350 8C): m/z (%): 380 (79) [M +],
352 (27) [M +�C2H4], 351 (100) [M +�C2H5], 350 (4) [M +�C2H6], 336
(10) [M +�C3H8], 335 (15) [M +�C3H9], 324 (6) [M +�C4H8], 190 (9)
[M 2+]; HRMS: m/z calcd for C25H24N4: 380.20010; found: 380.20355.


5,15-Bis(1-ethylpropyl)porphyrin (15 b)


Procedure A : Obtained during the synthesis of 15a. After recrystalliza-
tion from CH2Cl2/MeOH, the porphyrin was obtained as purple crystals
(33 mg, 0.07 mmol, 7%). Reaction using 2-ethylbutanal (1 mmol,
0.14 mL) and workup were as described above to yield the title com-
pound (18 mg, 0.04 mmol, 4%). Rf =0.60 (CH2Cl2/n-hexane 1:1); m.p.
>330 8C; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=10.21 (s, 2H;
10,20-Hmeso), 9.68 (m, 4 H; 3,7,13,17-Hb), 9.40 (m, 4 H; 2, 8,12,18-Hb), 5.02
(m, 2H; CH), 2.96, 2.81 (m, 8 H; CH2), 0.93 (t, 3J(H,H) = 7 Hz, 12 H;
CH3), �2.46 ppm (br s, 2H; NH); 13C NMR (63 MHz, CDCl3, 25 8C): d=


131.9, 128.6, 121.8, 104.3, 49.8, 34.6, 14.1 ppm; UV/Vis (CH2Cl2): lmax


(log e) =403 (4.81), 504 (3.98), 535 (3.40), 575 (3.48), 630 nm (2.97); MS
(80 eV, EI): m/z (%): 450 (100) [M +], 422 (31) [M +�C2H4], 421 (99)
[M +�C2H5], 392 (5) [M +�2C2H5], 377 (21) [M +�2 C2H5�CH3], 225 (6)
[M 2+]; HRMS: m/z calcd for C30H34N4: 450.27835; found: 450.27466.


5,10-Bis(1-ethylpropyl)porphyrin (15 c)


Procedure C : The porphyrin was purified by column chromatography on
silica gel (CH2Cl2/n-hexane 1:3). The first fraction contained the disubsti-
tuted porphyrin 15 c and the second fraction the monosubstituted por-
phyrin 15 a. After recrystallization from CH2Cl2/CH3OH, the product was
obtained as purple crystals (40 mg, 0.09 mmol, 4%). Rf =0.68 (CH2Cl2/n-
hexane 2:1); m.p. 254 8C; 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=


9.98 (s, 2H; 15,20-Hmeso), 9.55 (m, 4H; 3,7,8,12-Hb), 9.29 (m, 4 H;
2,13,17,18-Hb), 4.99 (t, 3J(H,H) =8 Hz, 4 H; CH2(CH2)4CH3), 2.55 (m,
4H; CH2CH2(CH2)3CH3), 1.83 (m, 4H; (CH2)2CH2(CH2)2CH3), 1.53 (m,
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4H; (CH2)3CH2CH2CH3), 1.43 (m, 4H; (CH2)4CH2CH3), 0.96 (t, 3J-
(H,H) =7 Hz, 3 H; (CH2)5CH3), �3.37 ppm (br s, 2 H; NH); 13C NMR
(126 MHz, CDCl3, 25 8C): d= 130.00, 103.00, 50.82, 35.00, 14.29 ppm;
UV/Vis (CH2Cl2): lmax (log e) =412 (5.08), 511 (4.00), 543 (3.52), 589
(3.49), 644 nm (3.29); MS (80 eV, EI): m/z (%): 450 (100) [M +]; HRMS:
m/z calcd for C30H34N4: 450.27847; found: 450.27900.


5-n-Hexylporphyrin (16 a)


Procedure A : The porphyrins were purified by using column chromatog-
raphy on silica gel with n-hexane/ethyl acetate (5:1) as eluent. The first
fraction contained the disubstituted porphyrin 16 b and the second frac-
tion the monosubstituted porphyrin 16 a. After recrystallization from
CH2Cl2/CH3OH the title porphyrin was obtained as purple crystals
(15 mg, 0.04 mmol, 2%).


Procedure D : A solution of 2.5 m n-hexyllithium in hexane (0.04 mL,
0.09 mmol) was added to the solution of porphyrin 1. After purification
by using column chromatography on silica gel (CH2Cl2/n-hexane 1:1),
porphyrin 16 a was obtained (13 mg, 0.03 mmol, 48 %). Rf =0.39 (n-
hexane/ethyl acetate 5:1); m.p. 275 8C; 1H NMR (500 MHz, CDCl3, 25 8C,
TMS): d=10.21 (s, 2 H; 10,20-Hmeso), 10.11 (s, 1H; 15-Hmeso), 9.63 (AB, 3J-
(H,H) =5 Hz, 2H; 3,7-Hb), 9.44 (AB, 3J(H,H) =5 Hz, 2H; 2,8-Hb), 9.42
(AB, 3J(H,H) =5 Hz, 2H; 12,18-Hb), 9.38 (AB, 3J(H,H) =4 Hz, 2 H;
13,17-Hb), 5.06 (t, 3J(H,H) =6 Hz, 2H; CH2(CH2)4CH3), 2.56 (m, 2 H;
CH2CH2(CH2)3CH3), 1.82 (m, 2H; CH2CH2CH2(CH2)2CH3), 1.52 (m,
2H; (CH2)3CH2CH2CH3), 1.40 (m, 2H; (CH2)4CH2CH3), 0.94 (t, 3J-
(H,H) =7 Hz, 3 H; (CH2)5CH3), �3.56 ppm (br s, 2 H; NH); 13C NMR
(126 MHz, CDCl3, 25 8C): d=~147, ~145, 131.77, 131.56, 130.77, 128.24,
120.18, 104.15, 102.73, 38.91, 35.16, 31.92, 30.30, 22.74, 14.14 ppm; UV/
Vis (CH2Cl2): lmax (log e) =401 (5.52), 496 (4.18), 525 (3.26), 570 (3.66),
622 nm (2.43); MS (70 eV, EI): m/z (%): 394 (24) [M +], 365 (<1) [M +


�C2H5], 351 (<1) [M +�C3H7], 337 (3) [M +�C4H9], 323 (100) [M +


�C5H11], 197 (2) [M 2+], 162 (7) [(M�C2H5)
2+]; HRMS: m/z calcd for


C26H26N4: 394.2157; found: 394.2150.


5,15-Di(n-hexyl)porphyrin (16 b)


Procedure A : Obtained during the synthesis of 16a. After recrystalliza-
tion from CH2Cl2/CH3OH the title porphyrin was obtained as purple
crystals (74 mg, 0.16 mmol, 15%). Rf =0.55 (n-hexane/ethyl acetate 5:1);
m.p. 133 8C; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d =10.08 (s, 2H;
10,20-Hmeso), 9.49 (AB, 3J(H,H) =5 Hz, 4H; 3,7,13,17-Hb), 9.33 (AB, 3J-
(H,H) =5 Hz, 4H; 2,8,12,18-Hb), 4.92 (t, 3J(H,H) =8 Hz, 4 H; CH2-
(CH2)4CH3), 2.53 (m, 4 H; CH2CH2(CH2)3CH3), 1.80 (m, 4 H;
CH2CH2CH2(CH2)2CH3), 1.53 (m, 4 H; (CH2)3CH2CH2CH3), 1.42 (m,
4H; (CH2)4CH2CH3), 0.97 (t, 3J(H,H) =7 Hz, 6H; (CH2)5CH3),
�3.03 ppm (br s, 2 H; NH); 13C NMR (63 MHz, CDCl3, 25 8C): d =147.35,
147.08, 131.73, 127.65, 118.70, 104.13, 38.56, 34.55, 31.91, 30.22, 22.73,
14.14 ppm; UV/Vis (CH2Cl2): lmax (log e) =�405 (5.42), 504 (4.09), 535
(3.48), 578 (3.57), 633 nm (3.09); MS (80 eV, EI): m/z (%): 478 (100)
[M +], 407 (53) [M +�C5H11], 336 (9) [M +�2C5H11], 239 (5) [M 2+];
HRMS: m/z calcd for C32H38N4: 478.30965; found: 478.30734.


5,10-Di(n-hexyl)porphyrin (16 c)


Procedure D : A solution of 2.5m n-hexyllithium (0.14 mL, 0.36 mmol) in
hexane was added to porphyrin 1. The title porphyrin was purified by
column chromatography on silica gel (CH2Cl2/n-hexane 1:1). After re-
crystallization from CH2Cl2/CH3OH, the product was obtained as purple
crystals (18 mg, 0.04 mmol, 61%). M.p. 133 8C; 1H NMR (250 MHz,
CDCl3, 25 8C, TMS): d=9.98 (s, 2 H; 15,20-Hmeso), 9.55 (m, 4 H; 3,7,8,12-
Hb), 9.29 (m, 4 H; 2,13,17,18-Hb), 4.99 (t, 3J(H,H) =8 Hz, 4H; CH2-
(CH2)4CH3), 2.55 (m, 4H; CH2CH2(CH2)3CH3), 1.83 (m, 4 H; (CH2)2CH2-
(CH2)2CH3), 1.53 (m, 4H; (CH2)3CH2CH2CH3), 1.43 (m, 4H;
(CH2)4CH2CH3), 0.96 (t, 3J(H,H) =7 Hz, 3H; (CH2)5CH3), �3.37 ppm
(br s, 2H; NH); 13C NMR (126 MHz, CDCl3): d=~130, 119.76, 102.83,
38.96, 35.62, 31.90, 30.32, 22.76, 14.19 ppm; UV/Vis (CH2Cl2): lmax


(log e) =406 (6.31), 504 (5.17), 535 (4.39), 579 (4.65), 634 nm (4.17); MS
(80 eV, EI, 180 8C): m/z (%): 478 (100) [M +], 407 (53) [M +�C5H11], 336
(9) [M +�C10H22], 239 (5) [M 2+]; HRMS: m/z calcd for C32H38N4:
478.30965; found: 478.30734.


5-Phenylporphyrin (17 a)[40]


Procedure A : The porphyrins were purified by column chromatography
on silica gel (CH2Cl2/n-hexane 1:1). The first fraction contained the di-
substituted porphyrin 17 b and the second fraction the monosubstituted
porphyrin 17a. After recrystallization from CH2Cl2/CH3OH, the porphyr-
in was obtained as purple crystals (50 mg, 0.13 mmol, 7%).


Procedure C : The yield was 2% (16 mg, 0.04 mmol).


Procedure D : A solution of 1.8 m phenyllithium in dibutyl ether (0.10 mL,
0.18 mmol) was added to porphine 1. After standard workup, the product
was obtained (4 mg, 0.01 mmol, 17 %). Rf =0.28 (CH2Cl2/n-hexane 1:1);
m.p. 291 8C; 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d =10.33 (s, 2H;
10,20-Hmeso), 10.25 (s, 1H; 15-Hmeso), 9.47 (m, 4 H; 12,13,17,18-Hb), 9.40
(AB, 3J(H,H) =5 Hz, 2H; 2,8-Hb), 9.07 (AB, 3J(H,H) = 5 Hz, 2 H; 3,7-
Hb), 8.27 (m, 2H; Pho-H), 7.80 (m, 3 H; Phm-H, Php-H), �3.61 ppm (br s,
2H; NH); 13C NMR (63 MHz, CDCl3, 25 8C): d =141.77, 134.78, 131.73,
131.34, 131.25, 131.11, 127.73, 126.82, 119.54, 104.64, 103.53 ppm; UV/Vis
(CH2Cl2): lmax (log e)=403 (5.35), 495 (4.21), 526 (3.42), 568 (3.73),
622 nm (2.81); MS (70 eV, EI, 350 8C): m/z (%): 386 (100) [M +], 193
(10) [M 2+]; HRMS: m/z calcd for C26H26N4: 386.15315; found:
386.15564; elemental analysis calcd (%) for C26H18N4 (386.46): C 80.81,
H 4.69, N 14.50; found: C 80.56, H 4.40, N 14.35.


5,15-Diphenylporphyrin (17 b)


Procedure A : Obtained during the synthesis of 17a. After recrystalliza-
tion from CH2Cl2/CH3OH, the porphyrin was obtained as purple crystals
(23 mg, 0.05 mmol, 5 %). Analytical data were as described in the litera-
ture.[32a]


5,10-Diphenylporphyrin (17 c)


Procedure C : The porphyrins were purified by column chromatography
on silica gel (CH2Cl2/n-hexane 1:2). The first fraction contained the di-
substituted porphyrin 17c and the second fraction the monosubstituted
porphyrin 17a. After recrystallization from CH2Cl2/CH3OH, the product
was obtained as purple crystals (60 mg, 0.13 mmol, 6 %).


Procedure D : A solution of 1.8 m phenyllithium in dibutyl ether (0.20 mL,
0.36 mmol) was added to porphine 1. The reaction mixture was purified
by column chromatography (CH2Cl2/n-hexane 1:1) to yield the product
(12 mg, 0.01 mmol, 43 %). Analytical data were as described in the litera-
ture.[20] M.p. 270 8C; MS (80 eV, EI): m/z (%): 462 (100) [M +], 231 (14)
[M 2+].


5-(4-Bromophenyl)porphyrin (18 a)


Procedure A : The porphyrins were purified by column chromatography
on silica gel (CH2Cl2/n-hexane 1:1). The first fraction contained the di-
substituted porphyrin 18 b and the second fraction the monosubstituted
porphyrin 18a. After recrystallization from CH2Cl2/CH3OH, the porphyr-
in was obtained as purple crystals (53 mg, 0.11 mmol, 6 %). Rf =0.48
(CH2Cl2/n-hexane 2:1); m.p. 294 8C; 1H NMR (500 MHz, CDCl3 25 8C,
TMS): d=10.32 (s, 2 H; 10,20-Hmeso), 10.25 (s, 1H; 15-Hmeso), 9.48 (AB, 3J-
(H,H) =4 Hz, 2 H; 12,18-Hb), 9.46 (AB, 3J(H,H) = 4 Hz, 2H; 13,17-Hb),
9.41 (AB, 3J(H,H) =4 Hz, 2 H; 2,8-Hb), 9.05 (AB, 3J(H,H) =4 Hz, 2 H;
3,7-Hb), 8.12 (AB, 3J(H,H) =8 Hz, 2 H; Pho-H), 7.94 (AB, 3J(H,H) = 8 Hz,
2H; Phm-H), �3.66 ppm (br s, 2 H; NH); 13C NMR (63 MHz, CDCl3,
25 8C): d= 140.81, 136.06, 131.84, 131.49, 131.26, 130.95, 130.03, 122.23,
117.83, 104.79, 103.80 ppm; UV/Vis (CH2Cl2): lmax (log e)=401 (5.64),
496 (4.14), 526 (3.37), 568 (3.65), 622 nm (2.76); MS (80 eV, EI): m/z
(%): 466 (99) [M +], 464 (100) [M +], 385 (6) [M +�Br], 384 (7) [M +


�HBr], 233 (3) [M 2+], 232 (4) [M 2+]; HRMS: m/z calcd for C26H17N4Br:
464.06366; found: 464.06634.


5,15-Bis(4-bromophenyl)porphyrin (18 b)[48a,b]


Procedure A : Obtained during the synthesis of 18a. After recrystalliza-
tion from CH2Cl2/CH3OH, the porphyrin was obtained as purple crystals
(18 mg, 0.03 mmol, 3%). Rf =0.61 (CH2Cl2/n-hexane 1:1); m.p. >330 8C;
1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=10.32 (s, 2 H; 10,20-Hmeso),
9.41 (br s, 4H; 3,7,13,17-Hb), 9.05 (br s, 4H; 2,8,12,18-Hb), 8.13 (m, 4H;
Pho-H), 7.94 (m, 4H; Phm-H), �3.18 ppm (br s, 2H; NH); UV/Vis
(CH2Cl2): lmax (log e)=401 (5.58), 494 (4.22), 527 (3.43), 568 (3.71),
621 nm (2.67); MS (80 eV, EI): m/z (%): 620 (94) [M +], 618 (45) [M +],
539 (3) [M +�Br], 538 (2) [M +�HBr]; HRMS: m/z calcd for
C32H20N4Br2: 618.00547; found: 618.00763.
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5-(4-Chlorophenyl)porphyrin (19 a)


Procedure A : The porphyrins were purified by column chromatography
on silica gel (CH2Cl2/n-hexane 1:1). The first fraction contained the di-
substituted porphyrin 19 b and the second fraction the monosubstituted
porphyrin 19a. After recrystallization from CH2Cl2/CH3OH, the porphyr-
in was obtained as purple crystals (43 mg, 0.10 mmol, 5 %). Rf =0.67
(CH2Cl2/n-hexane 1:1); m.p. 293 8C; 1H NMR (500 MHz, CDCl3, 25 8C,
TMS): d=10.31 (s, 2 H; 10,20-Hmeso), 10.23 (s, 1H; 15-Hmeso), 9.47 (AB, 3J-
(H,H) =4 Hz, 2 H; 12,13-Hb), 9.44 (AB, 3J(H,H) = 4 Hz, 2H; 13,17-Hb),
9.40 (AB, 3J(H,H) =4 Hz, 2 H; 2,8-Hb), 9.04 (AB, 3J(H,H) =4 Hz, 2 H;
3,7-Hb), 8.17 (AB, 3J(H,H) =8 Hz, 2 H; Pho-H), 7.77 (AB, 3J(H,H) = 8 Hz,
2H; Phm-H), �3.67 ppm (br s, 2 H; NH); 13C NMR (63 MHz, CDCl3,
254 8C): d=140.25, 135.71, 134.31, 131.81, 131.46, 131.23, 130.94, 127.09,
117.78, 104.77, 103.76 ppm; UV/Vis (CH2Cl2): lmax (log e)=400 (5.49),
495 (3.91), 526 (3.06), 568 (3.39), 622 nm (2.24); MS (80 eV, EI): m/z
(%): 422 (36) [M +], 420 (100) [M +], 385 (3) [M +�Cl], 384 (4) [M +


�HCl], 211 (2) [M 2+], 210 (6) [M 2+]; HRMS: m/z calcd for C26H17N4Cl:
420.11417; found: 420.11721.


5,15-Bis(4-chlorophenyl)porphyrin (19 b)


Procedure A : Obtained during the synthesis of 19a. After recrystalliza-
tion from CH2Cl2/CH3OH, the porphyrin was obtained as purple crystals
(5 mg, 0.01 mmol, 1%). Rf =0.80 (CH2Cl2/n-hexane 1:1); m.p. >330 8C;
1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=10.32 (s, 2 H; 10,20-Hmeso),
9.40 (AB, 3J(H,H) = 4 Hz, 4H; 3,7,13,17-Hb), 9.04 (AB, 3J(H,H) =4 Hz,
4H; 2,8,12,18-Hb) 8.19 (AB, 3J(H,H) =8 Hz, 4H; Pho-H), 7.79 (AB, 3J-
(H,H) =8 Hz, 4H; Phm-H), �3.18 ppm (br s, 2H; NH); UV/Vis (CH2Cl2):
lmax (log e)=407 (4.87), 502 (3.75), 536 (3.29), 575 (3.24), 629 nm (2.70);
MS (80 eV, EI): m/z (%): 532 (69) [M +], 530 (100) [M +], 495 (3) [M +


�Cl], 494 (3) [M +�HCl], 266 (5) [M 2+], 265 (6) [M 2+]; HRMS: m/z
calcd for C32H20N4Cl2: 530.10650; found: 530.10547.


5-(2,6-Difluorophenyl)porphyrin (20 a)


Procedure A : The porphyrins were purified by column chromatography
on silica gel (CH2Cl2/n-hexane 1:1). The first fraction contained the dis-
ubstituted porphyrin 20 b and the second fraction the monosubstituted
porphyrin 20a. After recrystallization from CH2Cl2/CH3OH, the porphyr-
in was obtained as purple crystals (19 mg, 0.04 mmol, 2 %). Rf =0.51
(CH2Cl2/n-hexane 3:1); m.p. 303 8C (decomp); 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=10.32 (s, 2H; 10,20-Hmeso), 10.29 (s, 1H; 15-
Hmeso), 9.48 (m, 2 H; 12,18-Hb), 9.47 (m, 2H; 13,17-Hb), 9.43 (AB, 3J-
(H,H) =5 Hz, 2H; 2,8-Hb), 9.04 (AB, 3J(H,H) =5 Hz, 2H; 3,7-Hb), 7.82
(m, 1 H; Php-H), 7.41 (m, 2H; Phm-H), �3.63 ppm (br s, 2H; NH);
13C NMR (63 MHz, CDCl3, 25 8C): d =132.14, 131.63, 131.36, 130.88,
130.08, 111.33, 104.87, 104.60 ppm; UV/Vis (CH2Cl2): lmax (log e) =399
(5.20), 493 (4.11), 524 (3.44), 567 (3.63), 620 nm (3.03); MS (80 eV, EI):
m/z (%): 422 (100) [M +], 211 (17) [M 2+]; HRMS: m/z calcd for
C26H16N4F2: 422.13430; found: 422.13653.


5,15-Bis(2,6-difluorophenyl)porphyrin (20 b)


Procedure A : Obtained during the synthesis of 20a. After recrystal-
lization from CH2Cl2/CH3OH, the porphyrin was obtained as purple
crystals (63 mg, 0.15 mmol, 15 %). Rf =0.62 (CH2Cl2/n-hexane 2:1); m.p.
>330 8C; 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=10.31 (s, 2H;
10,20-Hmeso), 9.41 (AB, 3J(H,H) =5 Hz, 4 H; 2,8,12,18-Hb), 9.03 (AB,
3J(H,H) =5 Hz, 4H; 3,7,13,17-Hb), 7.81 (m, 2 H; Php-H), 7.41 (m, 4 H;
Phm-H), �3.19 ppm (br s, 2H; NH); 13C NMR (63 MHz, CDCl3, 25 8C):
d=162.49, 132.33, 130.96, 130.08, 118.44, 111.40, 105.67 ppm; UV/Vis
(CH2Cl2): lmax (log e)=403 (5.41), 498 (4.22), 530 (3.82), 572 (3.76),
626 nm (3.45); MS (80 eV, EI): m/z (%): 534 (100) [M +], 267 (19) [M 2+];
HRMS: m/z calcd for C32H18N4F4: 534.14676; found: 534.14532.


5-(3,5-Difluorophenyl)porphyrin (21 a)


Procedure A : The porphyrins were purified by column chromatography
on silica gel (CH2Cl2/n-hexane 3:1). The first fraction contained the di-
substituted porphyrin 21 b and the second fraction the monosubstituted
porphyrin 21a. After recrystallization from CH2Cl2/CH3OH, the porphyr-
in was obtained as purple crystals (30 mg, 0.07 mmol, 4 %). Rf =0.22
(CH2Cl2/n-hexane 3:1); 324–326 8C (decomp); 1H NMR (500 MHz,
CDCl3, 25 8C, TMS): d=10.33 (s, 2H; 10,20-Hmeso), 10.27 (s, 1H; 15-
Hmeso), 9.49 (AB, 3J(H,H) =4 Hz, 2H; 12,18-Hb), 9.47 (AB, 3J(H,H) =


4 Hz, 2 H; 13,17-Hb), 9.42 (AB, 3J(H,H) =5 Hz, 2H; 2,8-Hb), 9.07 (AB, 3J-
(H,H) =5 Hz, 2H; 3,7-Hb), 7.80 (m, 2H; Pho-H), 7.30 (m, 1H; Php-H),
�3.69 ppm (br s, 2 H; NH); 13C NMR (63 MHz, CDCl3, 25 8C): d =161.45,
132.26, 131.91, 131.40, 130.59, 118.05, 104.97, 104.19, 103.49 ppm; UV/Vis
(CH2Cl2): lmax (log e)=399 (4.96), 494 (4.12), 526 (3.44), 567 (3.67),
622 nm (3.07); MS (80 eV, EI): m/z (%): 422 (100) [M +], 211 (8) [M 2+];
HRMS: m/z calcd for C26H16N4F2: 422.13430; found: 422.13644.


5,15-Bis(3,5-difluorophenyl)porphyrin (21 b)


Procedure A : Obtained during the synthesis of 21a. After recrystalliza-
tion from CH2Cl2/CH3OH, the porphyrin was obtained as purple crystals
(12 mg, 0.02 mmol, 2%). Rf =0.34 (CH2Cl2/n-hexane 3:1); m.p. >330 8C;
1H NMR (250 MHz, CDCl3, 25 8C): d =10.35 (s, 2 H; 10,20-Hmeso), 9.43
(AB, 3J(H,H) = 4 Hz, 4H; 3,7,13,17-Hb), 9.07 (AB, 3J(H,H) =4 Hz, 4H;
2,8,12,18-Hb), 7.80 (m, 2H; Php-H), 6.82 (m, 4H; Pho-H), �3.24 ppm (br s,
2H; NH); UV/Vis (CH2Cl2): lmax (log e)=405 (5.03), 500 (3.82), 534
(3.30), 574 (3.32), 627 nm (2.82); MS (80 eV, EI): m/z (%): 534 (100)
[M +], 267 (20) [M 2+]; HRMS: m/z calcd for C32H18N4F4: 534.14676;
found: 534.1447.


5-(4-Methoxyphenyl)porphyrin (22 a)


Procedure A : The porphyrin was purified by column chromatography on
silica gel (CH2Cl2/n-hexane 2:1). After recrystallization from CH2Cl2/
CH3OH, the porphyrin was obtained as purple crystals (99 mg,
0.24 mmol, 12 %).


Procedure B : The title compound was obtained in a 14 % yield (117 mg,
0.28 mmol). The use of 5-formylanisole (1 mmol) in procedure B gave
22a (96 mg, 0.23 mmol, 23 %). Rf =0.24 (CH2Cl2/n-hexane 2:1); m.p.
286 8C; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d =10.29 (s, 2 H; 10,20-
Hmeso), 10.21 (s, 1H; 15-Hmeso), 9.46 (AB, 3J(H,H) =4 Hz, 2 H; 12,18-Hb),
9.44 (AB, 3J(H,H) =4 Hz, 2H; 13,17-Hb), 9.39 (AB, 3J(H,H) =5 Hz, 2H;
2,8-Hb), 9.11 (AB, 3J(H,H) =5 Hz, 2H; 3,7-Hb), 8.16 (AB, 3J(H,H) =9 Hz,
2H; Pho-H), 7.32 (AB, 3J(H,H) =9 Hz, 2 H; Phm-H), 4.11 (s, 3H; OCH3),
�3.60 ppm (br s, 2 H; NH); 13C NMR (126 MHz, CDCl3, 25 8C): d=


159.49, 135.79, 134.05, ~131, 119.42, 112.39, 104.59, 103.36, 55.61 ppm;
UV/Vis (CH2Cl2): lmax (log e) =405 (5.13), 499 (4.11), 539 (3.60), 575
(3.64), 628 nm (3.12); MS (80 eV, EI): m/z (%): 416 (100) [M +], 401 (4)
[M +�CH3], 385 (1) [M +�OCH3], 208 (13) [M 2+]; HRMS: m/z calcd for
C27H20N4O: 416.16371; found: 416.16522.


5-(3-Methoxyphenyl)porphyrin (23 a)


Procedure A : The porphyrin was purified by column chromatography on
silica gel (CH2Cl2/n-hexane 3:1). The first fraction contained the mono-
substituted porphyrin and the second fraction the disubstituted porphyr-
in. After recrystallization from CH2Cl2/CH3OH, the porphyrin was ob-
tained as purple crystals (130 mg, 0.31 mmol, 16%). The use of 3-formy-
lanisole (1 mmol) in procedure A gave the title compound (141 mg,
0.34 mmol, 34 %), and compound 23 b as byproduct.


Procedure B : Reaction and standard workup gave compound 23a
(202 mg, 0.49 mmol, 24%), and 23b as byproduct.


Procedure C : Yield 17 mg (0.04 mmol, 2 %); Rf =0.26 (CH2Cl2/n-hexane
2:1), 0.66 (CH2Cl2/C6H14 3:1); m.p. 309 8C; HPLC: (eluent: CH2Cl2, de-
tection at 420 nm) tR = 3.87 min (97.1 %), (same conditions but detection
at 254 nm) tR: 3.94 min (99.1 %); 1H NMR (270 MHz, CDCl3, 25 8C,
TMS): d=10.28 (s, 2H; 10,20-Hmeso), 10.23 (s, 1 H; 15-Hmeso), 9.45 (m,
4H; 12,13,17,18-Hb), 9.36 (AB, 3J(H,H) = 5 Hz, 2 H; 2,8-Hb), 9.01 (AB, 3J-
(H,H) =5 Hz, 2H; 3,7-Hb), 8.04 (m, 1 H; Ho-Ph), 7.81 (m, 1 H; Ho-Ph), 7.70
(m, 1H; Hm-Ph), 7.51 (m, 1H; Hp-Ph), 4.01 (s, 3 H; OCH3), �3.60 ppm (br s,
2H; NH); 13C NMR (63 MHz, CDCl3, 25 8C): d =158.64, 146.57, 145.61,
143.09, 131.71, 131.35, 131.27, 131.11, 127.89, 127.64, 120.83, 119.22,
113.53, 104.64, 103.58, 55.54 ppm; UV/Vis (CH2Cl2): lmax (log e)=400
(5.47), 495 (4.21), 526 (3.39), 568 (3.74), 622 nm (2.82); MS (80 eV, EI):
m/z (%): 416 (100) [M +], 401 (6) [M +�CH3], 385 (3) [M +�OCH3], 208
(10) [M 2+]; HRMS: m/z calcd for C27H20N4O: 416.163711; found:
416.16632; elemental analysis calcd (%) for C27H20N4O (416.18): C 77.87,
H 4.84, N 13.45; found: C 77.64, H 4.53, N 13.48.


5,15-Bis(3-methoxyphenyl)porphyrin (23 b)[13, 16, 48a]


Procedure A : Obtained during the synthesis of 23a. After recrystal-
lization from CH2Cl2/CH3OH, the porphyrin was obtained as purple
crystals (62 mg, 0.12 mmol, 12 %). Rf =0.58 (CH2Cl2/n-hexane 3:1); m.p.
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>300 8C; 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d=10.31 (s, 2H;
10,20-Hmeso), 9.38 (AB, 3J(H,H) =5 Hz, 4H; 2,8,12,18-Hb), 9.11 (AB, 3J-
(H,H) =5 Hz, 4H; 3,7,13,17-Hb), 7.84 (m, 4 H; Ho-Ph), 7.67 (m, 2H; Hm-


Ph), 7.35 (m, 2H; Hp-Ph), 4.01 (s, 6H; OCH3), �3.16 ppm (br s, 2 H; NH);
13C NMR (60 MHz, CDCl3, 25 8C): d =158.29, 153.64, 147.10, 145.30,
142.75, 131.58, 131.05, 127.92, 127.78, 120.82, 113.55, 105.26, 55.57 ppm;
UV/Vis (CH2Cl2): lmax (log e) =410 (5.57), 474 (3.77), 536 (3.88), 575
(3.84), 628 nm (3.56); MS (80 eV, EI): m/z (%): 522 (100) [M +], 507 (2)
[M +�CH3], 491 (3) [M +�OCH3], 261 (7) [M 2+]; HRMS: m/z calcd for
C34H26N4O2: 522.20558; found: 522.20642.


5,10-Bis(3-methoxyphenyl)porphyrin (23 c)


Procedure C : The porphyrin was purified by column chromatography on
silica gel (CH2Cl2/n-hexane 2:1). The first fraction contained the mono-
substituted porphyrin 23a and the second fraction the disubstituted por-
phyrin 23 c. After recrystallization from CH2Cl2/CH3OH, the product was
obtained as purple crystals (79 mg, 0.15 mmol, 7%). Rf =0.30 (CH2Cl2/n-
hexane 2:1); m.p. 304 8C; 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d=


10.17 (s, 2H; 15,20-Hmeso), 9.38 (s, 2H; 17,18-Hb), 9.32 (AB, 3J(H,H) =


5 Hz, 2 H; 2,13-Hb), 9.10 (AB, 3J(H,H) =5 Hz, 2 H; 3,12-Hb), 9.02 (s, 2H;
7,8-Hb), 7.85 (m, 4H; Ho-Ph), 7.68 (m, 2 H; Hm-Ph), 7.37 (m, 2 H; Hp-Ph),
3.99 (s, 6 H; OCH3), �3.35 ppm (br s, 2 H; NH); 13C NMR (126 MHz,
CDCl3, 25 8C): d =158.26, 147.09, 145.28, 131.60, 131.06, 127.91, 127.78,
120.79, 113.51, 105.27, 55.54 ppm; UV/Vis (CH2Cl2): lmax (log e)=406
(5.12), 502 (3.84), 536 (3.31), 575 (3.38), 628 nm (2.95); MS (80 eV, EI):
m/z (%): 522 (100) [M +], 416 (3) [M +�C7H7O]; HRMS: m/z calcd for
C34H26N4O2: 522.20558; found: 522.20560.


5-(3,5-Dimethoxyphenyl)porphyrin (24 a)


Procedure A : The porphyrin was purified by column chromatography on
silica gel by using neat dichloromethane eluent. The first fraction was the
desired porphyrin 24a, followed by traces of 5,15-bis(3,5-dimethoxyphe-
nyl)porphyrin 24b.[48a,c] After recrystallization from CH2Cl2/CH3OH, the
porphyrin was obtained as purple crystals (50 mg, 0.11 mmol, 6%).


Procedure B : The yield of the title compound was 22% (0.44 mmol,
22%). Rf =0.37 (CH2Cl2/n-hexane 3:1); m.p. >340 8C, subl. >315 8C;
HPLC: (Nucleosil 50, 5m, eluent: CH2Cl2, flow: 1 mL min�1, detection at
420 nm) tR: 5.17 min (99 %), (same conditions but detection at 254 nm)
tR: 5.24 min (100.0 %); 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d=


10.31 (s, 2H; 10,20-Hmeso), 10.27 (s, 1H; 15-Hmeso), 9.48 (m, 4H;
12,13,17,18-Hb), 9.40 (AB, 3J(H,H) =5 Hz, 2H; 2,8-Hb), 9.17 (d, 3J-
(H,H) =5 Hz, 2H; 3,7-Hb), 7.43 (m, 2 H; Ho-Ph), 6.91 (m, 1 H; Hp-Ph), 3.98
(s, 6H; OCH3), �3.62 ppm (br s, 2 H; NH); UV/Vis (CH2Cl2): lmax


(log e) =400 (5.49), 495 (4.22), 526 (3.40), 568 (3.73), 622 nm (2.85); MS
(80 eV, EI): m/z (%):446 (100) [M +], 431 (3) [M +�CH3], 416 (4) [M +


�2CH3], 223 (10) [M 2+]; HRMS: m/z calcd for C28H22N4O2: 446.174276;
found: 446.17633.


5-(3-Nitrophenyl)porphyrin (25 a)


Procedure A : The porphyrins were purified by column chromatography
on silica gel (CH2Cl2/n-hexane 2:1). The first fraction contained the di-
substituted porphyrin 25 b and the second fraction the monosubstituted
porphyrin 25a. After recrystallization from CH2Cl2/CH3OH, the porphyr-
in was obtained as purple crystals (27 mg, 0.06 mmol, 3 %). Rf =0.23
(CH2Cl2/n-hexane 2:1); m.p. >330 8C; 1H NMR (500 MHz, CDCl3, 25 8C,
TMS): d=10.35 (s, 2 H; 10,20-Hmeso), 10.29 (s, 1H; 15-Hmeso), 9.50 (AB, 3J-
(H,H) =4 Hz, 2 H; 12,18-Hb), 9.48 (AB, 3J(H,H) = 4 Hz, 2H; 13,17-Hb),
9.43 (AB, 3J(H,H) =5 Hz, 2H; 2,8-Hb), 9.12 (m, 1H; Pho-H), 8.95 (AB, 3J-
(H,H) =5 Hz, 2H; 3,7-Hb), 8.70 (m, 1 H; Php-H), 8.56 (m, 1H; Pho-H), 7.97
(m, 1 H; Phm-H), �3.67 ppm (br s, 2 H; NH); 13C NMR (63 MHz, CDCl3,
25 8C): d= 139.98, 131.96, 131.52, 130.43, 128.49, 127.77, 122.88, 105.08,
104.31 ppm; UV/Vis (CH2Cl2): lmax (log e) =401 (5.15), 495 (3.99), 526
(3.23), 567 (3.50), 622 nm (2.72); MS (80 eV, EI): m/z (%): 431 (100)
[M +], 385 (23) [M +�NO2], 215 (3) [M 2+]; HRMS: m/z calcd for
C26H17N5O2: 431.13822; found 431.13577.


5,15-Bis(3-nitrophenyl)porphyrin (25 b)[48a,d]


Procedure A : Obtained during the synthesis of 25a. After recrystalliza-
tion from CH2Cl2/CH3OH, the porphyrin was obtained as purple crystals
(33 mg, 0.06 mmol, 6%). Rf =0.33 (CH2Cl2/n-hexane 2:1); m.p. >330 8C;
1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=10.39 (s, 2 H; 10,20-Hmeso),


9.45 (AB, 3J(H,H) =4 Hz, 4H; 2,8,12,18-Hb), 9.13 (m, 2H; 26,32-Pho-H),
8.98 (AB, 3J(H,H) =4 Hz, 4H; 3,7,13,17-Hb), 8.70 (m, 2H; Php-H), 8.59
(m, 2 H; Pho-H), 8.00 (m, 2 H; Phm-H), �3.19 ppm (br s, 2H; NH); UV/Vis
(CH2Cl2): lmax (log e)=408 (4.40), 501 (3.21), 535 (2.75), 574 (2.80),
628 nm (2.45); MS (80 eV, EI): m/z (%): 552 (16) [M +], 431 (5) [M +


�C6H4NO2+H]; HRMS: m/z calcd for C32H20N6O4: 552.15460; found
552.15655.


5-(4-Nitrophenyl)porphyrin (26 a)


Procedure A : The porphyrin was purified by column chromatography on
silica gel (CH2Cl2/n-hexane 2:1). After recrystallization from CH2Cl2/
CH3OH, the porphyrin was obtained as purple crystals (17 mg,
0.04 mmol, 2 %). Rf =0.36 (CH2Cl2/n-hexane 2:1); m.p. >330 8C; com-
pound too insoluble for NMR; UV/Vis (CH2Cl2): lmax (log e)=401 (4.95),
496 (4.14), 530 (3.54), 568 (3.67), 624 nm (3.06); MS (80 eV, EI): m/z
(%): 431 (100) [M +], 385 (19) [M +�NO2], 215 (3) [M 2+], 192 (3) [M 2+


�NO2]; HRMS: m/z calcd for C26H17N5O2: 431.13822; found: 431.13644.


5-p-Tolylporphyrin (29 a)


Procedure C : Obtained during the synthesis of 29 c. After recrystalliza-
tion from CH2Cl2/CH3OH, the product was obtained as purple crystals
(25 mg, 0.06 mmol, 3%). Rf =0.40 (CH2Cl2/n-hexane 2:1); m.p. 280 8C;
1H NMR (270 MHz, CDCl3, 25 8C, TMS): d=10.28 (s, 2 H; 10,20-Hmeso),
10.19 (s, 1H; 15-Hmeso), 9.43 (AB, 3J(H,H) =4 Hz, 4 H; 12,13,17,18-Hb),
9.38 (AB, 3J(H,H) =4 Hz, 2 H; 2,8-Hb), 9.12 (AB, 3J(H,H) =4 Hz, 2 H;
3,7-Hb), 8.14 (d, 2H; 3J(H,H) =8 Hz, Ho-Ph), 7.59 (d, 3J(H,H) =8 Hz, 2 H;
Hm-Ph), 2.74 (s, 3 H; CH3), �3.63 ppm (br s, 2 H; NH); UV/Vis (CH2Cl2):
lmax (log e)=404 (5.26), 499 (4.11), 531 (3.32), 574 (3.60), 629 nm (2.81);
MS (80 eV, EI): m/z (%): 400 (100) [M +], 384 (7) [M +�CH2]; HRMS:
m/z calcd for C27H20N4: 400.16880; found: 400.21536.


5,10-Di(p-tolyl)porphyrin (29 c)


Procedure C : The porphyrins were purified by column chromatography
on silica gel (CH2Cl2/n-hexane 1:2). The first fraction contained the mon-
osubstituted porphyrin 29 a and the second fraction the disubstituted por-
phyrin 29 c. After recrystallization from CH2Cl2/CH3OH, the product was
obtained as purple crystals (111 mg, 0.23 mmol, 11%). Rf =0.60 (CH2Cl2/
n-hexane 1:1); m.p. 270 8C; 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d=


10.19 (s, 2H; 15,20-Hmeso), 9.41 (s, 2H; 17,18-Hb), 9.32 (AB, 3J(H,H) =


5 Hz, 2 H; 2,13-Hb), 9.05 (AB, 3J(H,H) =5 Hz, 2 H; 3,12-Hb), 8.95 (s, 2H;
7,8-Hb), 8.13 (d, 4H; 3J(H,H) =8 Hz, Ho-Ph), 7.78 (d, 3J(H,H) =8 Hz, 4 H;
Hm-Ph), 2.72 (s, 6 H; CH3), �3.35 ppm (br s, 2 H; NH); 13C NMR
(126 MHz, CDCl3, 25 8C): d=139.20, 137.37, 134.56, 131.04, 127.39,
120.19, 103.98, 21.50 ppm; UV/Vis (CH2Cl2): lmax (log e) =405 (5.48), 502
(4.33), 531 (3.66), 575 (3.84), 625 nm (3.32); MS (80 eV, EI): m/z (%):
490 (15) [M +], 400 (25) [M +�C6H5]; HRMS: m/z calcd for C34H26N4:
490.21575; found: 490.21537.


5-Pentylporphyrin (30 a)


Procedure C : Obtained during the synthesis of 30 c. After recrystalliza-
tion from CH2Cl2/CH3OH, the product was obtained as purple crystals
(8 mg, 0.02 mmol, 1 %). Alternatively, dipyrromethane 13 (0.34 g,
2.3 mmol) and 5-pentyldipyrromethane (0.5 g, 2.3 mmol) were dissolved
in dichloromethane (1.2 L) and degassed for 10 min with argon. Trime-
thylorthoformiate (38 mL, 0.35 mol) was added, followed by dropwise ad-
dition of trichloroacetic acid (17.65 g, 108 mmol). After stirring for 4 h at
RT the mixture was treated with pyridine (31.2 mL, 0.39 mol) and stirring
was continued for 17 h. Subsequently, oxygen was bubbled through the
solution for oxidation, followed by filtration, and chromatographic
workup. Yield 1 %; Rf =0.52 (n-hexane/ethyl acetate 4:1); m.p. 275 8C;
1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=10.12 (s, 2 H; 10,20-Hmeso),
10.11 (s, 2H; 15-Hmeso), 9.65 (AB, 3J(H,H) =5 Hz, 2 H; 3,7-Hb), 9.41 (m,
4H; 2,8,12,18-Hb), 9.37 (AB, 3J(H,H) =5 Hz, 2 H; 13,17-Hb), 5.06 (t, 3J-
(H,H) =8 Hz, 2 H; CH2(CH2)3CH3), 2.56 (m, 2 H; CH2CH2(CH2)2CH3),
1.84 (m, 2 H; (CH2)2CH2CH2CH3), 1.74 (m, 2 H; (CH2)3CH2CH3), 1.15 (t,
3J(H,H) =7 Hz, 3H; (CH2)4CH3), �3.57 ppm (br s, 2H; NH); 13C NMR
(126 MHz, CDCl3, 25 8C): d=131.83, 131.62, 130.83, 128.30, 120.21,
104.21, 102.78, 38.64, 35.13, 31.71, 22.78, 14.14 ppm; UV/Vis (CH2Cl2):
lmax (log e)=400 (5.33), 495 (4.12), 526 (3.25), 569 (3.62), 621 nm (2.53);
MS (80 eV, EI, 250 8C): m/z (%): 390 (44) [M +], 323 (100) [M +�C4H9];
HRMS: m/z calcd for C25H24N4: 380.20010; found: 380.20008.
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5,10-Dipentylporphyrin (30 c)


Procedure C : The porphyrin was purified by column chromatography on
silica gel (CH2Cl2/n-hexane 1:3). The first fraction contained the disubsti-
tuted porphyrin 30 c and the second fraction the monosubstituted por-
phyrin 30 a. After recrystallization from CH2Cl2/CH3OH, the product was
obtained as purple crystals (63 mg, 0.14 mmol, 7%). Rf =0.60 (CH2Cl2/n-
hexane 2:1); m.p. 132 8C; 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=


9.99 (s, 2 H; 15,20-Hmeso), 9.59 (br s, 4H; 3,7,8,12-Hb), 9.30 (br s, 4H;
2,13,17,18-Hb), 5.03 (t, 3J(H,H) = 8 Hz, 4H; CH2(CH2)3CH3), 2.56 (tt, 3J-
(H,H) =8 Hz, 3J(H,H) = 7 Hz, 4H; CH2CH2(CH2)2CH3), 1.81 (tt, 3J-
(H,H) =7 Hz, 3J(H,H) =7 Hz, 4 H; (CH2)2CH2CH2CH3), 1.57 (tq, 3J-
(H,H) =7 Hz, 3J(H,H) =7 Hz, 4 H; (CH2)3CH2CH3), 1.00 (t, 3J(H,H) =


7 Hz, 6 H; (CH2)4CH3), �3.31 ppm (br s, 2H; NH); 13C NMR (126 MHz,
CDCl3, 25 8C): d= 130.99, 120.00, 102.88, 38.65, 35.60, 32.88, 22.78,
14.16 ppm; UV/Vis (CH2Cl2): lmax (log e) =406 (5.40), 504 (4.12), 534
(3.39), 580 (3.60), 635 nm (3.16); MS (80 eV, EI, 350 8C): m/z (%): 450
(98) [M +], 393 (100) [M +�C4H9], 336 (20) [M +�C8H18], 225 (2) [M 2+];
HRMS: m/z calcd for C30H34N4: 450.27847; found: 450.27466.


5-iso-Butylporphyrin (31 a)


Procedure C : Obtained during the synthesis of 31 c. After recrystalliza-
tion from CH2Cl2/CH3OH, the product was obtained as purple crystals
(9 mg, 0.02 mmol, 1%). Rf =0.50 (CH2Cl2/n-hexane 2:1); m.p. 270 8C;
1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=10.28 (s, 2 H; 10,20-Hmeso),
10.12 (s, 2H; 15-Hmeso), 9.82 (m, 2H; 3,7-Hb), 9.44 (m, 4 H; 2,8,12,18-Hb),
9.39 (AB, 3J(H,H) =5 Hz, 2 H; 13,17-Hb), 5.16 (m, 2H; CH2), 2.93 (m,
1H; CH), 1.19 (m, 6 H; CH3), �3.30 ppm (br s, 2H; NH); UV/Vis
(CH2Cl2): lmax (log e)=399 (5.39), 496 (4.38), 526 (3.49), 569 (3.88),
621 nm (2.75); MS (80 eV, EI): m/z (%): 366 (46) [M +], 323 (100) [M +


�C3H7]; HRMS: m/z calcd for C24H22N4: 366.18445; found: 366.18450.


5,10-Di(iso-butyl)porphyrin (31 c)


Procedure C : The porphyrin was purified by column chromatography on
silica gel (CH2Cl2/n-hexane 1:3). The first fraction contained the disubsti-
tuted porphyrin 31 c and the second fraction the monosubstituted por-
phyrin 31 a. After recrystallization from CH2Cl2/CH3OH, the product was
obtained as purple crystals (44 mg, 0.10 mmol, 5%). Rf =0.40 (CH2Cl2/n-
hexane 1:1); m.p. 206 8C; 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=


10.04 (s, 2H; 15,20-Hmeso), 9.61 (s, 2H; 7,8-Hb), 9.60 (AB, 3J(H,H) =5 Hz,
2H; 3,12-Hb) 9.33 (m, 4 H; 2,13,17,18-Hb), 4.95 (d, 3J(H,H) =7 Hz, 4 H;
CH2), 2.84 (m, 2 H; CH), 1.23 (d, 3J(H,H) =6 Hz, 12H; CH3), �3.30 ppm
(br s, 2H; NH); 13C NMR (126 MHz, CDCl3, 25 8C): d=130.00, 118.84,
103.02, 43.92, 37.04, 23.39 ppm; UV/Vis (CH2Cl2): lmax (log e) =403
(5.26), 505 (4.24), 534 (3.56), 579 (3.76), 635 nm (3.35); MS (80 eV, EI):
m/z (%): 422 (85) [M +], 379 (100) [M +�C3H7]; HRMS: m/z calcd for
C28H30N4: 422.24705; found: 422.24710.


5-n-Butylporphyrin (35)


Procedure D : A solution of 2.5m n-butyllithium in hexane (0.03 mL,
0.07 mmol) was added to the porphine 1 solution. The title porphyrin was
purified by column chromatography on silica gel (CH2Cl2/n-hexane 1:1).
After recrystallization from CH2Cl2/CH3OH, the product was obtained as
purple crystals (13 mg, 0.03 mmol, 48%). Rf =0.44 (CH2Cl2/n-hexane
1:1); m.p. 232 8C, 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d= 10.19 (s,
2H; 10,20-Hmeso), 10.10 (s, 1H; 15-Hmeso), 9.63 (AB, 2 H; 3J(H,H) =5 Hz,
3,7-Hb), 9.41 (m, 4 H; 2,8,12,18-Hb), 9.37 (AB, 3J(H,H) =5 Hz, 2H; 17,18-
Hb), 5.06 (t, 3J(H,H) =8 Hz, 2H; CH2(CH2)2CH3), 2.56 (m, 2H;
CH2CH2CH2CH3), 1.84 (m, 2H; CH2CH2CH2CH3), 1.15 (t, 3J(H,H) =


7 Hz, 3H; CH2CH2CH2CH3), �3.57 ppm (br s, 2H; NH); UV/Vis
(CH2Cl2): lmax (log e)=399 (5.30), 496 (4.12), 526 (3.24), 569 (3.62),
621 nm (2.53); MS (80 eV, EI): m/z (%): 366 (59) [M +], 323 (100)
[M +�C3H7]; HRMS: m/z calcd for C24H22N4: 366.18445; found:
366.18449.


5,10-Di(n-butyl)porphyrin (36)


Procedure D : A solution of 2.5m n-butyllithium in hexane (0.07 mL,
0.18 mmol) was added to porphine 1. The title porphyrin was purified by
column chromatography on silica gel (CH2Cl2/n-hexane 1:1). After re-
crystallization from CH2Cl2/CH3OH, the product was obtained as purple
crystals (29 mg, 0.059 mmol, 99%). Rf =0.55 (CH2Cl2/n-hexane 1:1); m.p.
140 8C; 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d =9.97 (s, 2H; 15,20-


Hmeso), 9.55 (m, 4 H; 3,7,8,12-Hb), 9.28 (m, 4 H; 2,13,17,18-Hb), 5.01(t,
3J(H,H) =8 Hz, 2H; CH2CH2CH2CH3), 2.55 (m, 4 H; CH2CH2CH2CH3),
1.86 (m, 4 H; CH2CH2CH2CH3), 1.18 (t, 3J(H,H) =7 Hz, 6H;
CH2CH2CH2CH3), �3.35 ppm (br s, 2H; NH); UV/Vis (CH2Cl2): lmax


(log e) =406 (5.50), 503 (4.12), 534 (3.39), 580 (3.60), 633 nm (3.17); MS
(80 eV, EI): m/z (%): 423 (100) [M +], 211 (4.00) [M 2+]; HRMS: m/z
calcd for C28H30N4: 394.2157; found: 394.2150.


5-(2-Methoxyphenyl)porphyrin (37)


Procedure D : A Schlenk flask was charged with o-bromoanisole (59 mL,
0.48 mmol) dissolved in dry diethyl ether (15 mL) under an argon atmos-
phere. The solution was cooled to �78 8C. After dropwise addition of n-
butyllithium in hexane (2.5 m, 0.19 mL, 0.48 mmol) within 30 min, the so-
lution was stirred for one hour at room temperature. A solution of por-
phine 1 in dry THF (40 mL) was rapidly added to the organolithium
compound at room temperature. The solution was stirred for one hour at
50–60 8C. The porphyrin was purified by column chromatography on
silica gel (CH2Cl2/n-hexane 2:1). After recrystallization from CH2Cl2/
CH3OH, the product was obtained as purple crystals (5 mg, 0.01 mmol,
17%). Rf =0.65 (CH2Cl2/n-hexane 2:1); m.p. 300 8C; 1H NMR (250 MHz,
CDCl3, 25 8C, TMS): d=10.28 (s, 2H; 10,20-Hmeso), 10.23 (s, 1H; 15-
Hmeso), 9.45 (m, 4 H; 12,13,17,18-Hb), 9.36 (AB, 3J(H,H) =5 Hz, 2 H; 2,8-
Hb), 9.01 (AB, 3J(H,H) =5 Hz, 2H; 3,7-Hb), 7.70 (m, 1H; H-Phm), 7.51
(m, 1 H; H-Phm), 3.60 (s, 3 H; OCH3), �3.60 ppm (br s, 1H; NH); UV/Vis
(CH2Cl2): lmax (log e)=399 (5.32), 494 (4.18), 526 (3.34), 567 (3.68),
620 nm (2.70); MS (80 eV, EI): m/z (%): 416 (100) [M +], 401 (12) [M +


�CH3], 385 (4) [M +�OCH3]; HRMS: m/z calcd for C27H20N4:
416.16371; found: 416.16369.


X-ray single-crystal structure determination of 14 a : Growth and handling
of crystals followed the concept developed by Hope.[49] Intensity data
were collected at 210 K with a Stoe X-area system complete with 3-circle
goniometer and CCD detector utilizing MoKa radiation (l=0.71073 �).
The intensities were corrected for Lorentz, polarization, and extinction
effects. The structure was solved with Direct Methods using the
SHELXTL PLUS program system[50a] and refined against jF2 j with the
program XL from SHELX-97 using all data.[50b] Non-hydrogen atoms
were refined with anisotropic thermal parameters. Hydrogen atoms were
generally placed into geometrically calculated positions and refined using
a ridging model. The N�H hydrogen atoms were refined as disordered
over all four positions with occupancies of 50 % each. CCDC-259220 con-
tains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Crystal data : C24H22N4, Mr =366.46, red block from CH2Cl2/CH3OH, crys-
tal size 0.4� 0.3� 0.25 mm, orthorhombic, P212121, a=9.9802(5), b=


12.2819(9), c=15.4053(9) �, V=1888.3(2) �3, Z =4, 1calcd =1.289 Mg m�3,
m(MoKa) =0.078 mm�1, transmission min/max=0.962/0.985, qmax =29.548,
18934 reflections collected, 5248 independent reflections, Rint =0.0344,
3977 reflections with I>2.0s(I), 257 parameters, R1 (I>2.0s(I))=0.0344,
R1 (all data) =0.0494, wR2 (all data) =0.0781, S=0.956, 1max =


0.153 e��3.


Normal-coordinate structural decomposition : The theoretical background
and development of this method has been described by Shelnutt and co-
workers.[38] For calculations we used the NSD engine program version 2.0,
as provided on the WWW under the URL http://jasheln.unm.edu/jasheln/
content/nsd/NSDengine/nsd_index.htm.
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Photosensitized by a Chiral p,p* Aromatic Ketone
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Introduction


It has been proposed and in some cases also demonstrated
that intramolecular electron transfer (intra-ET) between ty-
rosine (Tyr) and oxidized tryptophan (Trp) occurs in native
biological reactions.[1] Thus, it has been shown that intrapro-
tein electron transfer between Tyr and Trp in DNA photo-
lyase from Anacystis nidulans leads to the catalytically com-
petent state of the flavin adenine dinucleotide.[1b] It has also
been suggested that electron transfer between tyrosine and
tryptophan is involved in the activation of voltage-sensitive
ion channels.[1c] The feasibility of such an ET process has
been evidenced both in aqueous and in non-aqueous sol-
vents, by using model peptides or proteins, after artificial ox-
idation of Trp.[2]


On the other hand, amino acids Tyr and Trp are photooxi-
dized by non-steroidal antiinflammatory drugs such as tiap-
rofenic acid (TPA) and Suprofen (SUP). This reaction re-
sults in a high photoallergic activity of these drugs, as a


result of the formation of adducts between amino acids and
Suprofen, which are the relevant species in the drug–protein
photobinding.[3] Time-resolved studies have shown that the
lowest-lying triplet state (p,p*) of 2-benzoylthiophene (BT),
the common chromophore of both drugs, is quenched by
phenol and indole leading to the BT ketyl plus phenoxy or
indolyl radicals.[4] Moreover, recent experimental and theo-
retical (DFT) studies[4,5] support the formation of encounter
complexes during the quenching of BT by phenol or indole.
The involvement of this type of species appears to be an es-
sential condition for the asymmetry observation in emission
quenching or photosensitization.[6]


Therefore, it was considered of interest to study the capa-
bility of SUP as a photosensitizer for the intra-ET reactions
in Trp-Tyr and Trp-Gly-Tyr peptides as simple models of
proteins (see below). Moreover, because of the potential im-
portance of drug chirality in the photooxidation of proteins
and related biological reactions, special attention would
have to be drawn to the possible influence of the photosen-
sitizer configuration on the involved processes when em-
ploying enantiomerically pure compounds.


Herein, we report that excitation of SUP in H2O/CH3CN
(28:1 v/v) solutions induces oxidation of both Tyr and Trp,
as well as intra-ET reactions in peptides. A significant chiral
recognition has been observed related to the configuration-
dependent concentration of radicals formed after triplet
quenching.
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Results and Discussion


Transient species in the reaction of Trp-Tyr peptides with
triplet Suprofen : Time-resolved experiments were per-
formed in deaerated H2O/CH3CN (28:1 v/v) solutions, as
these conditions allow a compromise between solubility of
all the components, control of the pH of the media and simi-
larity to biological environment. A pH value of 3.8 was
chosen, because it is close to pKa of the Trp-Tyr dipeptide.[7]


The transient absorption spectrum of SUP triplet excited
state (lmax at 350 and 600 nm)[8] was observed after 355 nm
laser excitation of (S)-SUP (0.64 mm) in deaerated solutions
with a 10 ns Nd/YAG laser pulse (Figure 1a). To obtain the
spectrum corresponding to the SUP ketyl radical (SUPHC)
and Tyr(-H)C radical, similar experiments were performed in
the presence of N-Boc-tyrosine (3.5 mm), both in the ab-
sence and in the presence of air. After a sufficiently long
delay (20 ms), no triplet should be left, due its quenching by
the protected amino acid. While in dearated media both
species would be present, under aerated conditions the
carbon-centered ketyl radical would not be detectable, due
to its fast reaction with oxygen in the timescale of the ex-
periment. Thus, the only observable transient absorption
under air corresponded to the tyrosinyl radical (Figure 1e,
lmax at 385 and 410 nm)[9] Hence, the “isolated” spectrum of
the SUP ketyl radical (SUPH, lmax at 350 and 580 nm)[4,10]


was obtained by subtraction of the spectra in deaerated and
aerated solution (Figure 1b).


On the other hand, upon 355 nm laser excitation of (S)-
SUP in the presence of Trp three transient species should be
formed: SUPHC radical, Trp+ C cation radical and the Trp-de-
rived skatolyl radical. Only the cation radical would exhibit
low reactivity towards oxygen; therefore its spectrum (lmax


at 345 and 500–650 nm)[11] was obtained under aerated con-
ditions (Figure 1f). It is known that skatolyl radicals are
formed from 3-methylindole upon photosensitization by
BT.[12a] In order to detect the possible formation of this type
of oxygen-quencheable species in the present experiments,


the spectra obtained 0.1 ms after the laser pulse in the pres-
ence and absence of oxygen (Figure 1g) were subtracted. As
a result, the transient spectrum of this long-lived, C-centered
radical (lmax at 340 nm and no significant absorption beyond
400 nm)[12] was indeed observed (Figure 1h).


It is known that, under neutral conditions, 2-benzoylthio-
phene triplet is quenched by phenolic and indolic deriva-
tives leading to phenoxy or indolyl radicals (arising from de-
protonation of indole cation radical with a pKa 4.9)[13]


through a concerted electron-proton transfer (ET/PT).[4] In
the acid media employed, the reaction of SUP triplet with
Trp-Tyr should proceed to give Trp+ C and Tyr(-H)C, as the
pKa for Trp+ C is 4.3[13c,d] in the free amino acid (compared
with a value of �1 for Tyr+ C)[13e] and increases in the dipepti-
de.[13b] Actually, a value of 6.2 has been reported for Trp+ C in
the Trp-Tyr dipeptide.[14] These data justify the observation
of Trp+ C cation radical and Tyr(-H)C radical at pH 3.8.


Formation of Tyr(-H)C in Trp-Tyr was observed at 410 nm,
where the SUP ketyl radical does not possess a significant
absorption,[4] with a biphasic kinetics. The main part of this
signal was formed “instantaneously” on the nanosecond
time scale, while the remainder showed a delayed increase
(curve a in Figure 2). This suggests the involvement of two
different Tyr radical precursors: 3SUP and Trp+ C [Eqs. (3)
and (4)].


Intra-ET in the reaction of Trp-Tyr peptides with triplet Su-
profen : Kinetic measurements were performed at 510 nm,
where the Trp+ C absorbs significantly and the contribution of
the SUP ketyl radical is very low. The decay at 510 nm was
concomitant with the increase of Tyr(-H)C radicals at 410 nm
(Figure 2); the latter occurred with a rate constant around
1.6 � 106 s�1, similar to the value (1 �106 s�1) previously
found for the intra-ET in aqueous solution of Trp-Tyr at
pH 3.4.[2f] Furthermore, the growth rate constant dropped by
a factor of about 3 when one glycine spacer was inserted be-
tween Tyr and Trp (Figure 3). According to the litera-
ture,[2c, f] this is in agreement with the intra-ET from Tyr to
the Trp+ C [see Eq. (4)] which occurs predominately through
direct nonbonding interactions between aromatic chains.


Stereodifferentiation in the reaction of Trp-Tyr peptides
with triplet Suprofen : Next, we focused our interest on the
possible influence of the photosensitizer configuration on
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the efficiency of all the occurring processes; this was per-
formed with enantiomerically pure (S)- and (R)-Suprofen.


The quantum yields for the formation of Tyr(-H)C and
Trp+ C were determined by a comparative method, taking
into account the molar absorption coefficients of the species


involved (see Experimental
Section). The yields found for
Tyr(-H)C were not very different
from those found for Trp+ C (be-
tween 0.2 and 0.3), in spite of
the lower oxidation potential of
indole compared with phe-
nol.[4,13b,15]


The “initial” concentration of
the Tyr(-H)C radicals was de-
pendent on the photosensitizer
configuration, and was higher
when using the (R)-enantiomer
(Figure 4a, Table 1). A parallel
stereodifferentiation was ob-
served for SUPHC radical and
Trp+ C cation radical formation
(Figure 4b, Table 1).


On the other hand, the
growth of Tyr(-H)C and the con-
comitant decay of the Trp+ C
were not strongly configuration
dependent (Figure 4); this is in
agreement with the intra-ET
nature of the involved process.


Comparative experiments with
the isolated amino acids : Simi-
lar experiments were performed
by using the natural amino
acids as quenchers of the enan-
tiomeric 3SUP triplets, in H2O/
CH3CN (28:1 v/v) solutions at a
pH value of 2.3.[16] The bimolec-
ular rate constants found for
(S)-Trp were slightly higher
than those determined for (S)-
Tyr or N-(tert-butoxycarbonyl)-
l-tyrosine [N-Boc-(S)-Tyr]
[(3.3�0.1)� 109


m
�1 s�1 for Trp,


(2.00�0.06) � 109
m
�1 s�1 for Tyr


and (2.35�0.05) � 109
m
�1 s�1 for


N-Boc-(S)-Tyr]. The same spe-
cies were observed when using
the Trp-Tyr peptide: Trp+ C (pKa


4.3) and skatolyl or Tyr(-H)C, to-
gether with SUPHC.[17, 18]


The quantum yields determi-
nation showed that Trp+ C for-
mation was somewhat more ef-
ficient with (R)-SUP than with
(S)-SUP (see Table 1). A higher


effect compared with the Trp+ C was found for TyrC formation
in the quenching of SUP enantiomers by (S)-Tyr (see
Figure 5 and Table 1).


Under the experimental conditions SUP is essentially
present as the free carboxylic acid (pKa 4.9),[19] while 50 %


Figure 1. a) Transient absorption spectrum of a deaerated H2O/CH3CN (28:1) solution of (S)-SUP (0.64 mm)
recorded 0.16 ms after laser excitation (355 nm). b) Transient absorption spectrum of a H2O/CH3CN (28:1) so-
lution of (S)-SUPH recorded 20 ms after laser excitation (355 nm). The spectrum was obtained from the sub-
traction of spectra in deaerated and aerated solution of SUP (0.64 mm) and N-Boc-(S)-tyrosine (3.5 mm).
c) Transient absorption spectra of a deaerated H2O/CH3CN (28:1) solution of (S)-SUP (0.64 mm) and dipep-
tide (5.12 mm) recorded 0.16 ms (&) and 2.0 ms (*) after the laser pulse (355 nm). Magnification of the spectra
between 375 and 425 nm. d) Transient absorption spectrum of an aerated H2O/CH3CN (28:1) solution of (S)-
SUP (0.64 mm) and dipeptide (5.12 mm) recorded 1 ms after laser pulse (355 nm). e) Transient absorption spec-
trum of a deaerated H2O/CH3CN (28:1) solution of (S)-SUP (0.64 mm) and N-Boc-Tyr (3.5 mm) recorded
20 ms after the laser pulse (355 nm). f) Transient absorption spectrum of an aerated H2O/CH3CN (28:1) so-
lution of (S)-SUP (0.64 mm) and tryptophan (5.12 mm) recorded 0.5 ms after laser pulse (355 nm). g) Transient
absorption spectra of a deaerated (&) and aerated (*) H2O/CH3CN (28:1) solution of (S)-SUP (0.64 mm) and
dipeptide (5.12 mm) recorded 0.1 ms after laser excitation (355 nm). h) Skatolyl radical obtained from the dif-
ference between the transient absorption spectrum of a deaerated and aerated H2O/CH3CN (28:1) solution of
(S)-SUP (0.64 mm) and dipeptide (5.12 mm) recorded 0.1 ms after the laser pulse (355 nm).
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of the quencher is in its zwitterionic form. Hence, the hydro-
gen-bonding interactions between the amino acid carboxy-
late group and the carboxylic acid of the photosensitizer
could be reason for the observed chiral recognition. To
check this hypothesis, triplet quenching of (R)- and (S)-SUP
by Trp-Tyr was performed at pH 2.3; under these conditions,
where the amount of zwitterion is strongly decreased, no
stereodifferentiation was detected (data not shown). More-
over, when N-Boc-(S)-Tyr was used as quencher, (at pH 3.4
close to its pKa)


[20] chiral recognition (measured as Tyr(-H)C
formation) was also observed, although to a lower degree.
Finally, no chiral recognition was observed when N-Boc-(S)-
Tyr methyl ester was used as quencher at pH 3.8.


Conclusion


The non-steroidal drug Suprofen not only photosensitizes
the oxidation of Tyr and Trp, but also induces intramolecu-
lar electron transfer between Tyr and Trp in model peptides,
that is Trp-Tyr and Trp-Gly-Tyr. By using the enantiomeri-
cally pure compounds, a stereodifferentiation effect is ob-
served in the formation of radicals arising from quenching
of the SUP triplet excited state. Comparative studies with
the natural amino acids show a decreased, though parallel,


Figure 2. Transient kinetic traces observed at a) 410 nm and b) 510 nm
after laser flash photolysis (355 nm) of a deaerated H2O/CH3CN (28:1)
solution of (S)-SUP (0.64 mm) containing Trp-Tyr (5.12 mm).


Figure 3. Transient kinetic traces observed at a) 410 nm and b) 510 nm
after laser flash photolysis (355 nm) of a deaerated H2O/CH3CN (28:1)
solution of (S)-SUP (0.64 mm) and Trp-Gly-Tyr (5.12 mm).


Figure 4. a) Transient kinetic traces observed at 410 nm after laser flash
photolysis of a deaerated H2O/CH3CN (28:1) solution of Trp-Tyr
(5.12 mm) and (S)-SUP (&, 0.64 mm) or (R)-SUP (*, 0.64 mm). b) Tran-
sient kinetic traces observed at 580 nm after laser flash photolysis of a
deaerated H2O/CH3CN (28:1) solution of Trp-Tyr (5.12 mm) and (S)-SUP
(*, 0.64 mm) or (R)-SUP (&, 0.64 mm). In all the experiments, the laser
energy was the same (11 mJ per pulse).


Table 1. Quantum yields and relative efficiencies of radical formation in
the quenching of photoexcited (R)- or (S)-SUP by Trp-Tyr, Trp, Tyr and
N-Boc-Tyr.


TrpC+ Tyr(-H)C[a] SUPHC


Trp-Tyr[b] (R)-SUP 0.32 0.27 0.61
pH 3.8 (S)-SUP 0.27 0.22 0.52


(R)-/(S)-SUP 1.2 1.2 1.2
Trp[b] (R)-SUP 0.45 – 0.70
pH 2.3 (S)-SUP 0.40 – 0.64


(R)-/(S)-SUP 1.1 – 1.1
Tyr[b] (R)-SUP – 0.68 0.69
pH 2.3 (S)-SUP – 0.58 0.59


(R)-/(S)-SUP – 1.2 1.2
N-Boc-Tyr[c] (R)-SUP – 0.60 0.62
pH 3.4 (S)-SUP – 0.55 0.58


(R)-/(S)-SUP �1.1 1.1


[a] Initial concentration. [b] H2O/CH3CN 28:1. [c] H2O/CH3CN 28:2.


Figure 5. Transient kinetic traces observed at 410 nm after laser flash
photolysis of a deaerated H2O/CH3CN (28:1) solution of (S)-tyrosine
(5.12 mm) and (S)-SUP (*, 0.64 mm) or (R)-SUP (&, 0.64 mm). In both
experiments, the laser energy was the same (11 mJ per pulse).
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chiral recognition. These data agree with the involvement of
encounter complexes in the quenching of the photosensitizer
by the amino acids and related peptides. The fact that
higher radical formation yields are obtained when using the
(R)-enantiomer suggests stereodifferentiation in the efficien-
cy of the electron transfer process.


Experimental Section


Chemicals : Both enantiomers of [4-(thien-2-ylcarbonyl)phenyl]propanoic
acid (Suprofen, SUP) were obtained by resolution of commercially avail-
able racemic Suprofen by using chiral HPLC chromatography (Kromasil
100 TBB, 5 mm 250 � 10 mm): a 60:40 solution of hexane/tert-butyl methyl
ether (containing 0.1% of acetic acid) as eluent.


Laser flash photolysis : The solutions were prepared by using distilled
water and acetonitrile (HPLC grade). The pH of the Tyr and Trp solu-
tions was lowered to 2.3 by adding HCl; it did not change after the ex-
periments. The time-resolved experiments were carried out using a
pulsed Nd/YAG Spectrum laser system instrument. The single pulses
were about 10 ns duration and the energy was about 11 mJ per pulse. A
Xenon lamp was employed as detecting light source. The laser flash pho-
tolysis apparatus consisted of the pulsed laser, the Xe lamp, a monochro-
mator, a photomultiplier (PMT) system made up of side-on PMT, PMT
housing and a PMT power supply. The output signal from the oscillo-
scope was transferred to a personal computer for study. Samples were
contained in 7 � 7mm cells made of Suprasil quartz and were deaerated
with dry nitrogen prior to the experiments. Compounds concentration
was adjusted to yield an absorbance of 0.3 at 355 nm.


Rate constants for the intermolecular quenching of SUP by (S)-Trp were
determined in deaerated solutions by monitoring the decay of the SUP
T–T absorption spectra at 650 nm, where neither SUPH+ C nor Trp+ C
absorb significantly. In the case of Tyr(-H)C measurements were per-
formed at 630 nm, where SUPHC does not interfere and 3SUP has still a
significant molar absorption coefficient. The bimolecular rate constants
were determined from plots of the ketone triplet decay versus quencher
concentration [Q] according to the following Equation:


kdecay ¼ k0þ kq ½Q� ð6Þ


where k0 is the pseudo-first-order rate constant in the absence of quench-
er.


The values found for (S)-Trp were slightly higher than those determined
for (S)-Tyr or N-Boc-(S)-Tyr (ca. 3� 109


m
�1 s�1 for Trp and 2� 109


m
�1 s�1


for Tyr compounds).


Molar absorption coefficients of SUP ketyl radical (SUPH)C were deter-
mined by a comparative method, by using two solutions with the same
absorbance (0.3) at 355 nm: BP in MeCN and SUP (6.4 � 10�4


m) contain-
ing p-cresol (19.0 � 10�3


m) in H2O/CH3CN (28:1 v/v) (ca. 90 % of SUP
triplet quenching). The quantum yield for formation of the aryloxy radi-
cal (fArO) was calculated by using Equation (7):


�ArO ¼ �BP
isc � DA ArO


410 � e BP
525=DA BP


525� e ArO
410 ð7Þ


where DA ArO
410 and eArO


410 (3200 m
�1 cm�1) are the net absorbance and the


molar absorption coefficient of aryloxy radical at 410 nm. Thus, for fArO


a value of about 0.90 was calculated. Considering that fArO = fSUPH


Equation (8) allowed for the calculation of the molar absorption coeffi-
cients of the SUPHC :


�SUPH ¼ �BP
isc � DA ðSUPHÞ


580 � eBP
525=DA BP


525� e ðSUPHÞ
580 ð8Þ


where DA580 refers to the net absorbance of the ketyl radical at 580 nm.
Thus, the SUPH molar absorption coefficient was found to be about
1510 m


�1 cm�1 at 580 nm.


For the case of Trp-Tyr, the quantum yield for the formation of Trp+ C and
SUPHC were calculated taking into account their contribution to the
580 nm absorption band, as well as the fast decay of Trp+ C. The quantum
yield for the formation of Tyr(-H) was obtained from the initial net ab-
sorbances at 410 nm. In all these cases Equation (9) was used to deter-
mine the quantum yield (fj) of the considered species. The following
molar absorption coefficients (M�1 cm�1) were employed: eTyr Cð-HÞ


410 =


3200,[22] e Trpþ C
580 = 2885,[11] eSUPH


580 = 1510, e
3 SUP
600 = 2900[4] . The triplet yield


for 3SUP is taken to be 1.[21]


�j ¼ �SUP
isc � DA j


l� eSUP
600 =DA SUP


600 � e j
l


ð9Þ


By the same methodology the quantum yields for the formation of the
species in the intermolecular studies were calculated by using Equa-
tion (9).
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The Kinetic Acidity of Oligofluorobenzenes Correlated with Their Gas Phase
Deprotonation Energies


Manfred Schlosser* and Elena Marzi[a]


Introduction


The translation of structure into properties will remain an
everlasting objective of chemistry. An even greater chal-
lenge is to quantify such connections. The most prominent
examples in this fundamental area are linear free energy re-
lationships between equilibria and rates.


The permutational hydrogen/metal interconversion is for-
mally just a subcategory of acid/base reactions. However, as
polar organometallic reagents can only survive in apolar,
paraffinic or ethereal media, any heterolytic carbon–metal
dissociation is unrealistic. As a consequence, the mechanistic
details of their chemical transformations are of unprecedent-
ed complexity.[1]


The aim of our continuing endeavors is to make absolute
and relative rates of metalation (i.e. , hydrogen/metal permu-
tation) reactions predictable. Key reference data are in this
context the experimental or computational gas-phase acidi-
ties of the CH acids from which the organometallic reagents
or the metalation products are derived. When measuring the
relative rates with which the metalation of oligochloroben-
zenes by sec-butyllithium proceeds in tetrahydrofuran at
�100 8C, we discovered an unexpected parallelism. The dif-
ferences between the free energies of activation exhibited a
linear relationship with the gas-phase deprotonation ener-
gies of the chloroarenes undergoing metalation, the correla-


tion coefficient being 0.12 (Figure 1).[2] Simplified this
means, the transition state of the reaction is endowed with
12 % of carbanion character.


Keywords: (trans)metalation · gas-
phase acidity · kinetics · linear free
energy relationship · organometallic
reactions


Abstract: The relative reactivities of fluorobenzene, all di-, tri-, and tetrafluoro-
benzenes and pentafluorobenzene toward sec-butyllithium have been assessed in
tetrahydrofuran at �100 8C. At this temperature no subsequent transmetalation re-
actions take place but those compromise the outcome of the competition experi-
ments if the latter are conducted at �75 8C. The rates determined at �100 8C re-
flect the basicity differences between the naked (oligo)fluorophenyl anions to the
extent of 10 %.
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Figure 1. Deprotonation of mono-, di-, tri-, tetra-, and penta-
chlorobenzene(s): relative free activation energies of metalation
DDG�ð173Þ


LIS by sec-butyllithium in tetrahydrofuran at �100 8C versus differ-
ential equilibrium acidities DDG


o


g in the gas phase.


Chem. Eur. J. 2005, 11, 3449 – 3454 DOI: 10.1002/chem.200401094 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3449


FULL PAPER







When analyzing retrospectively similar data previously
collected in the fluoroarene series[3] at �75 8C, we again
came across a linear free energy relationship. However, this
time the differences in the activation energies averaged one
fifth of the relative gas-phase acidities. In other words, the
carbanion character of the pertinent transition state ap-
peared to have grown to 20 % (Figure 2).


Results and Discussion


To find out whether the marked selectivity difference in the
chloro and fluoro series was caused by an element or tem-
perature effect, we repeated the competition experiments
with the (oligo)fluorobenzenes in tetrahydrofuran at
�100 8C, that is under exactly the same reaction conditions
as previously applied to the (oligo)chlorobenzenes. As in
the related earlier work,[2,3] the relative rates were assessed
by competition experiments. Two substrates exhibiting com-
parable reactivity were mixed and treated conjointly with an
insufficient amount of sec-butyllithium. After 45 min at
�100 8C, the mixture was poured on an excess of freshly
crushed dry ice. After having determined the concentration
of the unconsumed (oligo)fluorobenzenes in the organic
layer, the carboxylates were extracted into the aqueous
phase. After neutralization, the fluorinated benzoic acids
were converted with diazomethane into the corresponding


methyl esters (Scheme 1), which were quantified again by
gas chromatography.


Once again a linear relationship between the differential
free activation energies DDG�


LIS and the corresponding rela-
tive deprotonation energies DDG


o


g in the gas phase was ob-
served. However, this time the sensitivity slope and, as a
corollary, the carbanion character of the haloarene at the
transition state amounted to only 0.10 (Figure 3) and thus
came close to the number derived for the chloro family.


How can we rationalize this conspicuous temperature de-
pendence? Common wisdom would expect a decrease in re-
activity and an increase in selectivity when the reaction tem-
perature is lowered. It is true, exceptions are documented.
This holds in particular for organometallic chemistry where
aggregation and ionization phenomena may override stan-
dard behavior.[1] The sodium-promoted polymerization of
styrene represents the most striking example. Upon cooling,
the process becomes faster and faster as progressively the
proportion of the thousandfold more reactive solvent-sepa-


Figure 2. Deprotonation of mono-, di-, tri-, tetra-, and penta-
fluorobenzene(s): relative free activation energies of metalation
DDG�ð198Þ


LIS by sec-butyllithium in tetrahydrofuran at �75 8C versus differ-
ential equilibrium acidities DDG


o


g in the gas phase.


Scheme 1.


Figure 3. Deprotonation of mono-, di-, tri-, tetra-, and penta-
fluorobenzene(s): relative free activation energies of metalation
DDG�ð173Þ


LIS by sec-butyllithium in tetrahydrofuran at �100 8C versus differ-
ential equilibrium acidities DDG


o


g in the gas phase.
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rated ion pairs grows at the expense of the relatively inert
contact species.[4,5]


It would be unrealistic to assume ionization of simple al-
kyllithium compounds in ethereal solvents. In contrast, a
temperature effect on the population of coexisting aggrega-
tion states is conceivable. The composition of the prevalent
ground state species of sec-butyllithium or isopropyllithium
in tetrahydrofuran is unknown. According to the work of
Bartlett et al. ,[6] the reagent conserves its tetrameric struc-
ture when stoichiometric amounts of dimethyl ether, diethyl
etherm, or tetrahydrofuran are added to its solution in hep-
tanes at �25 8C. Therefore, it might be tetrameric or at least
dimeric in neat tetrahydrofuran at �75 8C. Lower tempera-
tures favor deaggregation;[1] it forms a 9:1 monomer/dimer
mixture at �108 8C and a 4:1 mixture at �96 8C.[7] If really
two different organometallic species were to promote the
metalation reaction at the different temperatures, differen-
ces in the discrimination between substrates would become
intelligible.


To test this hypothesis, we replaced sec-butyllithium by
tert-butyllithium which is monomeric[7] in tetrahydrofuran
even at �75 8C. Although this time there was no ambiguity
about the nature of the kinetically competent reagent spe-
cies, the outcome of the competition experiments still
proved temperature-dependent. The substrate pairs 1,2,3-tri-
fluorobenzene/1,4-difluorobenzene, 1,3,5-trifluorobenzene/
1,3-difluorobenzene, and 1,2,4-trifluorobenzene/1,3-difluoro-
benzene produced higher rate ratios at �75 8C than at
�100 8C (3.4, 3.2, and 3.3 versus 2.1, 2.0, and 2.2, respective-
ly).


At this point we began to suspect that we were confronted
with artifacts as far as the numbers collected at �75 8C were
concerned. When we carried out the earlier study,[3] we did
of course not fail to probe the constancy of the determined
relative rates as a function of the reaction time. We had ex-
posed 1,2-difluorobenzene to the action of 2-fluorophenyl-
lithium during 0.5, 2, and 6 h and found virtually no changes
due to transmetalation. The reaction between the 1,4-isomer
and 2-fluorophenyllithium was also found to be negligibly
slow (<5 % after 2 h). As we realized now, we had looked
at the wrong end of the acidity scale. When mixtures of
1,2,4-trifluorobenzene and 2,6-difluorophenyllithium and of
pentafluorobenzene and 2,3,5,6-tetrafluorophenyllithium
were kept 2 h at �75 8C, 36 % and 58 % of the initially pres-
ent aryllithium was detected to be converted into the trans-
metalation products 2,3,6-trifluorophenyllithium and penta-
fluorophenyllithium, respectively (Scheme 2). Even if these
proportions are still far away from the acid–base equilibria,
the observed drift towards the least basic components seri-
ously distorts the true kinetic ratios and makes the results
worthless. On the other hand, the data at �100 8C are not at
all compromised by side reactions or subsequent transfor-
mations. The ratios assessed by competition experiments at
�100 8C proved to be absolutely time-invariant.


A last comment refers to the kinetic acidity of benzene.
As it was found to be totally inert toward sec-butyllithium
at �100 8C, there was no way to juxtapose it with fluoroben-


zene or congeners in this respect. But also its relative rate
monitored at �75 8C[3] has to be considered with utmost cau-
tion. The pertinent kinetic measurements encompass several
arenic substrates exhibiting diverging reactivities through-
out. This means an accumulation of potentially large errors
was inevitable and this makes the result doubtful. For exam-
ple, if the relative benzene reactivity does not fit into a
given rate/basicity correlation this may just have to be im-
puted to this experimental uncertainty. Alternatively, the
discrepancy may be resolved by renouncing the straight line,
the crucial criterium of any linear free energy relationship,
as an overidealization, holding at best within the boundaries
of a narrow structural segment, and to replace it by a para-
bolic curvature which should more accurately mirror rate/
stability comparisons when the transition state of a series of
analogous reactions moves from reactant-like to product-
like or, in the present case, to intermediate-like.


Anyhow, the lasting uncertainties about the benzene rela-
tive rates would invalidate any attempt to base far-reaching
conclusions on such findings. To provide reliable informa-
tion on the reactivity of benzene toward simple alkyllithium
compounds, one has to resort to more sophisticated methods
such as the isotope dilution technique.[8]


Experimental Section


Generalities : Abbreviations and laboratory routines have been explained
in previous publications from this laboratory.[9–12] The stationary phases
of the gas chromatography columns used in the present work are encod-
ed as BGB-2.5 (=2.5 % of diphenylpolysiloxane and 97.5 % of dimethyl-
polysiloxane), Bentone (=50 % of dimethyloctadecylammonium benton-
ite and 50% of didecylphthalate), DB-1701 (=14% of cyanopropylphe-
nylpolysiloxane + 86% of dimethylpolysiloxane); DB-FFAP (=polyeth-
ylene glycol) and DB-WAX (=acid modified polyethylene glycol).


Starting materials and authentic compounds for comparison : Fluoroben-
zene, and di-, tri-, and tetrafluorobenzenes and pentafluorobenzene are
all commercial (Apollo Scient., Stockport, UK-SK62QR). 2-Fluoroben-
zoic acid[13] (m.p. 122–124 8C), 2,3-,[14] 2,4-,[15] and 2,6-difluorobenzoic
acids (m.p. 159–161 8C, 132–134 8C and 158–160 8C, respectively),[16]


2,3,4-,[17] 2,3,6-,[18] and 2,4,6-trifluorobenzoic acid (m.p. 115–117 8C, 126–
127 8C and 141–142 8C, respectively),[19] 2,3,4,5-,[20] 2,3,4,6-,[21] and 2,3,5,6-
tetrafluorobenzoic acid (m.p. 87–89 8C, 101–103 8C and 151–153 8C, re-
spectively),[22] and pentafluorobenzoic acid[23] (m.p. 105–106 8C) are well
documented in the literature as are their methyl esters. 2-Chloro-1,3-tri-
fluorobenzene,[24] 2-chloro-1,4-difluorobenzene,[25] 2-chloro-1,3,4-trifluoro-
benzene,[26] 3-chloro-1,2,4,5-tetrafluorobenzene,[27] and chloropentafluoro-
benzene[28] are also known compounds.


Scheme 2.
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Transmetalation experiments : 1,3-Difluorobenzene (1.0 mL, 1.1 g,
10 mmol) was mixed with a solution of sec-butyllithium (10 mmol) in tet-
rahydrofuran (14 mL) and hexanes (6 mL) cooled in a dry ice/methanol
bath. After 15 min at �75 8C, 1,2,4-trifluorobenzene (1.0 mL, 1.3 g,
10 mmol) and chlorobenzene (5.1 mL, 5.6 g, 5.0 mmol) were added. Sam-
ples (ca. 1 mL) were withdrawn after 2, 5, 15, 45, and 180 min and were
treated with 1,1,2-trichloro-1,2,2-trifluoroethane (2.4 mL, 3.7 g, 2.0 mmol)
and then analyzed by gas chromatography (60 m, BGB-2.5, 30 min 60 8C,
10 min 200 8C [20 8C min�1]) using 2-chloro-1,3-difluorobenzene and 2-
chloro-1,3,4-trifluorobenzene as authentic reference compounds and
chlorobenzene as an internal standard for quantification of the peak
areas. An analogous experiment was carried out starting from 1,2,4,5-tet-
rafluorobenzene which was allowed to react with pentafluorobenzene.


Competition experiments : Pairs of substrates A and B (ca. 5 mmol each)
and the “internal standard” cumene (reference compound for quantifica-
tion; ca. 1 mmol) were dissolved in tetrahydrofuran (10 mL) and cooled
to �100 8C. This mixture was analyzed by gas chromatography (2 m, 10%
Bentone, 50 8C (15 min)!140 8C (40 min; heating rate 10 8C min�1); 60 m
BGB-2.5, 60 8C (30 min)!200 8C (20 min; heating rate 30 8C min�1)). sec-
Butyllithium (5.0 mmol) in cyclopentane (3.5 mL) was added. After
45 min at �100 8C, the mixture was poured on freshly crushed dry ice.


Once the excess of carbon dioxide had
been slowly evaporated, a 1.0m aque-
ous solution (10 mL) of sodium hy-
droxide and, as a second “internal
standard”, benzoic acid (1.0 mmol)
were added. The unconsumed sub-
strates A and B together with the
cumene standard were extracted with
diethyl ether (3 � 10 mL) and their
concentrations were determined by
gas chromatography (conditions: see
above). The aqueous phase was acidi-
fied to pH 1 and extracted also with
diethyl ether (3 � 10 mL). The com-
bined organic layers were treated with
ethereal diazomethane until the
yellow color persisted. The relative
concentrations of the methyl esters
were again probed by gas chromatog-
raphy (30 m, DB-1701, 70 8C; 30 m,
DB-FFAP, 75 8C; 30 m, DB-WAX,
90 8C).


The relative rates kA/kB (see Table 1)
were calculated by inserting the con-
centrations of the substrates A and B,
before and after the reaction with sec-
butyllithium ([A]0, [B]0 and [A]t, [B]t,
respectively), into the familiar loga-
rithmic expression.[29, 30]


The yields of the A- and B-derived
products (fluorinated methyl ben-
zoates) were also determined by gas
chromatographic comparison of their
peak areas with that of a suitable stan-
dard (methyl benzoate) corrected by
independently established calibration
factors. These data were merely used
to check on the internal consistency of
the results collected, the detected
quantities of acids (or their methyl
esters) ideally equalizing the differ-
ence between initially present and af-
terwards unconsumed substrates
([A]p = [A]0�[A]t; [B]p = [B]0�[B]t).


As follows from Table 1 and Figure 4,
the above measurements by competi-
tion kinetics are redundant. More rate


ratios were collected than necessary for the extraction of all relative reac-
tivities. This allows one to check on the reliability of the numbers and, at
the same time, to make them more compatible with each other by aver-
aging them. Figure 5 illustrates how we proceeded. Each of eight conge-
ners was juxtaposed to three congeners having one fluorine atom more
or less (e. g., fluorobenzene to 1,2-, 1,3-, and 1,4-difluorobenzene, or
1,2,4,5-tetrafluorobenzene to 1,2,3-, 1,2,4-, and 1,3,5-trifluorobenzene).
This gives six possible combinations for which relative rate data can be
made available. The experimentally determined numbers were now
modified until a single and internally consistent set of three krel values
was obtained. In general, the harmonization of the experimental data re-
quired only minor modifications. Whenever the changes exceeded 25 %,
this is indicated (see Figure 5). Such strong deviations are mostly associ-
ated with 1,2-difluorobenzene, 1,2,3-trifluorobenzene, and 1,2,3,4-tetra-
fluorobenzene. There are several possible explanations for this. Such sub-
strates are far less reactive than those having the deprotonation site
flanked by two fluorine atoms. Competition experiments involving two
such classes of substrates can be realized only with difficulty if at all.
Therefore, the assessment of relative rates has often to rely on indirect
comparisons which entail a summing up of errors. For example, the reac-
tivity of pentafluorobenzene relative to 1,2,3,4-tetrafluorobenzene


Table 1. Reaction between oligofluorobenzenes and sec-butyllithium in tetrahydrofuran at �100 8C: relative
rates kA/kB calculated from the amounts (in mmol) of the substrates A and B present before and after the re-
action.[a]


A[b] B[b] [A]0
[c] [B]0


[c] [A]t
[c] [B]t


[c] [A]p
[d] [B]p


[d] kA/kB
[e]


1,3-Cl2 F1 5.00 5.04 0.66 4.17 0.89 4.39 10.7
1,2- 1,3-Cl2 5.06 5.01 2.16 3.20 2.25 3.36 1.9
1,3- 1,3-Cl2 5.05 5.00 0.87 3.94 1.20 4.14 7.4
1,4- 1,3-Cl2 5.05 5.02 1.84 3.17 2.21 3.28 2.2
1,3- 1,2- 5.01 4.99 1.61 3.39 1.80 3.38 2.9
1,4- 1,2- 4.95 4.97 2.35 2.33 2.43 2.47 1.0
1,3- 1,4- 5.03 4.96 1.39 3.45 1.47 3.77 3.5
1,2,3- 1,2- 5.01 4.99 1.83 2.89 2.12 3.18 1.8
1,2,4- 1,2- 5.02 5.01 0.91 4.04 1.06 4.10 7.9
1,3,5- 1,2- 4.95 5.00 1.46 4.19 1.49 4.15 6.9
1,3- 1,2,3- 4.94 5.02 1.84 3.08 1.97 3.13 2.0
1,3- 1,2,3,4- 5.02 5.01 2.32 2.54 2.51 2.74 1.1
1,2,4- 1,3- 5.04 4.98 2.15 2.97 2.32 2.87 2.0
1,3,5- 1,3- 5.06 5.00 2.13 2.93 2.21 2.68 1.6
1,2,3- 1,4- 4.95 4.94 1.77 2.70 1.96 2.84 1.7
1,2,4- 1,4- 5.00 5.03 0.68 3.87 0.74 4.20 7.6
1,3,5- 1,4- 5.00 4.98 1.24 4.07 1.40 4.30 6.9
1,2,4- 1,2,3- 5.00 4.99 1.15 3.79 1.39 3.85 5.3
1,3,5- 1,2,3- 5.02 5.04 1.57 3.99 1.77 3.93 5.0
1,2,4- 1,3,5- 4.97 4.95 2.36 2.67 2.44 2.28 1.2
1,2,3,4- 1,2- 4.99 5.02 1.43 3.61 1.49 3.61 3.8
1,2,3,4- 1,2,3- 5.03 4.97 1.13 2.82 1.88 3.10 2.1
1,2,4- 1,2,3,4- 4.99 5.02 1.41 3.71 1.30 3.70 4.2
1,2,3,5- 1,2,4- 4.96 5.01 1.62 3.25 1.94 3.52 2.6
1,2,4,5- 1,2,4- 5.04 5.03 0.93 4.01 0.95 4.16 7.5
1,3,5- 1,2,3,4- 5.06 5.02 1.35 3.76 1.51 3.89 4.6
1,2,3,5- 1,3,5- 5.02 5.04 1.48 3.37 1.34 3.24 3.0
1,2,4,5- 1,3,5- 4.99 4.99 0.95 4.11 1.14 4.14 8.5
1,2,3,5- 1,2,3,4- 4.99 5.01 1.14 4.01 1.13 4.09 7.3
1,2,4,5- 1,2,3,5- 5.04 5.07 1.66 3.31 1.57 3.49 2.6
F5 1,2,3,5- 5.00 5.00 0.93 3.90 1.16 4.02 6.8
F5 1,2,4,5- 5.06 5.01 1.91 3.56 1.64 3.52 2.9


[a] [A]p and [B]p obtained by subtracting the amount of A- and B-derived methyl benzoate (determined by
gas chromatography; see text) from the initial quantities [A]o and [B]o, ideally identical with [A]t and [B]t.
[b] 1,3-Cl2 =1,3-dichlorobenzene; F1 = fluorobenzene; F5 =pentafluorobenzene; 1,2=1,2-difluorobenzene;
1,2,3-=1,2,3-trifluorobenzene; and so on. [c] [A]o, [B]o and [A]t, [B]t are the amounts before and after the re-
action with sec-butyllithium. [d] [A]p and [B]p are calculated by subtracting the amount of products (methyl
benzoates) formed after consecutive treatment of the substrate pairs A and B with sec-butyllithium, carbon di-
oxide, acid and diazomethane from the initial amounts [A]o and [B]o. [e] Average error found by repetitive ex-
periments: 3–10 %.
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amounts to 94 or 91 if one calculates it using 1,3,5-trifluorobenzene and
1,2,4,5-tetrafluorobenzene or 1,2,4-trifluorobenzene and 1,2,4,5-tetrafluoro-
benzene as relay compounds (both times 81 if averaged numbers are
used). In such cases the numbers are marked by an asterisk.


The reproducibility and internal consistency of the values derived is
amazingly good. The biggest deviation from the averaged values was en-
countered with 1,2,3-trifluorobenzene and 1,2,3,4-tetrafluorobenzene.


The reactions of these substrates are relatively slow and unclean. The vi-
cinal proximity of halogen atoms may trigger single electron-transfer-pro-
moted defluorination as an uncontrolled side reaction. Moreover, these
compounds are particularly volatile and hence their quantitative recovery
is difficult. For example, the mass balance of the 1,2,3,4-tetrafluoroben-
zene/1,2,3-trifluorobenzene competition experiment is poor if the [A]t


and [B]t numbers are considered (totaling 3.95 rather than 5.0), but satis-
factory if the [A]p and [B]p data (totaling 4.98) are used for the kA/kB cal-
culation.


The relative rates used to construct Figure 3 are listed in Table 2. They
cover a range of more than three powers of ten.
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173 =0.7923 � lg krel
173.
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Using the Diphosphanyl Radical as a Potential Spin Label: Effect of Motion
on the EPR Spectrum of an R1(R2)P�PR1 Radical


Laurent Cataldo,[a] Cosmina Dutan,[a] Sushil K. Misra,*[b] Sandra Loss,[c]


Hansjçrg Gr�tzmacher,*[c] and Michel Geoffroy*[a]


Introduction


The spin-labeling technique has been widely used in a large
variety of domains, for example, conformation of proteins,
fluidity and local order in membranes, and transition phases
in various materials.[1] The technique is based on partial
averaging of the EPR tensors by molecular reorientation,
and allows the exploration of motion over an extremely
large range of reorientation. When studying the effect of


motion on the properties of a new chemical/biological
system, a paramagnetic probe should be chosen such that its
g tensor and hyperfine anisotropies conform well to the rele-
vant properties of the system, for example, the viscosity or
local order. An examination of the atomic dipolar hyperfine
constants reveals that 31P (natural abundance 100 %, spin
(S) equal to 1=2) provides larger coupling anisotropy than
does the unpaired electron in an N�O p* orbital in the ni-
troxide radical that is commonly used for spin-labeling ex-
periments. Localization of an unpaired electron in a phos-
phorus 3p orbital leads, indeed, to a dipolar splitting of
262 G whereas the 14N dipolar coupling associated with an
electron totally confined in a nitrogen 2p orbital is only
40 G.[2] The main problem in using phosphorus radicals as
spin labels is their enhanced reactivity. As a consequence,
these compounds are not stable and rapidly disappear in so-
lution. During the last decade, considerable progress has
been made in the chemistry of low-coordinated phosphorus
compounds in that numerous stable diamagnetic molecules
containing a nonsaturated P=C
or P=N bond have been synthe-
sized.[3] In this context, further
progress was accomplished re-
cently with the synthesis of a
phosphorus analogue of hydra-
zyl in our laboratory.[4] This di-


Abstract: The EPR spectrum of the
novel radical Mes*(CH3)P�PMes*
(Mes*= 2,4,6-(tBu)3C6H2) was mea-
sured in the temperature range 100–
300 K, and was found to be drastically
temperature dependent as a result of
the large anisotropy of the 31P hyper-
fine tensors. Below 180 K, a spectrum
of the liquid solution is accurately si-
mulated by calculating the spectral
modifications due to slow tumbling of


the radical. To achieve this simulation,
an algorithm was developed by extend-
ing the well-known nitroxide slow-
motion simulation technique for the
coupling of one electron spin to two
nuclear spins. An additional dynamic


process responsible for the observed
line broadening was found to occur be-
tween 180 K and room temperature;
this broadening is consistent with an
exchange between two conformations.
The differences between the isotropic
31P couplings associated with the two
conformers are shown to be probably
due to an internal rotation about the
P�P bond.
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phosphanyl radical (1) was found to be stable in solution
due to the presence of the sterically demanding aryl group
2,4,6-tri(tert-butyl)benzene, Mes*, which protects the dicoor-
dinated phosphorus atom efficiently. Therefore, it is possible
to study experimentally the effect of molecular tumbling on
the EPR spectra of a radical whose electron is delocalized
in a phosphorus–phosphorus p orbital. Exploiting this ap-
proach, a study of EPR spectra of 1 at various temperatures
is reported in the present work. The temperature depend-
ence of the spectrum was analyzed by simulating the EPR
signals as a function of the diffusion constant. No simulation
program for slow tumbling is available to date for a system
involving coupling of an electron spin with two nuclei, al-
though an algorithm is available to simulate spectra for reor-
ientation of radicals coupled with one nucleus, as developed
by Schneider and Freed for nitroxides,[5] wherein one elec-
tron spin (S= 1=2) is coupled to one nucleus of arbitrary spin
value. Therefore, a major part of the present study has been
devoted to extending the nitroxide algorithm to accommo-
date the case of one electron spin coupled to two nuclei of
arbitrary spin value. The details of this extension are out-
lined in the slow-tumbling section (see Results).


Experimental Section


The synthesis of radical 1 was performed by reduction of the phosphoni-
um salt [Mes*(Me)P=PMes*]CSO3F3 with tetrakis(dimethylamino)ethy-
lene as described in ref. [4]. The resulting yellow-orange crystals were
dissolved in THF. The solution was then degassed by several freeze-
pump-thaw cycles. EPR spectra were recorded on a Bruker 200 spec-
trometer (9 GHz, 100 kHz field modulation) equipped with a ER-4111
variable-temperature attachment.


The g and hyperfine tensors of 1 were determined from single-crystal
EPR measurements. The sample used was a diphosphane Mes*(Me)P�
P(Me)Mes* crystal, grown in the presence of 1.


The slow-motion spectra were simulated by using an extension of the
program by Schneider and Freed (SF hereafter) previously written for ni-
troxide spin labels.[5] Following the SF procedure, one uses the parameter
input program LBLL, followed by the program EPRLL for spectral cal-
culation. The spectrum is finally calculated by the program TDLL, which
processes the Lanczos tridiagonal matrix generated by EPRLL.[6,7] (The
details are the same as those described in the SF procedure, to which ref-
erence should be made.) The simulations were carried out on a PC and
visualized with the Microcal Origin 6.0 software.


Results


EPR tensors : For each orientation of the doped single crys-
tal of diphosphane with respect to the direction of the exter-
nal magnetic field, the spectrum was observed to be com-
posed of two subspectra (A and B), each exhibiting a hyper-
fine interaction with two nuclei of spin 1=2, consistent with
the presence of the R(R’)P�PR’ species. Analysis of the an-
gular variation of the spectra in three perpendicular planes
related to the morphology of the diphosphane crystal, led to
two sets of tensors (set {A} and set {B}). The eigenvalues
calculated for set {A} are practically equal to those of set
{B} and are reported in Table 1. They indicate that, in the di-


phosphane crystal, radical 1 occupies two magnetically in-
equivalent orientations dictated by the symmetry of the host
crystal.


From Table 1, the average value for g is found to be
2.0079. The hyperfine interactions consist of Fermi contact
and dipolar coupling. By assuming that all eigenvalues of
the hyperfine tensor are positive, the following are estimat-
ed to be its various components: isotropic coupling con-
stants Aiso(P1)=89.1 and Aiso(P2)=139.6 G; anisotropic cou-
pling constants tx =�87.3, ty =�76.3, and tz =163.6 G for P1


and ti =�23.2, tj =�17.3, and tk =40.5 G for P2 (P1 =dicoor-
dinate phosphorus, P2 = tricoordinate phosphorus).


EPR spectra were simulated at various temperatures
(vide infra) by using the EPR tensors obtained for site A in
the experimental reference frame, as listed in Table 2.


Temperature dependence of EPR spectra : As shown in
Figure 1, the EPR spectra obtained for a solution of 1 in
THF are strongly temperature dependent between 100 and
300 K. In this range, all modifications to the spectrum are
reversible. However, 1 decomposes when it is kept above
room temperature for extended periods of time.


Simulation of EPR spectra recorded at various tempera-
tures


Slow tumbling : The slow-motion spectra simulated in this
paper are based on the theory described by Freed,[8] and
were calculated by using an extension of the algorithm de-
veloped by Schneider and Freed to treat the case of a radi-
cal characterized by an electron spin of 1=2 coupled to a nu-
cleus with an arbitrary spin value (I).[5]


Briefly, the algorithm solves the stochastic Liouville equa-
tion to calculate the time evolution of the relevant density
matrix from which the unsaturated, high-field, frequency-
swept spectrum can be calculated, as shown in Equation (1):


Table 1. Principal values[a] of the EPR tensors for 1 trapped in a single
crystal of diphosphane.


g tensor 31P1 coupling tensor
[gauss]


31P2 coupling tensor
[gauss]


2.0022�0.0002 1.8�2.4 116.4�1.9
2.0062�0.0002 12.8�1.7 122.3�0.3
2.0155�0.0002 252.8�1.8 180.1�1.1


[a] The differences in the values obtained for sets {A} and {B} are indicat-
ed by �.


Table 2. EPR tensors for 1 (site A, experimental reference frame).


g tensor 31P2 hyperfine tensor
[gauss]


31P1 hyperfine tensor
[gauss]


2.0157, 0.0000, �0.0006 121.65, 2.78, 0.37 10.06, 26.50, �7.04
�0.0000, 2.0024, 0.0012 2.78, 161.39, �30.33 26.50, 243.60, �31.91
�0.0060, 0.0012, 2.0061 0.37, �30.33, 134.89 �7.04, �31.91, 12.69
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Iðw�w0Þ ¼
�


1
p


�
hhnj½ð~G�iLÞ þ iðw�w0Þl��1jnii ð1Þ


in which w is the sweep frequency (w0 =g0mBB0/�h), where B0


is the intensity of the external magnetic field, g0 = (gxx +gyy +


gyy)/3, mB is the Bohr magneton, and �h is the Planck constant
divided by 2p ; L is the Liouville superoperator (LSO) asso-
ciated with the orientation-dependent spin Hamiltonian; G̃


is the “symmetrized” diffusion operator used to model the
classical reorientational motion; i is the imaginary number;
and l is the identity operator. In addition, jni is the starting
vector, which includes both the electron and nuclear spin
operators for the allowed EPR transitions and the equilibri-
um probability distribution function for the orientation of
the radicals.


The most significant steps that we made in the extension
of this algorithm are as follows.


Inclusion of the hyperfine interaction with the second nu-
cleus, and its Zeeman interaction : The values of the hyper-
fine-tensor components for the two nuclei, as determined
here in our laboratory, were entered to be used in the sub-
routine MATRLL in the source code for calculation of the
relevant matrix elements. No transformations from the prin-
cipal axes systems were therefore made to the director
frame (space fixed) and then to the diffusion frame (body


fixed). For an arbitrary orienta-
tion, as is the case here, all five
irreducible spherical tensor op-
erators of second order are re-
quired. However, those of the
order (2, �1), also required
here, are not listed in SF and
were therefore added.


Extension of the starting vector
to include two nuclear spins and
their projections while maintain-
ing the time-reversal invariance :
In the high-field approximation
and slow motional limits, as de-
scribed in SF, the starting
vector was extended to have
the following form, shown in
Equation (2):


jLMK0;1,0;pI
1,q


I
1;p


I
2,q


I
2�


¼ ½2ð1þ dk,0d
p


I
1,0


d
p


I
2,0
Þ��1=2


�ðjLMK0;1,0;pI
1,q


I
1;p


I
2,q


I
2�


þð�1ÞLþMjL�MK0;1,0;


�pI
1,q


I
1;�p2


I ,q2
I �Þ


ð2Þ


in which, pI = MI�MI’ and qI =


MI +MI’, where MI and MI’ are
the nuclear magnetic quantum numbers in the two states in-
volved in the EPR transition and the integers L, M, and K
characterize the Wigner rotation functions. (The numbers
1,0 stand for quantities corresponding to pI,qI for the elec-
tron spin.) In writing this equation, the symmetry of the
matrix elements of the LSO under the simultaneous reversal
of the signs of the electronic magnetic quantum number (M)
and those of the pI


1,p
I
2 indices for the two nuclei, has been


taken into account to preserve the time-reversal invariance.
The two most important parameters are the parallel (dzz)


and perpendicular (dxy) components of the rotational diffu-
sion tensor. The parallel component is related to the correla-
tion time for the motion of the spin probe about the symme-
try axis of the diffusion tensor, whereas the perpendicular
component is related to the motion perpendicular to the
symmetry axis. In an isotropic situation the two components
become equal to each other (d).


Simulation of exchange-broadened spectra : The program
required for this part of the simulation uses the general line-
shape equation for intramolecular exchange between two
sites, as reported by Heinzer.[9] The EPR spectrum is calcu-
lated in the Liouville space by summing the elements of the
1�+ vector (1= density matrix). In addition to the transition
values, the program takes into account the populations of
the two conformers, the intrinsic relaxation terms T2


�1, and
the rate constants kij.


Figure 1. Experimental EPR spectra (all the axes represent the intensity of the magnetic field in gauss) ob-
tained with a solution of radical 1 in THF at various temperatures: spectra a)–i) correspond to 100, 160, 165,
170, 180, 220, 245, 275, and 300 K, respectively.
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Comparison of simulated spectra with experimental spectra :
As seen from Figure 2, the EPR tensors determined from
single-crystal experiments lead to a very satisfactory simula-
tion of the frozen-solution spectrum.[10]


Between 100 and 150 K the experimental spectrum is
almost unaffected by temperature. In the temperature range
150–160 K, close to the melting point of the sample, the
spectrum exhibits some modifications but as several phases
probably coexist in the sample, the resulting spectrum is
hard to simulate. At 160 K, the experimental spectrum
(Figure 1) is composed of seven lines, which are approxi-
mately reproduced in the spectrum simulated with the pro-
gram described in the slow-tumbling section (see Results).
Above 165 K, the sample is likely to be homogeneous and
its viscosity allows the irregularly shaped radical to tumble
freely. As shown in Figure 1 at 170 K, the spectrum is com-
posed of a triplet of doublets. A good simulation of this pat-
tern can be obtained by assuming an isotropic reorientation
of the radical with a diffusion rate, d, equal to 0.175 � 109 s�1


(Figure 3). Increasing the temperature causes the external
doublets to coalesce progressively. The simulation of the
spectrum representing this process is performed by increas-
ing the diffusion constant (e.g., d=0.2 � 109 s�1 for the spec-
trum recorded at 175 K, Figure 3). For a d value of 0.3 �
109 s�1


, four lines are present in the simulated spectrum in
good agreement with the spectrum recorded at 180 K. How-
ever, whereas additional increases in d cause only a narrow-
ing of the line width of the four signals, several drastic modi-
fications affect the experimental spectrum between 185 and
300 K. It is worth noting that the two 31P isotropic coupling
constants estimated from the room-temperature data do not
correspond to the average value calculated from the single-
crystal hyperfine tensors with the values Aiso(P2)=88 and
Aiso(P1)=139 G. Furthermore, the broadening of the central
signal is not consistent with the hyperfine structure due to
the presence of two equivalent 31P nuclei.


Discussion


The tensors determined from the single-crystal measure-
ments agree with those of the frozen-solution spectrum.
Using them, a good simulation of the spectra observed be-


tween 160 and 180 K is obtained. The variations in the EPR
spectra of 1 clearly illustrate the dependence of the spectra
on tumbling for a diffusion rate varying between 0.1 � 109


and 0.3 � 109 s�1. These variations do not only affect the line
width of the signals but also the number of EPR lines. They
confirm that, in this range, the sensitivity to the motion of
the phosphorus-containing radical is considerably larger
than that for a nitroxide radical (see Supporting Informa-
tion).


Increasing the diffusion rate to above 0.3 � 109 s�1 does
not change the number and positions of the lines, it only
causes a decrease in their line widths. However, additional
transitions appear in the experimental spectrum above
180 K. Between 200 and 220 K, six lines are clearly detected.
Above 245 K, the two low-field lines, as well as the two


Figure 2. a) Frozen-solution spectrum recorded at 100 K. b) Spectrum si-
mulated with the EPR tensors given in Table 2.


Figure 3. Simulation of the slow-tumbling spectra (all the axes represent
the magnetic flux density in gauss) as a function of the diffusion constant.
Spectra a)–g) correspond to d=0.1 � 109 (160 K), 0.175 � 109 (170 K), 0.2�
109 (175 K), 0.3 � 109 (180 K), 0.6� 109, 1.0� 109, and 5.0� 109 s�1, respec-
tively.
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high-field lines, coalesce with each other. At higher temper-
atures, the two central lines begin to merge. The observation
that the slow-tumbling simulation cannot reproduce the ex-
perimental temperature dependence of the spectrum above
185 K reveals that an additional dynamic phenomenon is
present above this temperature. The associated spectral
modifications are likely to be due to an exchange between
two conformations. They suggest that, above 185 K, 1 can
adopt a second conformation of slightly higher energy. The
effect of this dynamic process on the spectrum can be calcu-
lated by using the simulation program mentioned in the sec-
tion on simulation of exchange-broadened spectra (see Re-
sults). Each conformation is characterized by its own iso-
tropic coupling constants and populations. The isotropic
constants of the lower energy structure (conformation C1)
are those determined by the single-crystal measurements:
Aiso(P1)=88, Aiso(P2)=139 G. The coupling constants of the
second conformation (C2) were determined by fitting the si-
mulated spectra to the experimental spectra. As shown in
Figure 4, a satisfactory simulation was achieved by using the
following constants for the second conformation: Aiso(P1)=


110 and Aiso(P2)=50 G, and by adjusting the exchange rate
constant (k) for the spectra recorded at 200, 225, 245, and
300 K.


These values can be attributed to a temperature-depend-
ent internal rotation about the P�P bond. At low tempera-
tures, below 185 K, the dihedral angle (z) between the spin-
carrying p p orbital of the dicoordinated phosphorus (P1)
and the lone-pair containing orbital of the pyramidal, tri-
coordinated phosphorus (P2), as shown in Figure 5, is small
and leads to conjugation between these two atoms. The
rather large Aiso value for P2 reflects the non-negligible s


character of this latter orbital
(1s =139/4752=0.029,[11] 1p =


0.15). At temperatures above
185 K, a second conformation
of 1 appears with a larger dihe-
dral angle between the p p or-
bital (P1) and the spn orbital
(P2). The resulting decrease in
conjugation causes a decrease
in the P2 spin density (1s = 50/
4857=0.010) while the increase in the spin localization on
P1 leads to an increase of the isotropic coupling constant
through an internal spin polarization mechanism (Aiso(P1)
passes from 88 to 110 G). The existence of this second con-
formation is probably associated with the presence of the
cumbersome Mes* substituents, which are expected to give
rise to strong sterical interactions. The activation energy Ea


for the exchange between conformations C1 and C2 can be
estimated from an Arrhenius plot (see Supporting Informa-
tion); Ea is found to be close to 6 kcal mol�1, a value which
is slightly higher than that measured for the rotation barrier
of the CPH group around the C�P bond in the phosphinyl
radical Tript-CPH (Tript = triptycene).[12]


Conclusion


The study presented here shows that the EPR spectrum of
the diphosphanyl radical (1) is very sensitive to its rotational
reorientation, as a result of the large anisotropy of the 31P
coupling tensors. This radical can therefore be potentially
used as a spin label as drastic modifications of the spectrum
occur when the diffusion parameter varies between 0.1 � 109


and 0.6 � 109 s�1. This favorable property is, however, compli-
cated by the temperature dependence of the internal rota-
tion around the P�P bond on the signal pattern. An impor-
tant conclusion from the findings in this work is that not
only the stability of phosphorus-centred radicals like 1 has
to be enhanced, they also have to be sufficiently rigid to
make them applicable as spin labels. Further investigations
are in progress in our laboratory to achieve these goals.
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Lanthanide Complexes Coordinated by N-Substituted (R)-1,1’-Binaphthyl-
2,2’-diamido Ligands in the Catalysis of Enantioselective Intramolecular
Hydroamination


Jacqueline Collin,[a] Jean-Claude Daran,[c] Olivier Jacquet,[a] Emmanuelle Schulz,*[a] and
Alexander Trifonov*[b]


Introduction


Efficient synthetic and environmentally friendly methods for
the preparation of enantiomerically enriched nitrogen-con-
taining heterocycles are frequently required nowadays be-
cause of the potential biological activity of such com-
pounds.[1] Intramolecular hydroamination of unsaturated
amino derivatives appears to be a good example of an
atom-economical reaction, which illustrates the concept de-
veloped simultaneously by Trost[2] and Sheldon[3] in the
1990s. Indeed, the hydroamination reaction proceeds
through a formal addition of the N�H unit onto a carbon–
carbon unsaturated bond, with all atoms of the reactants
being transferred into the reaction product and without the


formation of any by-product or salts.[4] Pioneering work on
the lanthanide-catalyzed intramolecular hydroamination re-
action has been performed by Marks and co-workers and
was recently reviewed.[5] Cyclopentadienyl-based alkyl or
amido lanthanides were found to be active catalysts to per-
form efficiently the hydroamination/cyclization of aminoal-
kenes,[6] aminoalkynes,[7] aminodienes,[8] and aminoallenes.[9]


The first examples of the enantioselective intramolecular hy-
droamination of aminoalkenes were also reported by Marks
and co-workers, by the use of C1-symmetric chiral organo-
lanthanide complexes. In the first generation, ansa lanthano-
cenes were modified by introduction of a menthyl-type sub-
stituent,[10] and in subsequent studies a more stereodemand-
ing octahydrofluorenyl replaced the achiral cyclopentadienyl
group.[11] To the best of our knowledge, no other lanthanide
catalysts for intramolecular hydroamination of alkenes were
reported until the work of Kim et al., who showed that such
efficient (nonchiral) reactions could be performed with lan-
thanide trisamides.[12] As a real breakthrough in this re-
search field, these results opened the way to the develop-
ment and use of new cyclopentadienyl-free lanthanide com-
plexes as more easily accessible catalysts.[13] Scott and co-
workers recently published the enantioselective hydroami-
nation/cyclization of 2,2’-dimethylaminopent-4-ene (up to
50 % ee) with in situ prepared catalysts obtained from chiral
nonracemic N-aryl-substituted biphenyl diamines and yttri-
um silyl amides.[14] The same group synthesized and charac-
terized several further chiral lanthanide bisaryloxide com-
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ionic complexes derived from chiral,
substituted (R)-binaphthylamine li-
gands, [Li(thf)4][Ln{(R)-C20H12(NR)2}2]
(Ln=Yb, Sm, Nd, or Lu), has been
synthesized and characterized by X-ray
crystal structure analyses. All com-
plexes have been tested as new cata-


lysts for the hydroamination/cyclization
of 1-(aminomethyl)-1-allylcyclohexane.
Ytterbium complexes proved to be
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plexes arising from the reduction of salicylaldimine ligands
and subsequent N-methylation. The lanthanum complex al-
lowed the cyclization of 2,2’-dimethylaminopent-4-ene with
60 % ee.[15] By preparing a new chiral zirconium alkyl cation
coordinated with a similar aminobiphenoxide ligand, Scott
and co-workers obtained a highly active and enantioselec-
tive catalyst for the hydroamination/cyclization of secondary
amines (up to 82 % ee).[16] At the same time as this work,
Hultzsch and co-workers prepared new yttrium and lantha-
num amides, coordinated by ancillary chiral biphenolate or
binaphtholate ligands, that led to the cyclization of amino-
pentenes with up to 57 % ee.[17] An improvement in terms of
activity and selectivity was reported by this team in prepar-
ing more sterically hindered yttrium complexes in order to
favor a monomeric structure.[18] The 3,3’-bis(tris(aryl)silyl)-
substituted binaphtholate ligands allow the isolation of an
yttrium aryl complex that is active at room temperature and
leads to an enantiomeric excess of 83 % for the hydroamina-
tion of aminopent-4-ene, the best enantiomeric excess ob-
tained to date. At the same time, Marks and co-workers
have employed C2-symmetric bis(oxazolinato) ligands for in
situ preparation of lanthanide catalysts that are also active
at room temperature, with enantiomeric excesses up to 67 %
for the lanthanum complex.[19] Enantioselective hydroamina-
tion of other substrates has been less frequently described
but some results are reported concerning aminodienes with
an ansa fluorenyl samarium complex[20] and aminoallenes
with chiral titanium aminoalcohol complexes.[21]


We aimed at preparing asymmetric lanthanide catalysts
coordinated by chiral amine li-
gands for intramolecular hydro-
amination. In contrast to bi-
naphthol, which has been large-
ly employed as a ligand in lan-
thanide catalysis,[22–24] no bi-
naphthylamine complex has
been reported yet, as far as we
know. Different families of
complexes, with mono- or bi-
coordinated binaphthol, have
been described, and Shibasaki and co-workers focused on
lanthanide heterobimetallic complexes of general formula
[M3Ln(binol)3] (M =alkali metal, Ln= lanthanide, binol=bi-
naphthol) as highly active and enantioselective catalysts for
a wide range of reactions.[22,25] Many complexes have been
prepared, and X-ray crystal structures indicated that the
three binaphthol ligands were coordinated to both the lan-
thanide and alkali metals with a L or D configuration. The
influence of the nature of the alkali metal on the activity
and selectivity of these catalysts has been demonstrated.


We have previously reported the preparation of a new
family of lanthanide ate complexes derived from chiral, sub-
stituted (R)-binaphthylamine ligands, [Li(thf)4][Ln{(R)-
C20H12N2(C10H22)}2] (Ln= Yb (1 a), Sm (1 b); see Scheme 1).
In compounds 1 a and 1 b, coordination of two (R)-binaph-
thylamine ligands to the lanthanide atom resulted in the for-
mation of a complex anion with a discrete [Li(thf)4]


+ as


counterion.[26] The ytterbium complex containing (R)-1,1’-bi-
naphthyl-2,2’-bis(neopentylamine) (1 a) is an efficient cata-
lyst for the hydroamination of 1-(aminomethyl)-1-allylcyclo-
hexane at room temperature and afforded the correspond-
ing spiropyrrolidine in 41 % ee.


In order to gain insight into the effect of the nature of the
central metal atom and the bulkiness of the chiral ligands
on the efficiency and enantioselectivity of the above reac-
tion, we have now extended this study to the synthesis and
characterization of new complexes containing various lan-
thanides and radicals on nitrogen atoms.


Results and Discussion


Preparation of new complexes of type [Li(thf)4][Ln{(R)-
C20H12(NR)2}2]: The new family of ionic lanthanide amides
that we have described arose at first from the (R)-1,1’-bi-
naphthyl-2,2’-bis(neopentylamine) ligand.[27] The ytterbium
and samarium complexes [Li(thf)4][Ln{(R)-C20H12N2-
(C10H22)}2] (Ln=Yb (1 a), Sm (1 b)) have been recently syn-
thesized by metathetic reactions of anhydrous LnCl3 (Ln=


Sm, Yb) with two equivalents of Li2[(R)-C20H12N2-
(C10H22)][27] in tetrahydrofuran at ambient temperature. By
following the same procedure, we have prepared further re-
lated derivatives with neodymium and lutetium, [Li(thf)4]-
[Ln{(R)-C20H12N2(C10H22)}2] (Ln= Nd (1 c), Lu (1 d);
Scheme 1). Complexes 1 c and 1 d were purified by extrac-
tion of the solid residue with toluene, after evaporation of


THF, and subsequent recrystallization from THF/hexane
mixtures. Complexes 1 c and 1 d were isolated as air- and
moisture-sensitive brownish-orange and yellow crystals in
reasonable yields (74 and 61 %, respectively). Both com-
pounds are soluble in THF and aromatic solvents but insolu-
ble in hexane.


Complex 1 d is diamagnetic; its 1H NMR spectrum has no
particular features and presents the expected set of signals.
Complex 1 c is paramagnetic with the value of the magnetic
moment being 3.3 mB (293 K), a value that is characteristic
for derivatives of trivalent neodymium.[28]


To modify the steric environment of the lanthanide atom
and to tune the complex properties for the catalytic reaction
requirements, we have prepared the chiral, substituted (R)-
binaphthylamine ligands bearing various hydrocarbon radi-
cals on the nitrogen atoms, that is, (R)-C20H12(NHR)2 (R=


iBu (2 a), benzyl (Bn; 2 b), iPr (2 c)).[29] The ytterbium deriv-


Scheme 1. Preparation of [Li(thf)4][Ln{(R)-C20H12N2(C10H22)}2]: Ln=Yb (1 a), Sm (1 b), Nd (1 c), or Lu (1d).
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atives were chosen as a model system because they have
demonstrated the highest activity and enantioselectivity (see
ref. [26] and the results detailed below), and the series of
novel complexes [Li(thf)4][Yb{(R)-C20H12(NR)2}2] (R= iBu
(3 a), Bn (3 b), iPr (3 c)) have been synthesized. The reac-
tions of anhydrous YbCl3 with two equivalents of Li2[(R)-
C20H12(NR)2] were carried out in THF at ambient tempera-
ture (Scheme 2). The lithium derivatives Li2[(R)-
C20H12(NR)2] were prepared by following the general
method described by Lappert and co-workers.[27]


Evaporation of THF, extraction of the solid residue with
toluene, and subsequent recrystallization from THF/hexane
mixtures resulted in the isolation of complexes 3 a–c in 54,
52, and 68 % yields, respectively. Complexes 3 a and 3 c are
red crystalline solids and 3 b is a brownish-green crystalline
solid. Complexes 3 a–c are paramagnetic, with magnetic mo-
ments corresponding to the trivalent state of ytterbium.[28]


All the compounds are readily soluble in THF and toluene
but insoluble in hexane.


X-ray crystal structure analyses of complexes 1 c, d and 3 a, c :
Single-crystal samples of complexes 1 c, d and 3 a, c suitable
for X-ray diffraction study were obtained by slow condensa-
tion of hexane in the THF/complex solutions at room tem-
perature. Complex 3 a was isolated as a THF solvate [Li-
(thf)4][Yb{(R)-C20H12(NCH2CHMe2)2}2]·0.5 THF. The molec-
ular structures of complexes 1 c, d and 3 a, c are shown in Fig-
ures 1–4, respectively. Details of the crystal data collections
and the structure refinements are listed in Table 3 in the Ex-
perimental Section. The X-ray crystal structure analysis re-
vealed that compounds 1 c, d and 3 a, c are isostructural ionic
complexes containing a discrete [Li(thf)4]


+ ion and a dis-
crete [Ln{(R)-C20H12(NR)2}2]


� complex anion resulting from
coordination of two diamido ligands to the trivalent lantha-
nide atom. The structures are very similar to those formerly
reported for complexes 1 a, b.


The coordination environment of the central metal atom
in complexes 1 a, b, made up of four nitrogen atoms of
two chelating diamido ligands, may be classified as a distort-
ed tetrahedron. Vicinal bulky hydrocarbyl radicals on the ni-
trogen atoms adopt a trans orientation. The average Ln�N
bond lengths in 1 c (2.376(3) �) and 1 d (2.250(3) �) are
very similar despite the difference in the ionic radii of triva-
lent neodymium and lutetium.[30] The Nd�N bond lengths in
1 c (2.350(3), 2.366(3), 2.391(3), 2.397(3) �) are comparable


to those in the related ionic de-
rivative of tetracoordinated ne-
odymium [Li(thf)][Nd(N-iPr2)4]
(2.283(17), 2.291(16), 2.393(15),
2.406(16) �),[31] but they are
substantially shorter than the
analogous lengths in the meso-
octaethylporphyrinogen com-
plex [{[(h5 :h1:h5 :h1-Et8N4)Nd-


(dme)]-h3-Na}(dioxane)1.5] (dme= 1,2-dimethoxyethane;
2.461(4), 2.527(4) �) in which the coordination sphere of ne-


Scheme 2. Preparation of [Li(thf)4][Yb{(R)-C20H12(NR)2}2]: R=CH2-iPr (a), CH2Ph (b), or iPr (c).


Figure 1. Molecular structure of complex 1 c. The hydrogen atoms are
omitted for the sake of clarity. Selected bond lengths [�] and angles [8]:
Nd�N1 2.366(3), Nd�N2 2.350(3), Nd�N3 2.391(3), Nd�N4 2.397(3),
Nd�C111 2.819(3), Nd�C211 2.813(3), Nd�C311 2.770(4), Nd�C312
2.830(3), Nd�C411 2.842(3), N1-Nd-N2 115.98(9), N1-Nd-N3 100.73(9),
N2-Nd-N3 106.54(10), N1-Nd-N4 115.01(10), N2-Nd-N4 101.88(9), N3-
Nd-N4 117.05(10).


Figure 2. Molecular structure of complex 1d. The hydrogen atoms are
omitted for the sake of clarity. Selected bond lengths [�] and angles [8]:
Lu�N1 2.257(3), Lu�N2 2.275(3), Lu�N3 2.218(3), Lu�N4 2.250(3), Lu�
C111 2.719(4), Lu�C211 2.666(4), Lu�C212 2.711(4), Lu�C311 2.733(4),
Lu�C411 2.710(4), N1-Lu-N2 122.26(12), N1-Lu-N3 99.50(12), N2-Lu-N3
103.79(12), N1-Lu-N4 111.61(12), N2-Lu-N4 100.71(11), N3-Lu-N4
120.12(11).
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odymium also contains four nitrogen atoms.[32] In the luteti-
um analogue (1 d) the values of the Lu�N bond lengths
(2.218(3), 2.257(3), 2.275(3), 2.250(4) �) are close to those
reported for octaethylporphyrinato [{(Et2C4NCH2)4}LuCH-
(SiMe3)2] (2.356(7), 2.263(6), 2.296(7), 2.256(6) �)[33] and
pyrazolato [{(Me3C)2C3N2}3Lu(NC5CMe3)] (2.294(4),
2.299(4), 2.300(4), 2.371(4) �) complexes.[34] The lanthanide
atom in both 1 c and 1 d has a formal coordination number
of four, which is very low for these elements. The presence
in complexes 1 c, d of the short contacts between the metal
atoms and the carbon atoms in the ipso and ortho positions
to the amido groups (1 c : 2.770(4)–2.842(3) �; 1 d : 2.666(4)–
2.733(4) �), which are comparable to the Ln�C distances
reported for the lanthanide p complexes [Nd(h6-C6H5CH3)-


(AlCl4)3] (2.799(1)–2.902(1) �)[35] and [{2,6-
(C6H5)2C6H3O}3Lu] (2.787(8)–3.087(12) �),[36] probably re-
flects a h1,h2 interaction of the LnIII atoms with the aromatic
rings of the binaphthyl ligands. The average Yb�N distances
in complexes 3 a and 3 c are 2.246(4) and 2.252(4) �, respec-
tively, and do not differ drastically from those observed in
1 a ; evidently, the lanthanide–nitrogen bond lengths in this
class of compounds are not dramatically influenced by the
steric bulk of the hydrocarbyl radicals bound to the nitrogen
atoms.


Catalytic tests : These new ionic lanthanide amides have
been evaluated as catalysts for the hydroamination/cycliza-
tion of 1-(aminomethyl)-1-allylcyclohexane (4, Scheme 3).


All the reactions were performed in C6D6 at room tempera-
ture. The complexes obtained by metathetic reactions of an-
hydrous LnCl3 with two equivalents of Li2[(R)-C20H12N2-
(C10H22)] were first tested and compared in terms of activity
and enantioselectivity for the formation of the correspond-
ing spiropyrrolidine 5. The results obtained by varying the
lanthanide atom are reported in Table 1.


Catalysts prepared from neodynium and lutetium allowed
the transformation of the unsaturated amine with high con-
version in a reaction time of 3 h by using higher catalyst
ratios than with the corresponding ytterbium derivative (see
entries 3, 4 relative to entry 1). Neodymium afforded race-
mic spiropyrrolidine, whereas the lutetium amide complex
led to the expected product with 16 % ee (entry 4).


As using ytterbium led to the best results, further varia-
tions were performed on the complex�s amide ligands by in-
troducing different substituents on the nitrogen atom. Li-
gands with sterically more and less hindered radicals relative
to neopentyl were synthesized, and the corresponding yt-
terbium catalysts were tested in the same intramolecular hy-
droamination reaction. The results are reported in Table 2.


Figure 3. Molecular structure of complex 3 a. The hydrogen atoms are
omitted for the sake of clarity. Selected bond lengths (�) and angles (8):
Yb�N1 2.243(5), Yb�N2 2.260(4), Yb�N3 2.255(4), Yb�N4 2.252(5),
Yb�C111 2.695(6), Yb�C112 2.804(5), Yb�C211 2.682(6), Yb�C212
2.739(5), Yb�C311 2.690(5), Yb�C312 2.776(6), Yb�C411 2.675(6), Yb�
C412 2.748(5), N1-Yb-N2 121.43(17), N1-Yb-N3 101.83(17), N2-Yb-N3
103.79(16), N1-Yb-N4 106.01(17), N2-Yb-N4 102.96(18), N3-Yb-N4
122.31(16).


Figure 4. Molecular structure of complex 3 c. The hydrogen atoms are
omitted for the sake of clarity. Selected bond lengths [�] and angles [8]:
Yb�N1 2.263(4), Yb�N2 2.249(4), Yb�N3 2.239(4), Yb�N4 2.236(4),
Yb�C311 2.718(5), Yb�C312 2.857(5), Yb�C411 2.774(5), Yb�C412
2.893(6), N1-Yb-N2 120.08(16), N1-Yb-N3 101.24(16), N2-Yb-N3
108.34(19), N1-Yb-N4 109.03(18), N2-Yb-N4 99.67(17), N3-Yb-N4
119.66(17).


Scheme 3. Hydroamination/cyclization of 1-(aminomethyl)-1-allylcyclo-
hexane (4). Cat* =1a–d and 3a–c.


Table 1. The effect of the metal center on the activity and enantioselec-
tivity of the catalyst in the intramolecular hydroamination reaction.


Entry Catalyst Ln Catalyst ratio Reaction Conversion ee
[%] time [h] [%] [%]


1 1a Yb 3.5 1.5 87 41
2 1b Sm 5 2 78 24
3 1c Nd 7 3 84 1
4 1d Lu 17 3 91 16
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Sterically less hindered substituents such as the iBu or Bn
functionalities led to very active but less enantioselective
catalysts than 1 a (see entries 2, 3 relative to entry 1). The
best results in terms of enantioselectivity were obtained
with the introduction of iPr groups on the nitrogen atoms,
as an ee value of 49 % was measured for the spiropyrrolidine
5, although this catalyst gave a poor conversion (14%) after
18 h reaction time (entry 4). These first experiments (en-
tries 1–4) were run with catalysts in pure form, that is, after
recrystallization. As complex 3 c led to nonreproducible re-
sults in terms of activity in the catalytic reaction after a few
days storage, it was also used directly in catalytic tests with-
out any purification. To our delight, under similar conditions
(5 mol% nonisolated catalyst, estimated on the basis of
NMR signal integration), spiropyrrolidine 5 was obtained
with 70 % ee (entry 5). Total conversion was obtained after a
reaction time of 6 days (entry 6); in this case, the product
was isolated and its enantiopurity was measured by GC
analysis of amides prepared with Mosher�s chloride [37] and
by optical rotation. Comparison of entries 5 and 6 showed
that there was no measurable variation of enantiomeric
excess during the reaction course.


Conclusion


A new family of ionic lanthanide amides based on (R)-1,1’-
binaphthyl-2,2’-bis(alkylamine) ligands with various lantha-
nide and N-alkyl substituents has been synthesized and char-
acterized. All the complexes have similar structures contain-
ing a complex anion with a discrete [Li(thf)4]


+ as counter-
ion. Although X-ray crystal structure studies indicated that
the cation is not coordinated to the ligand, we will further
study the possible influence of its nature on the activity and
enantioselectivity of the corresponding catalyst, as its behav-
ior in solution could be different. These lanthanide amides
are coordinated by 1,1’-binaphthyl-2,2’-bis(alkylamine), a
family of asymmetric ligands that are easily prepared and
that allow the bulkiness and electronic properties to be
tuned. The present studies have allowed the enantiomeric
excess for the cyclization of 1-(aminomethyl)-1-allylcyclo-
hexane (4) into spiropyrrolidine 5 to be increased up to
70 %, a result showing that these catalysts are highly promis-


ing for enantioselective intramolecular hydroamination. We
are continuing our efforts to optimize the asymmetric induc-
tions and to widen the scope of substrates for hydroamina-
tion reactions.


Experimental Section


General remarks : All procedures were performed under vacuum by
using standard Schlenk and glove-box techniques. After drying over
KOH, THF was distilled from sodium benzophenone ketyl prior to use.
Hexane and toluene were purified by distillation from sodium/triglyme
benzophenone ketyl or CaH2. Deuterated benzene was dried with
sodium benzophenone ketyl and vacuum-transferred. Anhydrous LnCl3


was purchased from Aldrich. All other commercially available chemicals
were used after the appropriate purification. Bruker AM 250 and Bruker
DRX 400 NMR spectrometers (operating at 250 and 400 MHz, respec-
tively) were used for recording the NMR spectra. Chemical shifts for 1H
and 13C spectra were referenced internally according to the residual sol-
vent resonances and are reported relative to tetramethylsilane. IR spectra
were recorded on a Specord M80 instrument as Nujol mulls. Lanthanide
metal analyses were carried out by complexometric titration. Elemental
analyses were performed by the Microanalytical Laboratory of the Insti-
tute of Organometallic Chemistry of the Russian Academy of Sciences.
Optical rotations were measured with a Perkin–Elmer 341 polarimeter.


Synthesis of [Li(thf)4][Nd{(R)-C20H12N2(C10H22)}2] (1 c): NdCl3 (0.044 g,
0.175 mmol) was slowly added to a solution of Li2[(R)-C20H12N2(C10H22)]
(0.153 g, 0.350 mmol) in THF (5 mL) at 20 8C under vigorous stirring.
The reaction mixture was stirred for 3 h, THF was evaporated in vacuo,
and the resulting solid was extracted with toluene (15 mL). The extracts
were filtered, toluene was evaporated, and the solid residue was dissolved
in THF (1 mL). Slow condensation of hexane in the THF/complex so-
lution at 20 8C resulted in brownish-orange crystals of 1c (0.166 g, 74 %).
IR (KBr, Nujol): ñ= 3030 (w), 1610 (s), 1600 (s), 1500 (s), 1340 (s), 1315
(s), 1280 (s), 1250 (m), 1200 (m), 1150 (m), 1025 (w), 810 (s), 745 (s),
725 cm�1 (s); elemental analysis calcd (%) for C76H100LiN4NdO4 (1284.8):
C 71.04, H 7.78, Nd 11.22; found: C 70.62, H 8.32, Nd 11.64.


Synthesis of [Li(thf)4][Lu{(R)-C20H12N2(C10H22)}2] (1 d): LuCl3 (0.097 g,
0.344 mmol) was slowly added to a solution of Li2[(R)-C20H12N2(C10H22)]
(0.300 g, 0.688 mmol) in THF (5 mL) at 20 8C under vigorous stirring.
The reaction mixture was stirred for 3 h, THF was evaporated in vacuo,
and the resulting solid was extracted with toluene (20 mL). The extracts
were filtered, toluene was evaporated, and the solid residue was dissolved
in THF (2 mL). Slow condensation of hexane in the THF/complex so-
lution at 20 8C resulted in yellow crystals of 1d (0.276 g, 61 %). 1H NMR
(200 MHz, CD2Cl2): d =7.70 (d, J =9.1 Hz, 4H), 7.53 (d, J=7.8 Hz, 4 H),
7.32 (d, J= 9.2 Hz, 4H), 6.89 (dd, J=7.5 Hz, 4H), 6.73 (br s, 4H), 6.42 (d,
J =7.7 Hz, 4 H), 3.58 (br s, 24 H; THF and CH2), 1.91 (s, 16H; THF),
0.43 ppm (s, 36H); IR (KBr, Nujol): ñ=3030 (w), 1610 (s), 1600 (s), 1545
(m), 1500 (s), 1440 (s), 1340 (s), 1325 (s), 1275 (s), 1250 (m), 1215 (m),
1160 (m), 1040 (m), 930 (w), 880 (w), 815 (s), 745 cm�1 (s); elemental
analysis calcd (%) for C76H100LiLuN4O4 (1315.6): C 69.38, H 7.60, Lu
13.29; found: C 69.77, H 8.00, Lu 12.99.


Synthesis of [Li(thf)4][Yb{(R)-C20H12N2(C8H18)}2]·0.5 THF (3 a): YbCl3


(0.048 g, 0.171 mmol) was slowly added to a solution of Li2[(R)-C20H12N2-
(C8H18)] (0.140 g, 0.342 mmol) in THF (5 mL) at 20 8C under vigorous
stirring. The reaction mixture was stirred for 3 h, THF was evaporated in
vacuo, and the resulting solid was extracted with toluene (15 mL). The
extracts were filtered, toluene was evaporated, and the solid residue was
dissolved in THF (2 mL). Slow condensation of hexane in the THF/com-
plex solution at 20 8C resulted in red crystals of 3a (0.119 g, 54%). IR
(KBr, Nujol): ñ=3030 (w), 1625 (s), 1605 (s), 1575 (s), 1435 (s), 1375 (s),
1345 (s), 1315 (s), 1300 (s), 1250 (s), 1225 (m), 1160 (m), 1100 (w), 1025
(m), 925 (w), 750 cm�1 (s); elemental analysis calcd (%) for
C74H96LiN4O4.5Yb (1293.6): C 68.71, H 7.42, Yb 13.37; found: C 68.50, H
6.99, Yb 13.59.


Table 2. The effect of the N-substituent on the ligand on activity and
enantioselectivity of the intramolecular hydroamination reaction.


Entry Catalyst Substituent Catalyst
ratio [%]


Reaction
time [h]


Conversion
[%]


ee
[%]


1 1 a[a] CH2-tBu 3.5 1.5 87 41
2 3 a[a] CH2-iPr 3 1.5 98 9
3 3 b[a] CH2-Ph 7 0.5 100 12
4 3 c[a] iPr 5 18 14 49
5 3 c[b] iPr 5 48 67 70
6 3 c[b,c] iPr 5 144 100 66


[a] Recrystallized complex. [b] Complex used without any purification.
[c] Reaction performed on a preparative scale (see the Experimental Sec-
tion).
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Synthesis of [Li(thf)4][Yb{(R)-C20H12N2(C14H14)}2] (3 b): YbCl3 (0.072 g,
0.257 mmol) was slowly added to a solution of Li2[(R)-C20H12N2(C14H14)]
(0.245 g, 0.515 mmol) in THF (5 mL) at 20 8C under vigorous stirring.
The reaction mixture was stirred for 12 h, THF was evaporated in vacuo,
and the resulting solid was extracted with toluene (20 mL). The extracts
were filtered, toluene was evaporated, and the solid residue was dissolved
in THF (5 mL). Slow condensation of hexane in the THF/complex so-
lution at 20 8C resulted in a brownish-green microcrystalline solid 3b
(0.187 g, 52%). IR (KBr, Nujol): ñ=3030 (w), 1625 (s), 1605 (s), 1580
(s), 1505 (m), 1425 (s), 1345 (s), 1300 (w), 1150 (m), 1305 (s), 1025 (m),
815 (s), 710 (s), 700 cm�1 (m); elemental analysis calcd (%) for
C84H84LiN4O4Yb (1392.92): C 72.43, H 6.03, Yb 12.41; found: C 72.01, H
6.47, Yb 12.91.


Synthesis of [Li(thf)4][Yb{(R)-C20H12N2(C6H14)}2] (3 c): YbCl3 (0.064 g,
0.228 mmol) was slowly added to a solution of Li2[(R)-C20H12N2(C6H14)]
(0.174 g, 0.457 mmol) in THF (5 mL) at 20 8C under vigorous stirring.
The reaction mixture was stirred for 3 h, THF was evaporated in vacuo,
and the resulting solid was extracted with toluene (15 mL). The extracts
were filtered, toluene was evaporated, and the solid residue was dissolved
in THF (2 mL). Slow condensation of hexane in the THF/complex so-
lution at 20 8C resulted in red crystals of 3c (0.187 g, 68 %). IR (KBr,
Nujol): ñ=3030 (w), 1615 (s), 1600 (s), 1500 (s), 1425 (s), 1375 (s), 1350
(s), 1325 (s), 1305 (s), 1280 (s), 1250 (m), 1215 (m), 1175 (m), 1070 (w),
1040 (m), 925 (w), 880 (w), 815 (s), 745 cm�1 (s); elemental analysis calcd
(%) for C68H84LiN4O4Yb (1201.4): C 67.98, H 6.99, Yb 14.39; found: C
67.42, H 6.94, Yb 14.77.


Catalytic test procedures


NMR-spectroscopy-scale intramolecular hydroaminations of 1-(amino-
methyl)-1-allylcyclohexane (4) and determination of enantiomeric excess
values were performed with catalysts 1 c, 1 d (entries 3 and 4, Table 1),
and 3 a–c as isolated crystals (entries 2–4, Table 2).


Typical procedure : Inside a glove box, a solution of 1-(aminomethyl)-1-
allyl-cyclohexane (4, 0.02 g, 0.131 mmol) in C6D6 (0.5 mL, dried over mo-


lecular sieves) was added to the complex (see Tables 1 and 2 for catalytic
ratios) charged in an NMR tube equipped with a teflon stopcock. After
disappearance of the olefinic protons as monitored by NMR spectrosco-
py, CH2Cl2 was added and amine 5 was transformed into the correspond-
ing amide by reaction with Mosher�s chloride. The reaction mixture was
diluted with CH2Cl2 (2 mL) and treated with Et3N (100 mL), 4-dimethyla-
minopyridine (20 mg), and (R)-(�)-a-methoxy-a-(trifluoromethyl)pheny-
lacetyl chloride (Mosher�s chloride, 30 mL). After being stirred for 2 h at
room temperature, the mixture was washed with saturated NH4Cl so-
lution and extracted with CH2Cl2. After drying, the crude product dis-
solved in diethyl ether was injected onto a GC DB-1 capillary column
(80 8C, rise of 10 8C min�1, 200 8C for 10 min, rise of 10 8C min�1, 250 8C
for 10 min; injector temperature 250 8C, detector temperature 250 8C).
The retention times of diastereoisomeric amides formed from the cy-
clized amine 3-methyl-2-aza-spiro[4,5]decane (5) and of the amide
formed from the nonreacted 1-(aminomethyl)-1-allyl-cyclohexane (4) are
21.6, 22.4, and 23.15 min, respectively. Enantiomeric excesses of 3-
methyl-2-aza-spiro[4,5]decane (5) and GC yields of the cyclized product
were determined by integration of these three peaks.


In situ preparation of catalyst 3c : YbCl3 (0.034 g, 0.12 mmol) was slowly
added to a solution of Li2[(R)-C20H12N2(C6H14)] (0.091 g, 0.24 mmol) in
THF (5 mL) at 20 8C under vigorous stirring. The reaction mixture was
stirred for 3 h and THF was evaporated in vacuo to yield a greenish-
brown solid (3c) that was used without further purification.


Preparative enantioselective hydroamination/cyclization of 1-(amino-
methyl)-1-allylcyclohexane (4, see Table 2, entry 6): Inside a glove box, a
solution of 1-(aminomethyl)-1-allyl-cyclohexane (4, 0.122 g, 0.8 mmol) in
C6D6 (2 mL, dried over molecular sieves) was added to the complex 3 c
(0.048 g, 0.04 mmol). After the reaction mixture was stirred for 6 days at
room temperature, the solvent was evaporated and the residue was distil-
lated in a Kugelrohr apparatus (b.p. 175 8C, 0.1 mbar) to afford the spiro-
pyrrolidine 5 (33 % yield). 1H NMR (CDCl3): d=3.08 (m, 1H), 2.71 (d,
J =11 Hz, 1H), 2.52 (d, J=11 Hz, 1 H), 2.14 (br s, 1 H), 1.69 (dd, J =11,


Table 3. Crystallographic data and structure refinement details for 1 c,d and 3 a,c.


1 c 1d 3 a 3c


formula C76H100LiN4NdO4 C76H100LiLuN4O4 C74H96LiN4O4.50Yb C68H84LiN4O4Yb
Mr 1284.84 1315.57 1293.58 1201.42
T [K] 180 180 180 180
crystal system orthorhombic orthorhombic orthorhombic orthorhombic
space group P212121 P212121 P212121 P212121


a [�] 11.114(5) 25.200(5) 10.480(5) 10.529(5)
b [�] 25.073(5) 11.074(5) 17.846(5) 17.796(5)
c [�] 25.236(5) 24.954(5) 37.228(5) 35.282(5)
a [8] 908 908 908 908
b [8] 908 908 908 908
g [8] 908 908 908 908
V [�3] 7032(4) 6964(4) 6963(4) 6611(4)
Z 4 4 4 4
1calcd [mg m�3] 1.213 1.255 1.234 1.207
m [mm�1] 0.788 1.467 1.392 1.461
F(000) 2716 2760 2708 2500
crystal size [mm3] 0.60 � 0.50 � 0.25 0.52 � 0.48 � 0.26 0.45 � 0.15 � 0.10 0.60 � 0.55 � 0.34
q range [8] 1.807–24.186 2.449–26.202 1.999–24.144 2.076–26.078
index ranges �12�h�12, �31�h�30, �12�h�12, �12�h�12,


�28�k�28, �13�k�13, �20�k�20, �20�k�21,
�28� l�29 �30� l�30 �42� l�42 �43� l�43


reflections collected 57 599 69315 38 353 54819
independent reflections 11 176 (Rint =0.04) 13687 (Rint =0.05) 10 980 (Rint =0.06) 12544 (Rint =0.06)
max/min transmission 0.821/0.616 0.683/0.478 0.869/0.747 0.609/0.428
data/restraints/parameters 10 015/0/672 11920/0/672 8294/5/656 9737/2/600
goodness-of-fit on F 1.0539 1.0723 1.1229 1.0610
final R indices (I>3s(I)) R1 =0.0317, Rw = 0.0369 R1 =0.0317, Rw =0.0368 R1 =0.0342, Rw = 0.0365 R1 =0.0443, Rw =0.0451
R indices (all data) R1 =0.0349, Rw = 0.0370 R1 =0.0380, Rw =0.0377 R1 =0.0459, Rw = 0.0387 R1 =0.0548, Rw =0.0452
Flack parameters 0.014(9) 0.016(6) 0.013(9) 0.017(9)
largest diff. peak/hole [e��3] 1.37/�0.87 1.50/�1.65 1.34/�0.70 2.04/�3.34
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J =7 Hz, 1 H), 1.32 (m, 10H), 1.07 (d, J =7 Hz, 3 H), 0.93 ppm (dd, J =10,
J =9 Hz, 1H); 13C NMR (CDCl3, 20 8C): d =59.30, 54.42, 47.84, 44.37,
39.00, 37.62, 26.46, 24.24, 24.06, 21.71 ppm; IR (NaCl, CCl4): ñ =3854
(w), 3747 (w), 3672 (w), 3650 (w), 3630 (w), 2928 (s), 2856 (m), 1450 (w),
1376 cm�1 (w); MS (electrospray): m/z (%): 154.2 (100) [M+H]+ ; [a]20


D =


+28 (c =1, CHCl3); 66 % enantiomeric excess.


Crystal structure determinations : Single crystals for the four compounds
were mounted under inert perfluoropolyether at the tip of a glass fiber
and cooled in the cryostream of the diffractometer. All data were collect-
ed on a Stoe IPDS diffractometer operating with monochromatic MoKa


radiation (l=0.71073).


The structures were solved by direct methods (SIR92)[38] and refined by
full-matrix least-squares procedures on F using the CRYSTALS pro-
gram.[39] A semiempirical absorption correction based on equivalent re-
flections was applied for all four compounds. All H atoms were intro-
duced into the calculation in idealized positions (d(CH) =1.0 �) and
treated as riding models. The [Li(thf)4] cations and the THF solvent mol-
ecule were refined isotropically. The weighting scheme used in the last
refinement cycles was w =w’[1�{DF/6s(Fo)}2]2, in which w’= 1/


P n
1ArTr(x)


with three coefficients Ar for the Chebyshev polynomial ArTr(x) in which
x is Fc/Fc(max).[40] Models reached convergence with R=�(jjFoj�jFc j j )/
�(jFoj) and Rw = [�w(jFoj�jFcj)2/�w(F2


o)]1/2. Final refinements allowed the
fraction contribution of the inverted enantiomer to vary,[41] with the
Flack parameter quoted being the refined value of this contribution.
Crystal data and refinement parameters are shown in Table 3. The views
of the molecules in Figures 1–4 were produced with ORTEP III for Win-
dows.[42]


CCDC-256428–CCDC-256431 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif.
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Triplet–Triplet Energy Transfer Controlled by the Donor–Acceptor Distance
in Rigidly Held Palladium-Containing Cofacial Bisporphyrins


S�bastien Faure,[a, b] Christine Stern,[a] Enrique Espinosa,[a] Jasmin Douville,[b]


Roger Guilard,*[a] and Pierre D. Harvey*[b]


Introduction


Knowledge of the photophysical properties of porphyrins
and an understanding of the “communication” (such as
energy transfer, electron transfer, and heavy-atom effect)
between two porphyrin macrocycles are essential to explore
the photosynthetic mechanism[1,2] and to elaborate advanced
optoelectronic devices like optical gates, photoelectric cells,
and sensors.[3–11] Numerous studies have focused on linear or
planar molecular systems, but little work has been con-
cerned with constrained systems in which a rigid spacer
favors a cofacial geometry. An initial survey clearly showed
that energy transfer (ET) increases as the distance between
the donor and acceptor porphyrins decreases.[12] Energy-
transfer mechanisms were analyzed by Dexter[13,14] and Fçr-
ster[15] many years ago. Recently, our groups demonstrated
that it is possible to determine the range of Cmeso–Cmeso dis-


Abstract: Eleven new complexes, in-
cluding mono-, heterobi-, and homobi-
metallic cofacial bisporphyrins,
(Pd)H2DPS, (M)H2DPX, (M)H2DPB,
(PdZn)DPS, (PdZn)DPX, (Pt)2DPX,
(M)2DPB (M =Pd, Pt), and (Pt)P
(DPS4�=4,6-bis[5-(2,8,13,17-tetraethyl-
3,7,12,18-tetramethylporphyrinyl)]di-
benzothiophene tetraanion, DPX4�=


4,5-bis[5-(2,8,13,17-tetraethyl-3,7,12,18-
tetramethylporphyrinyl)]-9,9-dimethyl-
xanthene tetraanion, DPB4�= 1,8-bis[5-
(2,8,13,17-tetraethyl-3,7,12,18-tetrame-
thylporphyrinyl)]biphenylene tetra-
anion, P2�=5-phenyl-2,8,13,17-tetraeth-
yl-3,7,12,18-tetramethylporphyrin di-
anion) have been synthesized and char-
acterized. The photophysical properties
of the donor (M)P (M= Pd or Pt, P=


porphyrin chromophore) and the ac-
ceptor (free base H2P or (Zn)P)


depend on the Cmeso–Cmeso distance and
the presence of a heavy atom such as
PdII or PtII. The data were compared
with those for the known compounds
(Pd)2DPS, (Pd)2DPX, H4DPS, H4DPX,
H4DPB, (Pd)P, (Zn)P, and H2P. The
rate constants for triplet–triplet energy
transfer (kET) were measured for the
heterobimetallic (PdZn) and monome-
tallic [(M)H2] derivatives (M= Pd, Pt).
The fluorescence lifetimes (DtF) of the
acceptors decrease as a result of the
heavy-atom effect, and vary as follows:
(Pd)H2DPS ! (Pd)H2DPX~ (Pd)H2-
DPB. The kET values calculated accord-
ing to the equation kET = (1/temi�1/


temi
0), where temi


0 is the emission life-
time of the homobimetallic bisporphy-
rins (no ET occurs), are equal to 0,
247�57 and 133�52 s�1 for DPS,
DPX, and DPB, respectively, in the
(Pd)H2 series. These measurements al-
lowed the range of distance over which
the Dexter mechanism for T1–T1


energy transfer ceases to operate to be
determined. This distance is some-
where between 4.3 and 6.3 �, in agree-
ment with our recent findings on sin-
glet–singlet energy transfer. During the
course of this study, the X-ray crystal
structure for (Pd)H2DPX was ob-
tained; triclinic (P1̄), a=11.1016(1),
b= 14.9868(2), c=20.6786(3) �, a =


102.091(1), b=100.587(1), g=


101.817(1)8, V= 3199.19(7) �3, Z=2.
Keywords: donor–acceptor sys-
tems · energy transfer · palladium ·
photophysics · porphyrins
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tance over which the Dexter and Fçrster mechanisms domi-
nate in singlet–singlet energy transfer in cofacial donor–ac-
ceptor bisporphyrins. The cofacial bisporphyrin systems in-
vestigated included DPS, DPO (4,6-bis[5-(2,8,13,17-tetraeth-
yl-3,7,12,18-tetramethylporphyrinyl)]dibenzofuran), DPA
(1,8-bis[5-(2,8,13,17-tetraethyl-3,7,12,18-tetramethylporphy-
rinyl)]anthracene), DPX, and DPB for which the Cmeso–Cmeso


distances have been determined by single-crystal X-ray dif-
fraction data (Zn2DPS: 6.33 �,[16] H4DPO: 5.53 �,[17, 18]


H4DPA: 4.94 �,[19] H4DPX: 4.32 �,[17] and H4DPB:
3.80 �[18]). The rate constants for singlet–singlet energy
transfer (kET) in these systems increase in the order DPS<
DPO<DPA<DPX<DPB, which is consistent with the rel-
ative magnitudes of the Cmeso–Cmeso distances.


Contrary to singlet–singlet energy transfer, triplet–triplet
energy transfer is characterized by the electronic exchange
mechanism (Dexter) only.[20] This property allows lumines-
cent devices controlled by interchromophore distances to be
designed in which, at short Cmeso–Cmeso distances, energy
transfer occurs with no or low luminescence observed from
the donor, and at long Cmeso–Cmeso separations, efficient
energy transfer cannot be accurately detected as one reaches
the limit of accuracy of the lifetime or intensity change
measurements and a maximum luminescence intensity is de-
tected from the donor. Only a few porphyrin dimers have
been investigated,[6,21–25] none of which contained a cofacial
geometry. In such cases, direct p–p orbital overlapping is
necessary.[5,26] For b-substituted porphyrins (such as those in-
vestigated in this work), the electron density located at the
meso-carbon atoms on the frontier MOs is very small.[27–30]


As a consequence, energy transfer cannot operate efficiently
through the chemical bonds. Consequently, through-space
processes are anticipated. It is well known that the DPB bis-
porphyrin systems exhibit the shortest cofacial separation
and hence should promote more efficient through-space
triplet–triplet energy transfer. This “on–off” situation for
energy transfer, which is controlled by a change in cofacial
interchromophore distance, is unprecedented.


We now report the synthesis and characterization of three
triplet–triplet donor–acceptor cofacial bisporphyrin systems
in which DPS, DPX, and DPB are used as spacers. The
choice of these systems is based on our previous findings for
singlet–singlet energy transfer: the Fçrster mechanism domi-
nates in the DPS system, while for DPB, the Dexter mecha-
nism is more important. Finally, the DPX spacer has an in-
termediate Cmeso–Cmeso distance and rate constant for energy
transfer. We have elected to investigate the highly phosphor-
rescent (Pd)P and (Pt)P chromophores,[6,31] which means
that the pp* triplet state is well populated. Also, these chro-
mophores have numerous applications in the sensorization
of O2.


[32–34] The fluorescence data are complicated because
of the heavy-atom effect,[20,35] but this perturbation as well
as the rate constant for triplet–triplet energy transfer are de-
pendent on the Cmeso–Cmeso distance. The approximate dis-
tance at which T1–T1 energy transfer (Dexter mechanism) in
cofacial bisporphyrins becomes negligible (too small to be
detected) is determined to be between 4.3 and 6.2 � which


is in good agreement with previous findings on S1–S1 energy
transfer.


Results


Synthesis : The compounds investigated in this work are
shown in Scheme 1. Homobimetallic bisporphyrins
(Pd)2DPB, (Pt)2DPB, and (Pt)2DPX were obtained in good


yields by the reaction of the corresponding non-metalated
bisporphyrins with an excess of PdCl2 or PtCl2. However,
this methodology cannot be applied to the synthesis of
(Pd)H2DPB, (Pd)H2DPS, (Pd)H2DPX, (Pt)H2DPB, and
(Pt)H2DPX. In these cases, stoichiometric reactions led to a
mixture of mono- and dimetalated products, along with the
starting material, with the desired monopalladium(ii) (or
monoplatinum(ii)) bisporphyrins being produced in only
very small quantities. The use of monozinc(ii) bisporphy-
rins[36] as starting materials in the presence of >1 equiv of
PdCl2 (or PtCl2) gave better results ((PdZn) derivatives:
yield 37–53 %; Scheme 2). Zinc is used as a protecting group
for one of the two macrocycles and is removed by the H+


ions generated during the reaction.[37] Small quantities of di-


Scheme 1. Mono- and bisporphyrins investigated in this work.
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palladium(ii) (or diplatinum(ii)) bisporphyrins were also ob-
served. For the palladium derivatives, in the presence of a
base used to neutralize the excess H+ ions, the reactions led
to a mixture that contained both bis(palladium) and mixed-
metal palladium(ii)–zinc(ii) bisporphyrins. This methodology
was not further investigated. Instead, the mixed-metal spe-
cies were prepared from the metalation of the mono-palla-
dium(ii) bisporphyrins by using zinc acetate. All compounds
were characterized by 1H NMR spectroscopy, elemental
analysis, and MALDI-TOF mass spectrometry.


Crystallographic data : The crystallographic data for
(Pd)H2DPX are summarized in Table 1 and the molecular
structure is shown in Figure 1. The parameters describing its
molecular geometry (Figure 2) are given in Table 2.
(Pd)H2DPX exhibits the expected cofacial structure. The
palladium atom is found to be disordered with an occupancy
of 0.5 per macrocycle. For the sake of discussion, it is arbi-
trarily assigned to only one macrocycle (macrocycle 1). The
peripheral ethyl groups located away from the spacer are
also disordered in one macrocycle. With an occupancy close
to 0.5, these groups either face outward or inward with re-
spect to the geometry of the cofacial bismacrocycle. In addi-
tion, the corresponding pyrrole rings are also disordered;
the averaged pyrrole plane deviates by about 28 irrespective
of whether the ethyl groups are oriented outward or inward.


The palladium atom is placed at the center of the por-
phyrin ring, and the distance between the calculated center
of the four nitrogen atoms (the centroid position, Ct) and
the palladium atom is less than 0.03 �. The porphyrin mac-
rocycle is relatively planar as the maximum deviation be-
tween any atom and the averaged carbon plane is 0.17 �;


Scheme 2. Synthesis of (Pd)H2 and (PdZn) bisporphyrins.


Table 1. Crystal data and structure refinement for (Pd)H2DPX.


(Pd)H2DPX


formula C79H84N8OPd
formula weight 1267.94
temperature [K] 110(2)
wavelength [�] 0.71069
crystal system triclinic
space group P1̄
unit cell dimensions
a [�] 11.1016(1)
b [�] 14.9868(2)
c [�] 20.6786(3)
a [8] 102.091(1)
b [8] 100.587(1)
g [8] 101.817(1)
volume [�3] 3199.19(7)
Z 2
1calcd [Mg m�3] 1.316
m[mm�1] 0.344
F(000) 1336
crystal size [mm3] 0.50 � 0.37 � 0.10
q range for data collection [8] 1.96–27.36
index ranges �14�h�13,


�19�k�19,
�25� l�26


reflections collected 25 195
independent reflections 14 360 [R(int) =0.0578]
completeness to qmax [8] 98.9 % [q=27.36]
absorption correction none
refinement method full-matrix least-squares on F2


data/restraints/parameters 14 360/18/899
goodness-of-fit on F2 1.132
final R indices [I>2s(I)] R1 =0.0693, wR2 =0.1352
R indices (all data) R1 =0.1173, wR2 =0.1474
extinction coefficient 0.0065(4)
largest diff. peak and hole [e��3] 0.560 and �1.034
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for palladium, this deviation is only 0.09 �. The angle
formed by the two averaged porphyrin planes (b) is only
5.48, which indicates that the rings are fairly parallel. The
values of the lateral shift (Sp =1.71 �) and slip angle (a=


(a1 + a2)/2=25.38) further indicate the potential displace-
ment between both rings. The large slip angle is due, in part,
to the large angle formed between the two benzene rings
(g=158). Nocera and co-workers have also reported a large
deviation for this spacer.[17] For the DPX systems, this angle
is 368 for the free base, and 6–158 for the dimetalated bis-
porphyrins. Such large deviations have not been reported
for other spacers such as anthracenyl, biphenylenyl, and di-
benzofuran.[17,38] The Cmeso–Cmeso (4.32 �) and Ct1–Ct2


(4.01 �) distances determined in this work compare favora-
bly with those of other DPX systems (4.27 �<Cmeso–Cmeso<


4.47 �; 3.87 �<Ct1–Ct2<4.70 �; see the Supporting Infor-
mation).[17,39, 40]


Absorption spectra : The UV/Vis absorption data are report-
ed in Table 3 and the spectra for (Pd)H2DPS, (Pd)H2DPX,
(Pd)H2DPB, (PdZn)DPS, (PdZn)DPX, (Pt)H2DPX, and
(Pt)H2DPB are shown in Figure 3. For the palladium deriva-
tives, the Soret band lmax (S0–S2 transition) varies as a func-
tion of the spacer in the order DPS>DPX>DPB. A de-
crease in the absorptivity of the Soret band was also ob-
served. Both the shift and the intensity decrease as the
Cmeso–Cmeso distance decreases. The Q bands (S0–S1 transi-
tion) also exhibit a slight shift to the red in the same
order.[41] For (Pt)H2DPX and (Pt)H2DPB, the absorption
spectra are nearly the same.


Luminescence : The photophysical data for all the com-
pounds studied are summarized in Table 4 and Table 5 and
the emission spectra are shown in Figures 4, 6, and7. Four
chromophores were investigated, H2P and (Zn)P, known to
be strongly fluorescent,[27,42] and (Pd)P and (Pt)P, which are
strongly phosphorescent.[27, 43] For mixed chromophore sys-
tems, both types of emission were observed. At 298 K,
(Pd)P showed no detectable luminescence, which contrasts
with other palladium(ii) porphyrin systems.[34,43]


The 298 K emission spectra of (Pd)H2DPS and
(Pd)H2DPX (Figure 4a) exhibit the same spectral signature
as that of H2P fluorescence. The luminescence of the (Pd)P
chromophore can be easily distinguished from the H2P fluo-
rescence by time-resolved spectroscopy by taking advantage
of the very different emission lifetimes (for (Pd)P tem~100–
550 ms). The emission spectrum of (Pd)H2DPB exhibits two
luminescence bands as well (Figure 4a) due to the fluores-
cence of the H2P chromophore (l0,0�640 nm) and the phos-
phorescence of the (Pd)P chromophore (l0,0 = 663 nm). The
l0,0 of the H2P fluorescence follows the same trend as that
of the absorption: l0,0(DPS) =628 nm<l0,0(DPX)=


Figure 1. Crystal structure of (Pd)H2DPX. Hydrogen atoms are omitted
for clarity. Thermal ellipsoids are drawn at the 50% probability level.


Figure 2. Illustration of the crystallographically derived geometrical fea-
tures.


Table 2. Crystallographically derived geometrical features of
(Pd)H2DPX.


Parameters Value


a1 [8] 24.6
a2 [8] 25.9
a(slip angle = (a1 +a2)/2) [8] 25.3
b(interplanar angle) [8] 5.4
g(spacer angle) [8] 14.8
da–b [�] 4.61
dc–d [�] 4.32
dCt1–Ct2 [�] 4.01
dCt1–Pd1


[a] [�] 0.03
dCt2–Pd1


[b] [�] 3.98
Sp (lateral shift=dCt1–Ct2sin a) [�] 1.71
Sr (intermacrocycle separation=dCt1–Ct2cos a) [�] 3.63


[a] Distance between the centroid (Ct) and palladium atom in the same
macrocycle. [b] Distance between the first macrocycle centroid (Ct) and
the palladium atom in the other macrocycle.
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636 nm<l0,0(DPB)�640 nm. At 77 K (Figure 4b), (Pd)P is
phosphorescent (l0,0 =659 nm). For the three mixed-metal
compounds, both fluorescence of the H2P chromophore and
phosphorescence of the (Pd)P moiety were observed. How-
ever, the relative intensities vary significantly depending on
the spacer. For instance, H2P fluorescence is more important
in (Pd)H2DPS, while (Pd)H2DPB exhibits a strong (Pd)P
phosphorescence. A qualitative energy diagram for the
mono-palladium bisporphyrins has been established by
using the positions of the 0–0 peaks in the absorption and
fluorescence spectra, the maxima of the (Pd)P phosphores-
cence spectra, and the energy of the H2P triplet state
(Figure 5).[44] From this, one finds that the energies decrease
in the order 1(Pd)P> 1H2P>


3(Pd)P> 3H2P. Similarly, by
using the 0–0 absorption and fluorescence data and the
maxima of the phosphorescence bands of the (Pd)P and
(Zn)P chromophores in the palladium-zinc bisporphyrins
(Figure 6), a qualitative energy diagram can be derived:
1(Pd)P> 1(Zn)P> 3(Pd)P> 3(Zn)P (Figure 5). Similarly, one
also finds for the platinum systems that 1(Pt)P> 1H2P>
3(Pt)P> 3H2P. The relative (Pd)P phosphorescence intensity
of (PdZn)DPS is large compared with that of the fluores-
cence and phosphorescence of (Zn)P (Figure 6a).[27,28] On
the other hand, the intensity of the (Pd)P phosphorescence
is of the same order of magnitude as the (Zn)P fluorescence
and phosphorescence of the DPX system.


The emission spectra of (Pt)H2DPX and (Pt)H2DPB are
compared with that of (Pt)P in Figure 7. The H2P fluores-
cence is entirely blurred by the (Pt)P phosphorescence at
both 298 and 77 K. Interestingly, the H2P phosphorescence,
an emission rarely reported in the literature,[44] becomes visi-


ble in the region of 750–
850 nm, with maxima at 794
and 824 nm.


Overall, these data are indi-
cative of triplet–triplet energy
transfer between 3(Pd)P* and
3H2P*, 3(Pt)P* and 3H2P*, and
3(Pd)P* and 3(Zn)P*, but the
nature of the spacer plays a cru-
cial role. For accuracy, the rate
constants for triplet–triplet
energy transfer were measured
by using the phosphorescence
lifetimes (Table 5).[24,45–47] The
fluorescence lifetimes of the
H2P and (Zn)P chromophores
are in the expected ns range (1–
24 ns for the H2P chromophore
and 1–2 ns for the (Zn)P chro-
mophore).[6] Similarly, the phos-
phorescence lifetimes (tP) of
the (Pd)P chromophore in the
porphyrin systems are predicta-
bly in the ms range but vary
greatly with the temperature
and the nature of the spacer.


Further evidence for triplet–triplet energy transfer comes
from a comparison of the phosphorescence quantum yields
(FP; Table 4).


Discussion


Singlet excited states and fluorescence : The relative order
of the singlet-state energies established from the 0–0 peaks
observed in the absorption and fluorescence spectra, 1(Pd)P
and 1(Pt)P> 1(Zn)P@ 1H2P, indicates that the 1(Pd)P and
1(Pt)P pp* states are the most energetic. These chromo-
phores can act as donors for singlet–singlet energy transfer,
1(Pd)P*!1(Zn)P*, 1(Pd)P*!1H2P*, and (Pt)P*!1H2P*, but
such a process if present, cannot be investigated in this work
since the fluorescence of (Pd)P and (Pt)P chromophores are
totally blurred by the much stronger fluorescence of the
H2P or (Zn)P chromophore (Figures 4, 6, and 7).[48]


The values of tF (298 K) for the H2P chromophore in H2P,
H4DPS, H4DPX, and H4DPB decrease in the following
order: H2P~H4DPS>H4DPX>H4DPB. In our previous
paper, such a sequence for a series of five spacers (H4DPS,
H4DPO, H4DPA, H4DPX, and H4DPB) was interpreted as
follows.[12] The shorter lifetimes are a consequence of intra-
molecular macrocycle–macrocycle interactions or collisions
that promote nonradiative deactivation. This phenomena is
also exhibited by the mono-palladium series (Pd)H2DPS,
(Pd)H2DPX, and (Pd)H2DPB as illustrated in Figure 8.
Comparison of this monopalladium series with the non-
metalated one (Figure 8) indicates that the tF values for the
fluorescence of the H2P chromophore are always smaller for


Table 3. UV/Vis absorption data in CH2Cl2 at 298 K.


Compound lmax [nm] (e � 10�3
m
�1 cm�1)


Soret region Q bands


H2P 402 (154) 502 (15) 532 (8) 578 (6) 626 (4)
(Zn)P 410 (270) 540 (18) 576 (11)
(Pd)P 398 (180) 504 (16) 538 (43.2)
(Pt)P 394 (209) 502 (10.2) 537 (30.9)
H4DPS 398 (309.9) 502 (29.6) 536 (15.0) 570 (14.2) 622 (6.8)
(Zn)H2DPS 402 (340.6) 502 (15.6) 534 (21.7) 570 (20.9) 624 (3.1)
(Pd)H2DPS 394 (402.8) 509 (29.5) 571 (12.8) 549 (40.7) 624 (4.9)
(Zn)2DPS 402 (473.6) 536 (32) 572 (29)
(Pd)2DPS[41] 394 (256.9) 516 (23.5) 548 (44.7) 610 (0.29)
(PdZn)DPS 395 (304.7) 515 (20.2) 549 (39.9) 573 (9.2)
H4DPX 380 (200) 508 (12.0) 543 (5.4) 578 (6.0) 628 (3.3)
(Zn)H2DPX 386 (268) 512 (9.5) 542 (11.7) 576 (12.0) 628 (2.0)
(Pd)H2DPX 383 (298.5) 515 (16.4) 554 (19.3) 579 (9.8) 628 (1.9)
(Pt)H2DPX 377 (157.9) 507 (4) 540 (9.5) 574 (4.3) 627 (1)
(Zn)2DPX[17] 389 (290) 541 (14.3) 576 (13.2)
(Pd)2DPX[41] 386 (265.2) 520 (16.7) 552 (31.3) 614 (0.17)
(Pt)2DPX 374 (170.3) 509 (8.4) 541 (21.5)
(PdZn)DPX 387 (266.6) 526 (9.9) 556 (11.1) 579 (4.7)
H4DPB 379 (173.9) 511 (6.3) 540 (2.0) 580 (3.4) 632 (1.8)
(Zn)H2DPB[36] 388 (200.0) 518 (4.1) 542 (5.2) 581 (6.8) 633 (0.8)
(Pd)H2DPB 382 (217.5) 516 (9.9) 556 (11.1) 579 (4.7)
(Pt)H2DPB 376 (173.2) 508 (9.5) 544 (12.5) 578 (3) 632 (1.7)
(Pd)2DPB 383 (270.5) 521 (19.0) 553 (35.8)
(Pt)2DPB 373 (63) 511 (3.3) 542 (8.3)
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the monopalladium series. This behavior can be explained
by the intermolecular “heavy-atom effect” due to the palla-


dium atom.[20,35] The most important feature is that the dif-
ference between tF for the non-metalated and monopalladi-
um members of the series (H2P, DtF) is more significant for
(Pd)H2DPB than for (Pd)H2DPS (i.e. DtF increases in the
order DPS<DPX<DPB). This result is consistent with the
change in interchromophoric separation between the H2P
lumophore and the (Pd)P macrocycle.[49] This interpretation
contrasts with the results obtained for (PdZn)DPS
(tF[(Zn)P]=2.0 (298 K) and 1.8 ns (77 K)) and (PdZn)DPX
(tF[(Zn)P]=1.9 (298 K) and 2.1 ns (77 K)), which appear to
be insensitive to the presence of palladium compared with
the corresponding bis-zinc bisporphyrins (Zn)2DPS
(tF[(Zn)P]=1.95 (298 K) and 1.85 ns (77 K)) and (Zn)2DPX
(tF[(Zn)P]=1.7 (298 K) and 1.9 ns (77 K)).[12] This apparent
nonsensitivity may be due to the fact that zinc exhibits a
small spin–orbit coupling constant which induces some intra-
molecular “heavy-atom effect”. Consequently the rate of in-
tersystem-crossing in the (Zn)P intrachromophore may be
important enough to render the interchromophore ((Zn)P
versus (Pd)P) “heavy-atom effect” negligible.


Triplet-excited states and energy transfer : As already stated,
the phosphorescence arising from the (Pd)P chromophore is
readily detected in all cases. Comparison of the tP data at
298 K for (Pd)P, (Pd)2DPS, (Pd)2DPX, and (Pd)2DPB
(Table 5 and Figure 9) shows that values of tP increase from
(Pd)P to (Pd)2DPS and to (Pd)2DPX, and then decrease for
(Pd)2DPB. This variation in data can be attributed to the ef-
ficient nonradiative deactivation of the 3(Pd)P state.[50]


Nocera and co-workers[34] recently noticed a similar depen-
dence of the photophysical properties of (Pd)P(BrPhEtio),
(Pd)2DPO, and (Pd)2DPX. Their interpretation of the data
based on DFT computations indicated that a torsional dis-
tortion along the Cmeso�Caryl bond, accompanied by a non-
planar distortion of the macrocyclic framework, induces an
significant decrease in the T1–S0 energy gap. As the macro-
cycle is less constrained, the porphyrin rings have greater
scope for framework distortion. Consequently, the greater
the molecular distortion in the triplet state, the lower the
energy of the triplet state. This allows a more efficient non-
radiative deactivation of the T1 state. Similarly, Albinsson
and co-workers performed other DFT calculations on zinc
and free-base bis(5,15-diaryloctaalkylporphyrin) for which
unusual triplet-state dynamics were observed.[51] They con-
cluded that distortions along the Cmeso�Caryl bond and of the
macrocycle plane (saddle-shaped conformation) have in-
duced a change in conformation of the T1 state. With re-
gards to the present study, the observed increase in tP on
going from (Pd)P to (Pd)2DPS to (Pd)2DPX parallels the in-
crease in tP observed for (Pd)(BrPhEtio)P to (Pd)2DPO to
(Pd)2DPX by Nocera and co-workers. However, (Pd)2DPB
behaves differently as tP decreases. In this case, the shorter
Cmeso–Cmeso distance indicates stronger intermacrocycle inter-
actions and greater p–p contacts, which promote more effi-
cient nonradiative T1 deactivation. Our groups recently ob-
served this phenomena in the fluorescence spectra at 298
and 77 K for the free-base series H2DPS, H2DPO, H2DPA,


Figure 3. UV/Vis spectra of a) (Pd)H2-, b) (PdZn)-, and c) (Pt)H2-bispor-
phyrins (298 K, CH2Cl2).
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H2DPX, and H2DPB.[18] In addition, the absorption and fluo-
rescence spectral signatures indicated a significant increase
in bandwidth as the Cmeso–Cmeso distances decreased. So, for


the series described in this
work, the lowest-energy triplet
state undergoes two molecular
dynamics processes: 1) distor-
tions (a torsional distortion
along the Cmeso�Caryl bond and
nonplanar distortion of the por-
phyrin framework) and 2) inter-
macrocycle interactions. Their
effects on tP are opposite. To
reduce the effect of the former
dynamic process, the photo-
physical properties were also
examined at 77 K.[52]


Comparison of the tP [(Pd)P]
data for the mono-metalated
(Pd)H2DPS, (Pd)H2DPX, and
(Pd)H2DPB systems with those
for the dimetalated bisporphy-
rins indicates the presence of
an additional deactivation pro-
cess. The tP data for (Pd)P,
(Pd)2DPS, (Pd)2DPX, and
(Pd)2DPB are 1870, 1920, 2240,
and 2170 ms, showing a much
attenuated trend. In the hetero-
nuclear systems [(Pd)H2 and
(PdZn)], the (Pd)P data at
298 K (Figure 9a) shows the
same trend as the palladium
homonuclear systems discussed
above. However, the analysis is
blurred by the dominant tor-
sional molecular dynamic proc-
esses described above (knr @kET,
nr=nonradiative). Figure 9b
and the data in Table 5 allow
the tP data measured for the
(Pd)2 and (Pd)H2 series at 77 K
to be compared. The values of
tP for (Pd)2DPS, (PdZn)DPS,
and (Pd)H2DPS are almost
identical, indicating that no
energy transfer occurs in
(PdZn)DPS and (Pd)H2DPS.
However, the fact that
tP[(Pd)H2DPX]<tP[(Pd)2DPX]
and tP[(PdZn)DPX]<tP[(Pd)2-
DPX] indicate that T1–T1


energy transfer occurs
[3(Pd)P!3(Zn)P and 3(Pd)P!
3H2P].[53]


Evidence for T–T energy
transfer : To further demon-


strate the presence of T1–T1 transfer, the platinum analogues
were investigated.[45] Based on the absorption (Figure 3c)
and emission data (Figure 7), the donor and acceptor are


Table 4. Luminescence data.[a]


Compound lmax [nm][b] Quantum yields[c]


macrocycle metal or H 298 K 77 K 298 K 77 K


P 2H[d] 629, 696 623, 690 0.0892 0.0862
Zn 580, 635 581, 639, 721 0.0214 0.0266
Pd – 659, 691, 712, 731 – 0.5576
Pt 649 640 0.0049 0.8364


DPS 4H[d] 629, 697 623, 689 0.0887 0.0838
Pd, 2H[e] 628, 696 621, 661, 689 0.0809 0.1370
2Pd 669 660, 694, 713, 735 0.0018 0.1052
Zn, Pd[e] 580, 634, 668 582, 660, 694, 714, 735 0.0681 0.2736


DPX 4H[d] 635, 701 637, 702 0.0361 0.0643
Pd, 2H[e] 636, 703 632, 665, 700 0.0035 0.0101
Pt, 2H[e] 645, 703 645, 701, 794, 824 0.0014 0.0030
2Pd 674 668, 745 0.0623 0.3811
2Pt 652 648 0.0744 0.1470
Zn, Pd[e] 591, 643, 670 566, 595, 643, 658, 683, 742, 820 0.0691 0.0182


DPB 4H[d] 641[18] 636[18] 0.0040[18] 0.012[18]


Pd, 2H[e] 663, 708 633, 658 0.0140 0.0346
Pt, 2H[e] 647 648, 794, 824 0.0233 0.0075
2Pd 665 667 <0.001 0.1936
2Pt 652 648 0.0168 0.0910


[a] In 2-MeTHF, lexcitation = 510 nm; the quantum yield was evaluated by reference to H2TPP (0.11)[27, 42, 63] and
the quantum yield for H2TPP (0.11) at 77 K was verified by reference to (Pd)TPP (0.17; 77 K; MCH).[43, 64]


[b] The uncertainties in the values of lmax are �1 nm. [c] The uncertainties in the values of the quantum yields
are �10 %. [e] The total quantum yield and porphyrin�s absorbances arise from the two chromophoric species.
[d] lexcitation =500 nm.


Table 5. Fluorescence lifetimes and rate constants for triplet–triplet energy transfer.[a]


Compound Lifetime (298 K)[b] Lifetime (77 K)[b] kET (77 K) [s�1]
macrocycle metal or H chromophore tF [ns] tP [ms] tF [ns] tP [ms]


P 2H free base 17.3 – 23.3 – –
Zn (Zn)P 1.7 [c] 1.94 [c] –
Pd (Pd)P [c] 25 [c] 1870 –
Pt (Pt)P – 18 – 128 –


DPS 4H free base 18.0 – 23.6[18] – –
Pd, 2H free base 17.6 – 23.6 –


(Pd)P [c] 98 [c] 1920 0
2Pd (Pd)P [c] 210 [c] 1920 –
Zn, Pd (Zn)P 2.0 [c] 1.75 [c]


(Pd)P [c] 98 [c] 1920 0
DPX 4H free base 14.1 – 17.0[18] – –


Pd, 2H free base 12.0 – 15.2 –
(Pd)P [c] 568 [c] 1440 247


Pt, 2H free base 12 – – 559
(Pt)P – 40.6 – 126 2220


2Pd (Pd)P [c] 440 [c] 2240 –
2Pt (Pt)P – 46 – 175
Zn, Pd (Zn)P 1.9 [c] 2.09 5760


(Pd)P [c] 548 [c] 1670 151
DPB 4H free base 11.7 – 17.0[18] – –


Pd, 2H free base 11.5 – 13.2 –
(Pd)P [c] 368 [c] 1690 133


Pt, 2H free base [c] – – 224
(Pt)P – 24 – 122 840


2Pd (Pd)P [c] 258 [c] 2170 –
2Pt (Pt)P – 32 – 136 –


[a] Measured in 2-MeTHF. [b] The uncertainties in the values of the lifetimes are �10%. [c] The signal is too
weak to measure.
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the (Pt)P and H2P chromophores, respectively. In this case,
the acceptor turns out to be phosphorescent. The emission
spectra of (Pt)H2DPX and (Pt)H2DPB exhibit a strong
phosphorescence at 650 nm due to (Pt)P and a weaker
phosphorrescence at 800 nm and above due to H2P. The ex-
citation spectra of the 650 nm phosphorescence is character-
istic of the (Pt)P chromophore as these spectra superpose
the absorption of PtP, (Pt2)DPX, and (Pt2)DPS (Figure 10).
On the other hand the excitation spectra of the 800 nm
phosphorescence exhibits the anticipated signal for the H2P
chromophore at about 570 nm, but also strong signals at
500–510 and 530–540 nm that are associated with the (Pt)P
chromophore. At 800 nm, there is practically no more (Pt)P
phosphorescence. The strong peaks associated with the
(Pt)P chromophore in the excitation spectra of the H2P
phosphorrescence can only be due to triplet–triplet energy
transfer.


Figure 4. Emission spectra of (Pd)H2-bisporphyrins in 2-MeTHF at a) 298
and b) 77 K (lexcitation =510 nm).


Figure 5. Energy diagram for the (PdM) bisporphyrins (M=H2, Zn). 1, 5:
absorption S0–S1; 2: nonradiative deactivation (NR); 3: (Pd)P phosphor-
escence; 4: M= 2H, Zn; (M)P fluorescence; 6, 8: intersystem crossing
(ISC); 9: M =Zn; (Zn)P phosphorescence; 7: triplet–triplet energy trans-
fer.


Figure 6. Emission spectra of a) (PdZn)DPS and b) (PdZn)DPX in com-
parison with the spectra of the two monoporphyrins (Zn)P and (Pd)P (2-
MeTHF, 77 K, lexcitation = 510 nm).
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Energy transfer determination : The rate constants for trip-
let–triplet energy transfer, kET, were calculated from Equa-
tion (1), where tP and t0


P are the phosphorescence lifetimes
of the (Pd)P or (Pt)P chromophore of the hetero- [(Pd)H2,
(Pt)H2, and (PdZn)] and homometallic bisporphyrins [(Pd)2


and (Pt)2] systems, respectively (Table 5).


kET ¼
�


1
tP
� 1


t0
P


�
ð1Þ


Mechanisms : There are two possible general mechanisms
for energy transfer: 1) the Fçrster (dipole–dipole interac-
tion) and 2) the Dexter (electronic exchange) mecha-
nisms.[20,35] Our previous investigation indicated that S1–S1


Figure 7. Emission spectra at 298 and 77 K of a) (Pt)H2DPX and b)
(Pt)H2DPB in comparison with the spectra of (Pt)P at 77 K (2-MeTHF,
lexcitation =510 nm).


Figure 8. Lifetime of H2P chromophore in (M)H2DPS, (M)H2DPX, and
(M)H2DPB, where M =H2 and Pd (298 and 77 K, 2-MeTHF).


Figure 9. Lifetime of the (Pd)P chromophore of P, DPS, DPX, and DPB
systems at a) 298 K and b) 77 K in 2-MeTHF.
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energy transfer in (Zn)H2DPS occurs predominantly by the
Fçrster mechanism, while in (Zn)H2DPX and (Zn)H2DPB,
the Dexter process is mainly effective[12] as a result of the
Cmeso–Cmeso distance. In this work, there is evidence for T1–
T1 transfer in (Pd)H2DPX and (Pd)H2DPB [and
(PdZn)DPX], but not in the DPS series. These findings are
consistent with T1–T1 energy transfer occurring only by the
Dexter mechanism. The critical Cmeso–Cmeso distance at which
the Dexter process is no longer efficient is somewhere be-
tween 4.3 (DPX) and 6.3 � (DPS). This is perfectly consis-
tent with the results obtained for S1–S1 energy transfer,
which showed this distance to be around 5–6 �.


Comparison with the literature : The kET data for T1–T1


energy transfer in these molecules are amongst the lowest
known (see the Supporting Information).[6,23,25,54–60] Two
mechanisms may be addressed; through-bond and through-
space energy transfer. Two arguments rule out the former
process. First, the fact that the p systems of the rigid spacer


and porphyrin rings are perpendicular, as depicted in the X-
ray structure for example, disfavors the electron exchange
process. Second, because the electron density at the meso-
carbon atom is zero or minimal for b-substituted macrocy-
cles based on reported theoretical calculations, the probabil-
ity for efficient electronic and orbital “communication” be-
tween the spacer and rings is also very unlikely. A convinc-
ing mechanistic argument comes from the experimentally
measured rate constants for the DPX and DPS systems.
While energy transfer occurs at a measurable rate in the
former donor–acceptor molecule, it does not in the latter,
even though the number of chemical bonds between the two
connected meso-carbons is the same. It is difficult to com-
pare the reported data as the macrocycles have different
substitution patterns. In addition, the metals differ and their
effect on energy transfer, whether singlet or triplet, is also
unknown.


Conclusions


In order to explain the unusual photophysical properties of
the (Pd)P chromophore in the face-to-face homo- and hetero-
nuclear bisporphyrins, an excited distorted structure in the
triplet state must be invoked.[34,50,51] The data for the hetero-
nuclear bisporphyrins at 298 and 77 K are very different as
excited-state distortional molecular dynamics are very im-
portant at room temperature, precluding intramolecular T1–
T1 energy transfer between the (Pd)P donor and H2P or
(Zn)P acceptor (kET !knr at 298 K) as small kET values were
measured for (Pd)H2DPX, (PdZn)DPX, and (Pd)H2DPB.
The results indicate that the critical Cmeso–Cmeso distance at
which the Dexter mechanism is no longer efficient is some-
where between the Cmeso–Cmeso distance in the DPS and
DPX systems and agree with a previous report on S1–S1


energy transfer for the same spacers.[12] These bismacrocyclic
systems can be viewed as rigid models for “molecular
switches” for T1–T1 energy transfer (and heavy-atom effects)
which is controlled by the Cmeso–Cmeso distance.


We are currently developing flexible spacers such as cal-
ix[4]arenes[69–76] that would respond to stimuli either bring-
ing the donor and the acceptor closer together leading to a
quenching of the donor emission, or separating them render-
ing the molecular device luminescent. In this way, an “on–
off” molecular device can be designed to take advantage of
the energy-transfer processes either in the singlet states for
lighter-element systems or in the triplet states for heavier-
atom-containing molecules.


Experimental Section


Materials : H2P, H4DPS,[12] H4DPX,[39] H4DPB,[61] and their metalated de-
rivatives[12, 34, 39, 41, 62] were synthesized by using methods reported in the lit-
erature. Unless otherwise stated, all reagents and solvents were used as
received. 2-MeTHF was purchased from Aldrich (99+ %, anhydrous and
under inert gas). PTSA (p-toluenesulfonic acid) and DDQ (2,3-dichloro-
5,6-dicyano-p-benzoquinone) were purchased from Aldrich. PdCl2 was


Figure 10. Excitation spectra at 77 K of a) (Pt)H2DPX and b) (Pt)H2DPB
(lemission =650 and 800 nm, 2-MeTHF).
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purchased from Janssen Chimica and PtCl2 from Johnson Mathey.
Column chromatography was performed with neutral alumina (Merck;
usually Brockmann Grade III, deactivated with 6% water) and silica gel
(Merck; 70–120 mm) and monitored by thin-layer chromatography
(Merck 60 F254 silica gel precoated sheets, 0.2 mm thick) and UV/Vis
spectroscopy.


Apparatus : 1H NMR spectra were recorded with a Bruker DRX-500
AVANCE spectrometer at the Centre de Spectrom�trie Mol�culaire de
l’Universit� de Bourgogne. Microanalyses were performed at the Univer-
sit� de Bourgogne using a Fisons EA 1108 CHNS instrument. UV/Vis
spectra were recorded with a Varian Cary 50 spectrophotometer. Mass
spectra were obtained in linear mode with a Bruker Proflex III MALDI-
TOF mass spectrometer using dithranol as the matrix. Emission and exci-
tation spectra were obtained by using a double monochromator Fluoro-
log 2 instrument from Spex. Fluorescence lifetimes were measured on a
Timemaster Model TM-3 apparatus from PTI. The source was a nitrogen
laser equipped with a high-resolution dye laser (FWHM~1500 ps) and
the fluorescence lifetimes were obtained by deconvolution and distribu-
tion lifetime analysis.[20] All of the samples were prepared under an inert
atmosphere (in a glove box, PO2


<1–3 ppm; all of the molecules studied
were oxygen sensitive at 298 K[20, 32]) by dissolution of the different com-
pounds in 2-MeTHF in 1-cm3 quartz cells equipped with a septum
(298 K) or in standard 5-mm NMR tubes (77 K). Three different mea-
surements (i.e., different solutions) were performed for each photophysi-
cal data (quantum yields and lifetimes). The sample concentrations were
chosen to obtain an absorbance of about 0.05. Each absorbance value
was measured five times to gain better accuracy in the measurement of
the quantum yields. The quantum yield of H2TPP (F=0.11) was used as
a reference for the quantum yields measured at 298 K.[27, 42, 63] The quan-
tum yield of H2TPP (F=0.11) was also used as reference for the quan-
tum yields measured at 77 K, which itself was obtained by using (Pd)TPP
(F=0.17; 77 K; MCH =methylcyclohexane) as reference.[43, 64]


Crystallography : Red, single crystals of (Pd)H2DPX, which exhibit a
plate morphology, were grown from CH2Cl2/heptane diffusion. A high-
quality specimen of approximately 0.10 � 0.37 � 0.50 mm3 was selected for
the X-ray diffraction experiment. Data were collected[65] on an Enraf–
Nonius KappaCCD diffractometer equipped with a low-temperature ni-
trogen jet stream system (Oxford Cryosystems) at T =110(2) K. Unit cell
parameters were obtained from a least-squares refinement by using the
setting angles of all the collected reflections (qmax =27.48). The intensity
data were recorded as f and w scans with k offsets. Data reduction was
performed by using the DENZO program.[66] The space group was deter-
mined on the basis of systematic absences, packing considerations, a sta-
tistical analysis of the intensity distribution, and the successful solution
and refinement of the structure.


The structure was solved by using direct methods[67] and refined by full-
matrix least-squares on F2 with a complete set of reflections.[68] Aniso-
tropic thermal parameters were used to refine the non-hydrogen atoms.
Hydrogen atoms were located by Fourier synthesis and placed at calcu-
lated positions by using a riding model, except those bonded to nitrogen
atoms which were not found. All the hydrogen atoms were refined by
using a global isotropic temperature factor. The metal atom was found to
be disordered over two positions, lying in the mean 4 N plane of each
porphyrin moiety in the centre of the macrocycle cavity. The site occupa-
tion factors (SOFs) corresponding to these positions are 0.532(1) and
0.468(1). Two Cpyrrole and one Cmeso atoms, as well as two ethyl groups (all
belonging to the porphyrin moiety for which palladium has a SOF of
0.532(1)) were also found to be disordered and occupying two positions.
For the Cpyrrole and Cmeso atoms, the SOFs are 0.58(2) and 0.42(2). For
both the ethyl groups, the SOFs are 0.51(1) and 0.49(1). Table 1 shows
the crystal data and some experimental and refinement details.


CCDC-249573 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
General procedure for the preparation of monopalladium bisporphyrins :
The monozinc bisporphyrin (1 equiv) was added to a benzonitrile
(20 mL) solution of PdCl2 (1.5 equiv). The mixture was stirred under
reflux for 1.5 h. The solution was taken to dryness. CH2Cl2 was then


added and the solution was vigorously stirred for 5 min and filtered
through a pad of silica (CH2Cl2/heptane 1:1). The first purple band was
collected as the bis-palladium compound and elution was performed with
CH2Cl2/MeOH (increase of MeOH) in order to collect the monopalladi-
um bisporphyrin. The solvent was removed under vacuum. Recrystalliza-
tion in CH2Cl2/heptane afforded the pure monopalladium derivative as a
purple solid.


(Pd)H2DPS : Yield: 37% (40 mg). 1H NMR (500 MHz, CDCl3): d =9.83
(m, 2H), 9.76 (m, 2H), 9.69 (m, 2 H), 9.64 (m, 2H), 8.83 (m, 2 H), 7.96
(m, 2H), 3.81 (m, 16H), 3.39 (s, 6 H), 3.33 (s, 6 H), 3.32 (s, 6 H), 3.30 (s,
6H), 1.65 (m, 24H), �3.70 ppm (2 s, 2 H); elemental analysis calcd (%)
for C76H78N8PdS·0.6C7H16: C 73.98, H 6.78, N 8.61, S 2.46; found: C
74.33, H 6.42, N 8.92, S 2.44; MS (MALDI-TOF): m/z : 1241; MS
(LSIMS): m/z : 1243; calcd for C76H78N8PdS: 1242.


(Pd)H2DPX : Yield: 43 % (43 mg). 1H NMR (500 MHz, CDCl3): d =9.24
(m, 1H), 9.14 (s, 1 H), 8.44 (m, 2H), 8.32 (m, 2 H), 7.93 (m, 2H), 7.25 (m,
2H), 7.07 (m, 2H), 4.16 (m, 4 H), 3.79 (m, 4H), 3.39 (m, 4 H), 3.30 (m,
4H), 3.18 (s, 6H), 3.09 (s, 6 H), 2.30 (m, 18H), 1.74 (m, 12 H), 1.40 (m,
12H), �6.62 ppm (2 s, 2H); elemental analysis calcd (%) for
C79H84N8OPd·MeOH: C 73.91, H 6.82, N 8.62; found: C 73.87, H 6.76, N
8.45; MS (MALDI-TOF): m/z : 1266; calcd for C79H84N8OPd: 1266.


(Pd)H2DPB : Yield: 53% (120 mg). 1H NMR (500 MHz, CDCl3): d=9.11
(s, 1H), 8.77 (s, 1 H), 8.44 (m, 4H), 7.20 (d, 2 H, J= 7.4 Hz), 6.95 (t, J=


7.4 Hz, 2H), 6.77 (d, J=6.4 Hz, 2 H), 4.16 (qd, 2H), 4.03 (qd, 2H), 3.88
(qd, 2 H), 3.72 (m, 6H), 3.52 (m, 4 H), 3.26 (s, 6 H), 3.13 (s, 6H), 2.95 (s,
6H), 2.85 (s, 6H), 1.77 (t, 6 H), 1.61 (t, 6 H), 1.40 (t, 6H), 1.35 (t, 6 H),
�7.27 (s, 1 H), �7.70 ppm (s, 1H); elemental analysis calcd (%) for
C76H78N8Pd: C 75.44, H 6.50, N 9.26; found: C 75.63, H 6.77, N 9.00; MS
(MALDI-TOF): m/z : 1209; calcd for C76H78N8Pd: 1209.


General procedure for the preparation of monoplatinum bisporphyrins :
The monozinc bisporphyrin (1 equiv) was dissolved in benzonitrile
(50 mL). PtCl2 (1.1 equiv) was added and the solution was refluxed under
argon for two hours. The solvent was evaporated to dryness and the resi-
due purified by alumina chromatography (CH2Cl2/heptane, 3:7). The
second band was collected and the solvent evaporated. Recrystallization
in CH2Cl2/heptane afforded the monoplatinum derivative as a red solid.


(Pt)H2DPX : Yield: 66 % (250 mg). 1H NMR (500 MHz, CDCl3): d=9.52
(m, 1 H), 8.90 (m, 1 H), 8.38 (s, 2 H), 8.12 (d, J=7.5 Hz, 2 H), 7.99 (d, J =


8.6 Hz, 2 H), 7.40 (m, 2H), 7.16 (m, 2 H), 4.25 (m, 4H), 3.76 (m, 4 H),
3.40 (m, 4H), 3.33 (m, 4 H), 3.15 (m, 6H), 2.42 (m, 6 H), 2.26 (m, 12H),
1.73 (m, 6 H), 1.51 (m, 12H), 1.38 (m, 6 H), �6.51 ppm (br, 2 H); elemen-
tal analysis calcd (%) for C79H84N8Opt·6CH2Cl2: C 54.70, H 5.18, N 6.00;
found: C 54.52, H 4.79, N 6.62; MS (MALDI-TOF): m/z : 1356; calcd for
C79H84N8OPt: 1357.


(Pt)H2DPB : Yield: 61% (94 mg). 1H NMR (500 MHz, CDCl3): d =9.14
(s, 1 H), 8.68 (s, 1 H), 8.51 (s, 2 H), 8.37 (s, 2 H), 7.20 (m, 2 H), 6.98 (m,
3H), 6.77 (d, J =8.1 Hz, 1 H), 4.37 (m, 4H), 3.90 (m, 4 H), 3.78 (m, 4H),
3.56 (m, 4H), 3.31 (s, 6H), 3.11 (s, 6H), 2.93 (s, 6H), 2.87 (s, 6H), 1.77 (t,
J =7.7 Hz), 1.60 (t, J =7.9 Hz, 6H), 1.39 (m, 12H), �7.28 (s, 1 H),
�7.78 ppm (s, 1 H); elemental analysis calcd (%) for C76H78N8Pt·2CH2Cl2:
C 63.79, H 5.62, N 7.63; found: C 62.79, H 5.56, N, 7.56; MS (MALDI-
TOF): m/z : 1299; calcd for C76H78N8Pt: 1299.


General procedure for the preparation of palladium–zinc bisporphyrins :
A saturated solution of Zn(OAc)2·2H2O in methanol (2 mL) was added
to a dichloromethane (10 mL) and triethylamine (1 mL) solution of mo-
nopalladium bisporphyrin (0.04 mmol). The mixture was stirred under
reflux and the reaction was monitored by UV/Vis spectroscopy and TLC.
Heating was stopped when the starting monopalladium porphyrin was no
longer present in the reaction mixture according to TLC (~10 min). The
solvent was removed under vacuum. The solid was dissolved in CH2Cl2


and purified by chromatography (silica, CH2Cl2/heptane, 1:1). Recrystalli-
zation in CH2Cl2/heptane afforded the pure palladium–zinc derivative as
a purple solid.


(PdZn)DPS : Yield: 76% (40 mg). 1H NMR (500 MHz, CDCl3): d=9.88
(s, 2 H), 9.79 (s, 2H), 9.75 (m, 2H), 9.71 (m, 2 H), 8.85 (m, 2H), 7.97 (m,
2H), 3.78 (m, 16 H), 3.42 (s, 6 H), 3.37 (s, 6 H), 3.35 (m, 6H), 3.31 (s, 6H),
1.64 ppm (m, 24 H); elemental analysis calcd (%) for C76H76N8PdSZn: C
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69.93, H 5.87, N 8.58, S 2.46; found: C 69.90, H 5.78, N 8.95, S 2.46; MS
(MALDI-TOF): m/z : 1302; calcd for C76H76N8PdSZn: 1302.


(PdZn)DPX : Yield: 76 % (41 mg). 1H NMR (500 MHz, CDCl3): d =9.06
(m, 2H), 8.60 (m, 2H), 8.42 (m, 2 H), 7.83 (m, 2H), 7.18 (m, 2 H), 6.85
(m, 2H), 4.17 (m, 4H), 3.89 (m, 4 H), 3.57 (m, 4H), 3.43 (m, 4 H), 3.25
(m, 12H), 2.27 (m, 18 H), 1.71 (m, 12H), 1.45 ppm (m, 12H); elemental
analysis calcd (%) for C79H82N8OPdZn·0.6C7H16: C 71.64, H 6.50, N 8.17;
found: C 71.67, H 6.48, N 8.42; MS (MALDI-TOF): m/z : 1329; MS
(LSIMS): m/z : 1333; calcd for C79H82N8OPdZn: 1328.


Procedure for the preparation of (Pd)2DPB : H4DPB (300 mg,
0.27 mmol) was added to a benzonitrile (40 mL) solution of PdCl2


(200 mg, 1 mmol). After stirring the mixture under reflux for 1 h, the sol-
vent was removed under vacuum. CH2Cl2 (20 mL) was then added and
the solution was vigorously stirred for 5 min and filtered through a pad
of silica (CH2Cl2/heptane, 5:8). The bispalladium compound was collect-
ed as the first purple band. The solvent was removed under vacuum. Re-
crystallization in CH2Cl2/MeOH afforded (Pd)2DPB as a purple solid.


(Pd)2DPB : Yield: 66 % (235 mg). 1H NMR (500 MHz, CDCl3): d=8.93
(s, 2H), 8.53 (s, 4 H), 7.18 (d, 2H), 6.99 (t, 2H), 6.88 (d, 2 H), 4.16 (m,
4H), 3.84 (m, 8 H), 3.57 (m, 4H), 3.35 (m, 12H), 2.99 (m, 12 H), 1.67 (m,
12H), 1.41 ppm (m, 12H); elemental analysis calcd (%) for
C76H76N8Pd2·MeOH: C 68.69, H 5.99, N 8.32; found: C 68.99, H 6.53, N
8.23; MS (MALDI-TOF): m/z : 1312; calcd for C76H76N8Pd2: 1312.


General procedure for the preparation of bisplatinum bisporphyrins and
monoplatinum porphyrin : The monozinc bisporphyrin (1 equiv) was dis-
solved in benzonitrile (50 mL). PtCl2 (4.3 equiv) was added and the so-
lution refluxed under argon for 2 h. The solvent was evaporated under
vacuum and the residue was purified by alumina chromatography
(CH2Cl2/heptane, 3:7). The second band was collected and the solvent
evaporated. Recrystallization in CH2Cl2/heptane afforded the bisplatinum
derivative as a red solid.


(Pt)2DPX : Yield: 67% (179 mg). 1H NMR (500 MHz, CDCl3): d =9.01
(s, 2 H), 8.42 (s, 4 H), 7.85 (d, J =8.8 Hz, 2 H), 7.23 (t, J=7.9 Hz, 2H),
7.02 (d, J= 7.9 Hz, 2 H), 4.11 (m, 4 H), 3.81 (m, 4H), 3.56 (m, 4H), 3.32
(m, 4H), 3.23 (s, 12H), 2.26 (s, 12 H), 2.19 (s, 6H), 1.70 (t, J =7.7 Hz,
12H), 1.40 ppm (t, J=7.6 Hz, 12H); elemental analysis calcd (%) for
C79H82N8OPt2: C 61.23, H 5.33, N 7.23; found: C 61.37, H 5.40, N 7.16;
MS (MALDI-TOF): m/z : 1549; calcd for C79H82N8OPt2: 1550.


(Pt)2DPB : Yield: 72% (31 mg). 1H NMR (500 MHz, [D6]DMSO, 340 K):
d=8.91 (s, 2H), 8.54 (s, 4H), 7.31 (d, J =6.8 Hz, 2H), 7.08 (t, J =7.3 Hz,
2H), 6.86 (d, J =7.7 Hz, 2 H), 4.07 (m, 4H), 3.82 (m, 4 H), 3.55 (m, 4H),
3.26 (s, 12 H), 3.15 (m, 12H), 1.65 (t, J=7.8 Hz, 12 H), 1.39 ppm (t, J =


7.6 Hz, 12 H); elemental analysis calcd (%) for C76H76N8Pt2: C 61.20, H
5.14, N 7.51; found: C 61.01, H 5.30, N 7.29; MS (MALDI-TOF): m/z :
1493; calcd for C76H76N8Pt2: 1492.


(Pt)P : Yield: 75 % (68 mg). 1H NMR (500 MHz, CDCl3): d=10.00 (s,
2H), 9.97 (s, 1 H), 8.03 (d, J=6.8 Hz, 2 H), 7.77 (t, J=7.7 Hz, 1H), 7.71
(t, J= 7.0 Hz, 2 H), 4.00 (q, J =7.6 Hz, 4 H), 3.90 (q, J =7.8 Hz, 4H), 3.56
(s, 6 H), 2.38 (s, 6 H), 1.87 (t, J=8.0 Hz, 6 H), 1.73 ppm (t, J =7.7 Hz,
6H); elemental analysis calcd (%) for C38H40N4Pt·2CH2Cl2·2C7H15: C
58.11, H 6.68, N 5.02; found: C 58.33, H 6.90, N 5.38; MS (MALDI-
TOF): m/z : 747; calcd for C38H40N4Pt: 748.
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