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Introduction


Despite the central role RNA plays in the replication of
bacteria and viruses, drugs targeting pivotal RNA sites of
these pathogens are scarce. In principle, RNA molecules are
promising molecular hosts because of their distinctive archi-
tecture of sophisticated secondary and tertiary structures.[1]


Ideally, one would like to identify recognition rules and well-
defined binding motifs, and utilize that knowledge for the
design of specific RNA binders. While our understanding of
RNA structure and folding, as well as the modes in which
RNA is recognized by other ligands, is far from being
comprehensive, significant progress has been made in the


last decade.[2, 3] RNA is taking a unique place among
biomolecules with respect to the challenges and the promise
it presents.


The purpose of this article is to discuss recent advances in
the area of RNA recognition, focusing on RNA ± aminogly-
coside interactions. These natural products have been shown
to interact with a variety of RNA molecules. In contrast to
classical intercalators, which typically bind to both DNA and
RNA,[4] aminoglycosides show a promising preference for
RNA binding by electrostatic, nonintercalative interactions.
We view RNA ± aminoglycoside binding as a paradigm that
allows us to learn how RNA and small charged organic
molecules interact. The knowledge thus gained can be
translated into the design and synthesis of ligands that can
target specific RNA molecules. In this Concept article, we
briefly review the background and summarize recent results in
the area of RNA ± aminoglycoside interaction. We discuss
issues of specificity and factors that must be considered in
designing new RNA binders.


Discussion


Aminoglycoside antibiotics : The search for novel organic
molecules as RNA binders was inspired by early observations
indicating the ability of certain natural products to mediate
translation.[5±7] RNA is a major constituent of the ribosome,
where protein biosynthesis is regulated by a complicated
interplay of transfer RNA (tRNA), messenger RNA
(mRNA), ribosomal RNA (rRNA), and ribosomal proteins
as well as cofactors. A variety of aminoglycoside antibiotics,
2-deoxystreptamine-containing amino oligosaccharides, are
known to interfere with ribosomal function in prokaryotes.[8, 9]


They bind to the decoding region (A site) of the 16S rRNA of
the 30S subunit, thus interfering with the fidelity of translation
and translocation by decreasing the dissociation rate of
cognate and semicognate aminoacylated tRNA from the
ribosome.[10] This ultimately disrupts bacterial protein biosyn-
thesis. Despite the established bactericidal properties of
aminoglycoside antibiotics, their therapeutic use is limited,
as internal administration of aminoglycoside antibiotics at
high doses results in clinical side effects (e.g., nephro- and
ototoxicity associated with irreversible hearing loss).[11]


Designing Novel RNA Binders


Katja Michael and Yitzhak Tor*


In memory of Jacqueline Libman


Abstract: RNA molecules play key roles in vital bio-
logical processes and are attractive targets for therapeutic
intervention. The successful design of small organic
molecules as specific RNA binders requires intimate
knowledge of RNA structure, folding and recognition.
While far from being comprehensive, our understanding
of the modes in which RNA is recognized by various
ligands has advanced significantly. Investigation of the
interactions between aminoglycoside antibiotics, a family
of polycationic pseudo-oligosaccharides, and various
RNA molecules has unraveled certain RNA ± ligand
recognition rules. Electrostatic interactions have been
found to be of critical importance for RNA binding, and a
recognition model suggesting three-dimensional electro-
static complementarity has been proposed. Issues of
binding specificity and factors that have to be considered
in designing new RNA binders are discussed.


Keywords: aminoglycosides ´ antibiotics ´ electrostatic
interactions ´ molecular recognition ´ RNA


[*] Prof. Dr. Y. Tor, Dr. K. Michael
Department of Chemistry and Biochemistry
University of California, San Diego
La Jolla, CA 92093-0358 (USA)
Fax: (�1)619-534-5383
E-mail : ytor@ucsd.edu


CONCEPTS


Chem. Eur. J. 1998, 4, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2091 $ 17.50+.25/0 2091







CONCEPTS K. Michael and Y. Tor


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2092 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 112092


More recently, aminoglycoside antibiotics have been shown
to interact with a variety of other natural RNA molecules. A
number of them effectively inhibit splicing of Group I
introns,[12] the hammerhead ribozyme,[13, 14] and the human
hepatitis delta virus ribozyme.[15, 16] Certain aminoglycoside
antibiotics inhibit HIV-1 replication by blocking the inter-
actions of the HIV essential proteins Tat and Rev with their
corresponding RNA recognition elements.[17, 18]


Representative examples of aminoglycoside antibiotics and
their in vitro activity as inhibitors of translation, self-splicing,
and Rev ± RRE (Rev-response element) binding are shown in
Figure 1. The importance of the number of amino groups for
RNA binding and inhibition is revealed by several structure ±
activity relationships. For example, changing an amino group
to a hydroxyl group in kanamycin B versus kanamycin A
(Figure 1a) and neomycin B versus paromomycin (Figure 1c)
practically eliminates inhibitory activity in the self-splicing
and Rev ± RRE assays. A similar trend is observed in the
gentamycin family (Figure 1b). Electrostatic interactions are
likely to play a crucial role in RNA binding. Yet this
recognition phenomenon is far more sophisticated, as simple
polyamines (e.g., spermine), other aminoglycosides (e.g.,
apramycin, Figure 1d) and other structurally unrelated anti-
biotics (e.g., viomycin) that possess comparable numbers of
amino groups are not active. As evident from the structure ±
activity relationship shown in Figure 1, the sugar hydroxyls
also have a significant effect on the RNA-binding capability of
the aminoglycosides. Kanamycin B is twentyfold less active


than tobramycin (its 3'-deoxy derivative) in inhibiting self-
splicing of Group I introns, and a similar trend has been found
in the inhibition of Rev ± RRE binding. Furthermore, while
certain aminoglycosides are very active in all assays (e.g.,
neomycin B), this trend is not universal. For instance,
paromomycin, which is a poor self-splicing and Rev ± RRE
inhibitor, is a reasonable translation inhibitor.


Stimulated by these intriguing observations, we have
embarked on a research program aiming at the fundamental
understanding of RNA ± aminoglycoside interactions. The
following discussion summarizes our current understanding
in this area. We discuss the role of electrostatic interactions in
RNA binding, the role played by the different functional
groups, and issues of specificity. As this field has been
attracting a considerable amount of attention lately, it is likely
that our knowledge of RNA ± aminoglycoside recognition will
continue to advance rapidly.


Deciphering RNA ± aminoglycoside interactions : Designing
an RNA-binding molecule in the absence of sufficient
structural information on the receptor site and on the
functional groups involved in recognition is a challenging
task.[19] Nevertheless, we can elucidate certain recognition
rules by examining the structure ± activity relationship (SAR)
in RNA ± aminoglycoside binding. Since aminoglycosides
seem to recognize their RNA targets by similar structural
motifs rather than by sequence, we can choose an RNA
binding assay and deduce recognition rules which may have


Figure 1. Structure ± activity relationships of natural aminoglycoside antibiotics. The inhibition of self-splicing of group I intron (SS-I) is given as IC50 values
in mm ;[12] inhibition of Rev ± RRE binding (RR-I) as IC90 values in mm ;[18] inhibition of in vitro translation (Tr-I) as IC50 values in mm.[12c] The amino groups and
the 2-deoxystreptamine (2-DOS) core are highlighted.







RNA Binders 2091 ± 2098


Chem. Eur. J. 1998, 4, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2093 $ 17.50+.25/0 2093


universal validity. Most of our studies have been carried out
with the hammerhead and the Tetrahymena ribozymes.
Following the modulation of the catalytic activity of such
functional RNA molecules by aminoglycosides and their
derivatives is a fast and efficient way of assessing RNA
binding, particularly when comparative studies are conducted.
It has to be kept in mind, though, that strong binding at a
remote site that does not influence catalytic activity might not
be revealed.


The reported structure ± activity relationships for natural
aminoglycosides (Figure 1) suggest that the overall charge
density presented by the aminoglycosides toward the RNA
host is likely to be important for binding. Hence, aminoglyco-
sides containing four amino groups (e.g., kanamycin A) show
very little RNA binding capability, while the most active
derivatives contain five or
six amino groups (e.g., to-
bramycin and neomycin B,
respectively).[12, 14, 18] At pH
7.0, these amino groups are
predominantly charged,[20±22]


suggesting an important
role for strong electrostatic
interactions in RNA ± ami-
noglycoside binding.


We have recently report-
ed the design, synthesis, and
hammerhead ribozyme in-
hibitory activity of novel
amino-aminoglycosides de-
rived from kanamycin A,
tobramycin, and neomy-
cin B (Figure 2).[23] We have demonstrated that substituting
a hydroxyl with an amino group can convert a very poor RNA
binder, such as kanamycin A, to a reasonably strong one.
Thus, 6''-amino-6''-deoxykanamycin A is as effective as kana-
mycin B, a natural product containing five amino groups.
Modifying a stronger RNA binder such as tobramycin further
enhances its affinity to RNA. Thus, 6''-amino-6''-deoxytobra-
mycin is approximately five times more effective than the
parent tobramycin as a ribozyme inhibitor. Even the binding
affinity of neomycin B, one of the strongest RNA binders, can
be further enhanced by converting it to 5''-amino-5''-deoxy-
neomycin B. These results suggest that increasing the overall
charge of a ligand is an important mechanism for increasing
RNA affinity. As illustrated below, however, this general view
needs to be fine-tuned in order to explain differences in


RNA binding observed among related aminoglycoside anti-
biotics.


Tobramycin binds a number of natural RNAs with higher
affinity than kanamycin B (Figure 1),[12, 18, 23] although both
compounds contain five amino groups. The only difference
between the two antibiotics is an additional hydroxyl group at
the 3'-position in kanamycin B. Is the presence of hydroxyl
groups impeding strong RNA binding? We have studied a
series of deoxygenated tobramycin derivatives in which a
single hydroxyl group is removed (one at a time) while all the
other functional groups are kept intact.[14] The derivatives
studied are shown in Figures 1 and 3 and include kanamy-
cin B, tobramycin, 2''-deoxytobramycin, 4''-deoxytobramycin,
6''-deoxytobramycin and 4'-deoxytobramycin (dibekacin).
Among these derivatives, the most potent ribozyme inhibitors


are the deoxygenated derivatives lacking the 2''-, 4''-, and 4'-
hydroxyls that are approximately five times more effective
than the parent tobramycin in inhibiting the hammerhead
ribozyme.[14] In contrast, removal of the primary 6''-hydroxyl
results in a poorer RNA binder. Our results indicate that
when a hydroxyl group proximal to an amine is removed,
higher inhibitory activity is observed. We attribute these
observations to the increased basicity of an amino group when
a neighboring hydroxyl group is removed.[14] Thus, the deoxy-
genated aminoglycoside derivatives may possess a higher
positive charge density at a given pH when compared to their
parent natural product. Our observations support the critical
role of electrostatic interactions in RNA binding and suggest
that altering the pKa of amino groups is a possible mechanism
for modulating the RNA affinity of synthetic ligands.


Figure 2. Structures of synthetic amino-aminoglycosides. The amino groups that replace the hydroxyl groups in the corresponding natural products are
shown in bold.[23]


Figure 3. Deoxygenated tobramycin derivatives.[14]
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Where do aminoglycosides bind? RNA is structurally and
functionally sophisticated. It possesses a multitude of secon-
dary structures that, together with numerous tertiary inter-
actions, lead to complex folding patterns and the formation of
potential binding pockets. The RNA molecules known to be
targeted by aminoglycosides are seemingly unrelated. The
lack of apparent sequence homologies points to the possibility
of shape recognition rather than sequence recognition.


A concurring picture of RNA ± aminoglycoside binding has
been obtained by the identification of discrete binding regions
in small RNA molecules using footprinting and NMR studies
supported by computational techniques. In all cases, amino-
glycoside antibiotics have been found to bind preferentially to
single-stranded RNA regions containing loops and bulg-
es.[18, 24±27] For example, chemical footprinting experiments
have shown that aminoglycosides bind to a discrete domain
within the RRE core element and protect the three consec-
utive G�s (46 ± 48) that are also essential for Rev binding
(Figure 4).[18] Similarly, a discrete binding site was identified
on the asymmetric internal loop of a model RNA mimicking
the A site of E. coli 16S rRNA. Nucleotides strongly protected
by paromomycin include G1405, A1408, and G1494 (Fig-
ure 4).[25] Preliminary footprinting and affinity cleavage
experiments done in our laboratory have identified two
putative neomycin B binding sites on the hammerhead
ribozyme (Figure 4).[28] The residues found to be involved in
binding are U13 and G14 on the enzyme and U8, C9, G10,
U11 on the substrate. These residues are in close proximity in
three dimensions, as observed in the crystal structure of a
related hammerhead ribozyme, and are critical for the
catalytic activity of the ribozyme. Molecular dynamics simu-
lations support this view.[26] A secondary binding site including
three consecutive A residues in a tetraloop has also been
implicated (Figure 4).[28]


Why is the interruption of duplex RNA by a single-stranded
region advantageous for binding small molecules? Weeks and
Crothers have shown that the usually narrow and deep RNA
major groove of a TAR RNA model is significantly widened
in the region of a single base bulge and thus more accessible
for a Tat-derived peptide ligand.[29] Most likely, aminoglyco-
side binding can be facilitated by similar recognition patterns.
As an example, the NMR structures of the 16S rRNA A-site
analogue complexed with neomycin-class aminoglycosides


show that the aminoglycosides� binding site lies in the
distorted extension of the major groove in the bubble
region.[25] The NMR-based comparison of the 16S rRNA A
site analogue in its free and paromomycin-bound structure
demonstrates that a local conformational change takes place
upon complex formation, thus stabilizing the rather flexible
loop region.[30] Figure 5 illustrates intermolecular contacts in


Figure 5. Partial NMR structure of a 16S rRNA A-site analogue (gray)
complexed to paromomycin (black). Plausible contacts between rings I and
II of paromomycin and the heterocycles of G1494 and U1495 as well as the
3'-phosphate of G1491 and the 5'-phosphate of A1493 are indicated by
dashed lines. An intramolecular contact between rings I and II is also
shown. The structure was solved by Puglisi and co-workers;[25] the
coordinates were obtained from the Brookhaven Protein Data Bank
(1pbr.pdb).


the complex.[25] In some cases of RNA ± aminoglycoside
complexes, the binding region is extended to a few stem base
pairs in direct vicinity to looped or bulged regions.[25±27]


RNA ± aminoglycoside binding is not limited to single-
stranded RNA regions. Comparative thermal melting studies


Figure 4. Proposed secondary structures for the RRE, ribosomal A-site model and the hammerhead ribozyme (HH16). Chemical footprinting experiments
have shown that aminoglycosides protect the three consecutive G�s within the RRE core,[18] as well as a discrete region of the asymmetric internal loop of the
ribosomal RNA.[25] Footprinting and affinity cleavage studies have revealed two putative neomycin B binding sites on the hammerhead ribozyme.[28] The
residues thought to be involved in aminoglycoside binding are marked.
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have shown that aminoglycosides can also bind to synthetic
RNA duplexes that lack bulges (e.g., polyA ´ polyU).[31, 32] It is
worth mentioning that no significant aminoglycoside binding
is observed with the corresponding DNA duplex; this
indicates the exceptional selectivity of aminoglycosides for
RNA over DNA binding. Based on 19F NMR studies, a
recognition model proposing aminoglycoside binding in the
deep RNA major groove has been suggested.[31] Binding of
polycationic aminoglycosides in the major groove of A-form
nucleic acids is not surprising. While in B-DNA the electro-
static potential distribution between the minor and major
grooves is balanced, in A-DNA the major groove is associated
with a much stronger negative potential.[33] Taken together,
there are at present no indications for RNA minor-groove
binding by aminoglycosides.


Do multiple binding sites for aminoglycosides exist? The
antibiotics may bind to existing binding sites within the folded
RNA or induce a conformational change, thus altering the
three-dimensional structure of the host RNA. An important
feature of both views is that several sites with different
affinities may coexist in a given RNA molecule. To explore
this possibility, we have designed and synthesized dimeric
aminoglycosides (Figure 6).[34] These highly charged amino-
glycoside derivatives show enhanced affinity to RNA when
compared to their monomeric counterparts. In general, when
two moderate or good RNA binders (e.g., tobramycin,
neomycin B) are covalently linked, the ribozyme inhibitory
activity of the derivative surpasses that of any natural
aminoglycoside antibiotic. It might be expected that these
molecules bind to RNA even more strongly than the amino-
aminoglycosides, but surprisingly, this is not necessarily the
case. The dimeric aminoglycosides are not stronger hammer-
head inhibitors than 5''-amino-5''-deoxyneomycin B.[23,34]


Seemingly, a certain saturation level is reached with regard
to the number of amino groups and positive charges in a given
ligand. Increasing the number of amino groups to eight or


higher does not result in stronger binding to the hammerhead
ribozyme. This further supports the notion of discrete binding
sites, rather than simple electrostatic interactions.


The dimerization of aminoglycosides opens up an exciting
avenue for the exploration of the existence of multiple
binding sites within the tertiary structure of an RNA
molecule. In principle, if two binding sites are in close
proximity, a dimeric derivative can bind simultaneously to the
two sites, resulting in stronger binding affinity. This concept
was investigated by studying the inhibition of the Tetrahyme-
na ribozyme L-21ScaI (388 nucleotides) by dimeric amino-
glycosides. All dimeric aminoglycosides are substantially
better inhibitors than any of the monomeric parent amino-
glycosides.[35] As an example, the poor ribozyme binder
kanamycin A (IC50� 9� 102 mm) is converted to a strong
ribozyme binder (IC50� 0.7 mm) upon dimerization (Figure 6).
The enhanced binding to the RNA is likely to be due to a
higher number of amino groups in the dimeric derivatives that
can be accommodated by larger or multiple binding sites on
the Tetrahymena ribozyme.


How do aminoglycosides bind to RNA? Uhlenbeck and co-
workers have shown that aminoglycoside antibiotics interact
preferentially with the enzyme ± substrate complex of the
hammerhead ribozyme and inhibit the cleavage step.[13]


Competition experiments between neomycin B and magne-
sium ions suggest that the dominating interactions between
the hammerhead ribozyme and aminoglycosides are ionic in
character, and that five magnesium ions are required to
abolish inhibition of the ribozyme by neomycin B.[36] On the
basis of pKa values, five out of the six amino groups of
neomycin B should be protonated at pH 7. It has therefore
been suggested that five magnesium ions compete with a
single neomycin B molecule for a binding site on the
hammerhead ribozyme. Since the presence of these magne-
sium ions is critical for proper ribozyme function (including


Figure 6. Examples of symmetric and nonsymmetric dimeric aminoglycoside derivatives.[34,35]
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folding and catalysis), their replacement by neomycin B
results in inhibition.


Our studies with deoxygenated tobramycin derivatives and
amino-aminoglycosides strongly support the critical role of
electrostatic interactions in RNA ± aminoglycoside binding.
The finding that 6''-amino-6''-deoxykanamycin A and kana-
mycin B have very similar ribozyme inhibitory activities led us
to propose a hypothetical binding model.[23] Both derivatives
have five amino groups, albeit in different positions of the
aminoglycoside skeleton, and are likely to have a similar
overall positive charge at a given pH. The stereochemical
array of the positive charges of the two aminoglycosides can
be superimposed after rotation and conformational changes.
We have proposed that these aminoglycosides present a
similar stereochemical array of positive charges. Our RNA ±
aminoglycoside recognition model emphasizes structural
electrostatics: a specific, yet versatile and dynamic, three-
dimensional projection of positively charged ammonium
groups toward acceptor groups on the RNA binding site.[23]


Using molecular dynamics simulations of a crystallograph-
ically studied hammerhead ribozyme, Hermann and Westhof
have recently uncovered a striking complementarity between
the interionic Mg2�ÿMg2� distances on the ribozyme and the
intramolecular distances between the charged ammonium
groups on aminoglycosides.[26] Docking experiments have
demonstrated that numerous conformers of a number of
aminoglycosides can place the ammonium groups at the sites
normally occupied by the Mg2� ions. It was suggested that the
covalently linked array of ammonium groups is capable of
displacing three to four magnesium ions and complements the
negative electrostatic potential created by the RNA fold. This
model suggests a three-dimensional electrostatic complemen-
tarity rather than highly specific contacts between the amino-
glycoside and an RNA receptor site, and is in agreement with
our experimental data and recent NMR studies.[24]


Beyond aminoglycoside antibiotics : While most of our
discussion has been focused on aminoglycoside antibiotics as
representative RNA binders, other small organic and inor-
ganic molecules have been reported to interact with various
RNAs. Most of these unique examples, including certain
nonspecific binders, have been discussed by Chow and
Bogdan.[2] In the light of the importance of electrostatic
interactions in RNA binding and the proposed models
discussed above, one may wonder about the possibility of
utilizing other modes of binding for the construction of new
RNA binders. In this section we address two questions that
are of general interest.


Is there a precedent for RNA binders containing negatively
charged residues? Wong and co-workers have synthesized
aminoglycoside mimetics as RNA binders using a biased
combinatorial approach.[37] A library consisting of neamine as
a core and a variable dipeptide moiety was constructed by a
multicomponent condensation. Each compound was individ-
ually tested for its ability to inhibit the Rev ± RRE interaction.
Nine out of 52 compounds tested were as good as or better
inhibitors than neomycin B and were significantly better than
neamine. Surprisingly, the best inhibitors contained two or
three carboxyl groups (Figure 7). The RNA binding assay was


performed at pH 7.2;[38]


this results in a zwitter-
ionic form of the ligands
with an excess positive
charge. Although these
results remain unex-
plained, it is important
to point out the novelty
of RNA binders that
contain negatively charg-
ed residues. A possible
interpretation is that co-
ordination of essential
cations by the free carboxylate residues of the aminoglycoside
mimetic may induce an RNA conformational change. Since
these derivatives have not been tested for their binding to
RNA alone, the possibility of a ternary complex formation
(RRE RNA ± aminoglycoside mimetics ± Rev protein) cannot
be excluded.


Can different binding modes be combined to enhance RNA
binding affinity? Wilson and co-workers have synthesized a
series of nonglycosidic cationic small molecules and inves-
tigated their binding ability to defined RNA duplexes with
and without bulge bases.[39] Complex stabilities were qualita-
tively estimated by comparing melting temperatures. Re-
markable complex stabilization and selectivity for an RNA
duplex containing a single bulged base over a normal RNA
duplex have been obtained with a ligand consisting of a
chloroacridine moiety covalently attached to 2,6-diaminopur-
ine through an aminoalkyl linker (Figure 8). It is believed that
the chloroacridine moiety intercalates into the RNA duplex
and the 2,6-diaminopurine interacts with the bulged base.[39]


The observed DTm values and selectivity are very sensitive to the
number of positive charges in the linker and the attached hete-
rocycle. Not surprisingly, a positively charged linker is more
effective than an uncharged alkyl linker. These examples illu-
strate that the combination of different binding modes within
one ligand can lead to enhanced selectivity and binding affinity.


What does it take to make a good RNA binder? In general,
low binding affinities and the lack of specificity are obstacles
that have to be overcome in the development of new RNA-
binding molecules. Due to the complexity of the problem and
its relevance to the area of RNA ± aminoglycoside interac-
tions, we devote a short discussion to this important issue.


The strength of a given biomolecule ± ligand complex can
be rigorously determined by experimental measurement of
binding (or dissociation) constants. Somewhat more subtle is
the selectivity and specificity of binding. Selectivity is the
preferential formation of one complex over another in a


Figure 8. Diaminopurine-linked acridine synthesized by Wilson and co-
workers.[39]


Figure 7. A general structure of the most
active aminoglycoside mimetics synthe-
sized by Wong and co-workers.[37]
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ligand ± biomolecule binding event. Specificity can be ascer-
tained if a related ligand generates a different population of
complexes. Specificity cannot be established, therefore, with-
out proper comparison. Hence, specific binding implies
selectivity, but selective binding is not necessarily specific.


A nucleic acid binder may be able to distinguish between
DNA and RNA, thus showing selectivity for one type of
nucleic acid over the other. For example, neomycin B does not
significantly bind to DNA, but does bind to a number of RNA
sequences. On the other hand, distamycin binds to certain
DNA sequences only. Thus, neomycin B binds RNA specif-
ically while distamycin is DNA-specific.


At the next level, an RNA binder might be able to
distinguish between different RNA molecules within an RNA
pool. For example, aptamers selected for lividomycin bind
poorly to kanamycin A while aptamers selected for kanamy-
cin A bind poorly to lividomycin.[40] Thus, lividomycin and
kanamycin A bind specifically to their cognate aptamers.
Similar observations have been reported for RNA aptamers
selected for other aminoglycoside antibiotics.[27, 41] Another
example is the specific binding of neomycin B and paromo-
mycin as well as a number of synthetic aminoglycoside
derivatives to an A-site analogue of the 16S ribosomal
decoding region, as recently reported by Wong and co-
workers.[42] Dissociation constants for the A-site analogue and
a single-base mutated analogue were determined using sur-
face plasmon resonance. Specific binding could be ascertained
since different Kd(RNAI)/Kd(RNAII) ratios were obtained. Fluo-
rescence anisotropy measurements have been utilized by
Rando and co-workers to study the binding specificity of
aminoglycosides to RNA constructs derived from 16S rRNA
and HIV-1 RRE.[43] Despite the limited specificity generally
found in binding of aminoglycosides to natural RNA mole-
cules, an inherent specificity of certain aminoglycosides to the
16S rRNA has been proposed.[43] Puglisi�s NMR studies of 16S
rRNA ± aminoglycoside complexes provide insight into the
elements of specificity at the atomic level (Figure 5). The
neamine moiety of the aminoglycoside (rings I and II) is
involved in well-defined interactions with specific hetero-
cycles and phosphate groups of the RNA host, while the other
two rings (III and IV) are spatially less confined. These rings
form sequence-independent electrostatic contacts with the
phosphodiester bonds of the RNA skeleton.[25]


In addition, a number of potential aminoglycoside binding
sites may coexist on a single RNA molecule. An aminoglyco-
side may bind selectively to a certain site. If another amino-
glycoside bound preferentially to a different site of the same
RNA molecule, both aminoglycosides would bind site-specif-
ically. Footprinting studies have revealed differential binding
preferences of streptomycin and neomycin B for two distinct
sites on 30S rRNA. Both aminoglycosides bind site-specifi-
cally to the 30S ribosomal subunit.[6]


In spite of these remarks, the issue of specificity is still not
clearly resolved. It is widely believed that electrostatic
interactions between a nucleic acid and its ligand are non-
specific in nature. An experiment often used to evaluate the
contribution of electrostatic interactions to binding includes
studying the binding interactions at increasing ionic strength.
A decrease in binding affinity indicates a loss of electrostatic


interactions and is commonly interpreted as an indication for
nonspecific interactions. However, the distinction between
specific and nonspecific RNA ± aminoglycoside interactions
based on studies dependent on ionic strength alone can
contrast with the understanding of specificity as explained
above. Hence, specific and electrostatic binding are not
mutually exclusive.


Despite our progress in understanding RNA ± small mole-
cule interactions, the design of a suitable ligand for a vaguely
known RNA receptor is still challenging and empirical in
nature. General recognition rules derived from studying
RNA ± aminoglycoside interactions have been partially eluci-
dated and are summarized below.


The overall charge of a ligand appears to be critical for high
binding affinity. Aminoglycosides that bind RNA most
efficiently have at least six amino groups (neomycin B, 6''-
deoxy-6''-aminotobramycin, 6''-deoxy-6''-aminoneomycin B,
dimeric aminoglycosides, etc.). However, increasing the
number of amino groups does not lead to increasing binding
affinities in a small RNA molecule such as the hammerhead
ribozyme. Larger RNA molecules that have elaborate secon-
dary and tertiary structural elements may provide larger or
multiple binding sites. Increasing the size and charge of the
recognition domain may therefore become beneficial when
targeting large RNA molecules.


Designing an organic molecule by incorporating a certain
number of amino groups may be a naive approach. It is
important to consider the basicity of every individual basic
group and the intramolecular modulation of their pKa values
in a given structure. SAR investigations of deoxygenated
aminoglycosides demonstrated how the presence of hydroxyl
groups can influence binding affinity.[14] Although hydroxyl
groups may be involved in favorable intermolecular hydrogen
bonds, placing them in close proximity to primary amino
groups might significantly decrease the pKa values of the
ammonium groups. Therefore, if hydroxyl groups are to be
incorporated into a designed RNA binder, their position has
to be carefully engineered.


Another significant factor for the design of an RNA binder
is the choice of the molecular scaffolding that governs the
display of the recognition elements. Efficient RNA binding
can be achieved by strategic incorporation of ammonium
groups with predetermined three-dimensional projection.
Linear polyamines, such as spermine and spermidine, are
inferior RNA binders when compared to aminoglycoside
antibiotics. In general, their binding affinities are lower and
they are believed to bind nonspecifically to RNA. The linear
structures may be too flexible and the amino groups may be in
unfavorable proximity. Consequently, the ammonium groups
may not be able to simultaneously satisfy the electrostatic
complementarity on negatively charged surfaces within the
three-dimensional structure of RNA receptors.


In aminoglycoside antibiotics, the ammonium groups are
located on relatively rigid six-membered rings that can adopt
various orientations with respect to one another. The
combination of fragment rigidity and inter-ring conforma-
tional flexibility may be the key to the high affinity of
aminoglycosides to RNA. Indeed, molecular dynamics simu-
lations suggest that aminoglycoside antibiotics can bind to the
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hammerhead ribozyme by adopting numerous conformations
and various projections of their charged ammonium resi-
dues.[23, 26] These positive charges are well suited to meet the
required charge complementarity to the RNA binding site.
Thus we propose a flexible and versatile induced-fit model for
binding aminoglycoside antibiotics to RNA molecules.


With our increasing understanding of RNA tertiary struc-
ture, a promising approach that could lead to higher binding
affinities and selectivity is the creation of a ligand consisting of
two different moieties attached by a linker. The molecule can
be a dimeric form of a known binder or can consist of two
distinct moieties that bind to RNA in different modes (e.g.,
groove binding and intercalation). In both cases the length
and nature of the linker is critical. Higher binding affinities
can be expected owing to a favorable entropic factor
compared with the binding of the two monomeric counter-
parts. Slower off rates and faster on rates can result from one
of the two moieties being permanently bound to the RNA
molecule.


Summary and Implications


RNA molecules play key roles in essential biological proc-
esses, such as protein synthesis, transcriptional regulation,
splicing and retroviral replication. The structural diversity of
RNA and the lack of known RNA repair mechanisms make
RNA a challenging, yet very important, target for therapeutic
intervention. In particular, the increasing problem of bacterial
resistance to antibiotics as well as the need for advanced
antiretroviral agents make the search for novel RNA binders
of crucial importance.


Our understanding of the modes in which RNA is
recognized by other ligands is far from being comprehensive.
It remains to be seen whether the various approaches
discussed above will materialize into general RNA binding
motifs. As it appears now, the design of new RNA binders is
likely to progress hand in hand with the advances in our
general knowledge of RNA structure, folding and catalysis, as
well as RNA ± protein interactions. Until we develop a deeper
understanding of these key features, the design of new RNA
binders is likely to remain an empirical task. This is clearly an
intriguing and stimulating challenge!
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1. Introduction


Polycyclic aromatic hydrocarbons (PAH), which can be
formally regarded as two-dimensional graphite sections,
represent one of the most intensively investigated class of
compounds[1±3] since the development of industrial organic
chemistry began with their discovery in coal tar in the middle
of the last century.[5] Fundamental contributions to the
directed synthesis and characterization of polycyclic aromat-
ics were made by the pioneering work of R. Scholl[6±9] and E.
Clar,[10±21] who achieved the synthesis of numerous aromatic
compounds under drastic conditions at high temperatures in
strongly oxidizing reaction melts. However, it was only
recentlyÐnot least as a result of enormous progress in


analytical techniquesÐthat a synthetic breakthrough was
achieved. The breakthrough allowed selective experimental
entry to polycyclic aromatics of hitherto inconceivable size
under mild conditions at room temperature.[22±34]


However, polycyclic aromatic hydrocarbons may have
appeared less than interesting to the natural product chemists:
planar, low in functionality, and with conventional properties.
This prejudice about the fascinating class of PAHs is in no way
justified. Polycyclic arenes, which are not necessarily planar,
exhibit great structural similarity to graphite. Long before the
first directed synthesis of defined graphite segments was
developed, theoreticians were fascinated by the variety of
topologies of the relatively simple and easily computable C6


rings.[35±47] In addition to the synthetic challenge, questions
about the electronic structure of individual molecules or the
supramolecular ordering of two- and three-dimensional
molecular aggregates contributed to the development of
new synthetic concepts: Under which topological conditions
and above what size do the electronic properties of extended
aromatics and those of graphite converge? Is it possible, by
appropriate choice of the topology of a sublimable PAH, to
obtain epitaxial growth in ordered, monomolecular, vacuum-
deposited layers and a subsequent, directed modification of
these molecular epitaxial layers? Does the discotic stacking of
liquid-crystalline arenes in the mesophase allow charge
transport along the columnar axis? These questions, to which
answers will be found in due course, suggest that polycyclic
aromatics will find extensive and valuable use in the area of
molecular electronics. The physiological effect of extended
aromatics is also of interest in the light of the increasing level
of discussion about environmental pollutants.[3, 48] The pres-
ence of large graphite segments in interstellar space is
important regarding the formation of the universe.[49±51] Lastly
ultralarge polycyclic aromatics, as preferentially planar struc-
tures with defined topology, possess considerable importance
for a deeper understanding of the materials science of soot,
graphite, the spherical fullerenes, and nanotubes.


Within the class of polycyclic aromatics the all-benzenoid
PAHs represent only a small group. In fact, of the total of
approximately 20 600 theoretically possible alternating hydro-
carbons with 4 to 10 annelated benzene rings only 17 are all-
benzenoid PAHs.[3, 52] However, although the all-benzenoid
hydrocarbons can be regarded in numerical terms as a rarity,
they have played an extremely important role in the develop-
ment of the theory of polycyclic aromatics.[3, 40, 46, 52]
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2. All-Benzenoid Hydrocarbons and the Clar Rule
of the Aromatic Sextet


All-benzenoid aromatics belong to the large class of alternat-
ing aromatic hydrocarbons, whereby exclusively the annela-
tion of six-membered carbon rings is allowed in the formal
construction of the aromatic carbon lattice. The all-benzenoid
hydrocarbons are differentiated from other alternating aro-
matics by their benzene-like character, first described in
Clar�s model of the aromatic sextet.[53] The basis of this
qualitative concept consists of subdividing the carbon 2pz


electrons (p electrons) of the aromatic system, such that the
electron density can be assigned to specific, defined C6 rings of
the molecule in question. The aim of the subdivision into a
maximum of six electrons per C6 ring is to attain the largest
possible number of subunits composed of p-electron sextets.
It is important that the electrons in a subunit can only be
arranged in neighboring pairs, in order to avoid biradical
structures. The Clar model was based on an idea of
Robinson,[54] who assumed, in an ingenious analogy to the
well-known octet rule of inorganic chemistry, that a stable
electron configuration could be attained with six electrons in
benzene, and who also extended his thoughts on the electron
sextet to condensed aromatics.


In order to elucidate the rule of the aromatic sextet, the
distribution of the carbon 2pz electrons in structure 1 a is
shown in Figure 1.[53] In this fashion, one obtains the
appropriate Clar formulae 1 b ± 1 d for anthracene, which are
the mesomeric limiting structures that contain the largest
possible number of electron sextets. Although the formula 1 e
contains an additional Robinson ring for a closed electron
sextet, compared with the Clar formulae 1 b ± 1 d, this
description is not allowed by the Clar model because it
possesses biradical character.


Figure 1. The Clar formulae for anthracene (1).


In contrast to anthracene (1), only one Clar formula can be
drawn for some polycyclic aromatics. These compounds
belong to the group of all-benzenoid aromatic hydrocarbons,
the smallest representative of which is tetracyclic triphenylene
(2, Figure 2). In the Clar formula for all-benzenoid aromatics,
all 2pz electrons must be distributable in closed electron
sextets.[53] Thus, all-benzenoid aromatic hydrocarbons possess
a polycyclic carbon skeleton, the number of carbon atoms
necessarily being an integral multiple of 6.


Figure 2. Triphenylene (2) and its kata-condensed isomers.


3. Properties and Topology of All-Benzenoid
Aromatics


In consideration of the isomeric kata-condensed C18 PAHs,
which are composed of four annelated 6-membered rings
(Figure 2), the all-benzenoid triphenylene (2) occupies a
special position; in contrast to [4]helicene (3), chrysene (4),
benz[a]anthracene (5), and naphthacene (6), 2 shows mark-
edly lower reactivity and higher thermodynamic stability.
Triphenylene, compared with its kata-condensed isomers, has
the largest resonance energy, the highest first ionization energy,
and the largest HOMO ± LUMO separation.[2, 3, 53, 55, 56] As 2 is
more benzene-like in its chemical and physical properties
than its four isomers, its electronic structure can be described
by an all-benzenoid Clar formula as a good approximation. In
the electronic ground state, this structure consists of three
intact benzene rings connected by CÿC single bonds.


As the olefinic character of the all-benzenoid hydrocarbons
is completely suppressed in favor of the aromatic character,
Clar predicted that the all-benzenoid PAHs would have the
greatest chemical stability and the lowest reactivity of all
PAHs. Experimentally, this prediction was easy to test: all-
benzenoid PAHs, in contrast to the other polycyclic aromatics,
are not soluble in sulfuric acid at room temperature, they
possess a lower rate constant for the Diels ± Alder reactions
than their linear, kata-condensed isomers (by a factor 104),
and they display extreme thermal stability.[3]


However, the question must be posed: What is it that allows
the all-benzenoid PAHs to have a complete partition of the p


electrons in closed electron sextets, whilst such a distribution
is impossible for the isomeric PAHs? The important differ-
ence between all-benzenoid hydrocarbons and their isomers
consists exclusively in the topology of these polycyclic
compounds. The necessary number of 6n carbon atoms for
unsubstituted all-benzenoid aromatics (where n is an integer)
required for a complete distribution of all p electrons in
electron sextets leads on closer examination to two typical
peripheral topologies for all all-benzenoid hydrocarbons
(topologies A and B in Figure 3).


In addition to the linear topologies A and B (Figure 3),
which permit an all-benzenoid electronic structure, Stein and
Brown considered two other peripheral structures, C and D, in
their theoretical work.[38, 39] These structures are typical for
polycyclic aromatics and, according to the Clar model, must
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Figure 3. All-benzenoid (A, B), acene-like (C), and quinoidal (D) linear
peripheral topologies representing the edge of a graphite layer.


lead to products with higher energy. Topology C, formed from
[4]helicene-like units, forces the double bonds that are not
part of an electron sextet into an acene-like configuration,
whereas the zigzag topology of the remaining double bonds in
topology D gives quinoidal character. The relationship
between the topology and the electronic structure of poly-
cyclic aromatics can be clearly seen by regarding these four
possible graphite-like limiting structures.


4. Concepts for the Synthesis of All-Benzenoid
Hydrocarbons


Two different methods are used for the synthesis of polycyclic
aromatic hydrocarbons.[57, 58] In one, numerous PAHs are
formed simultaneously under drastic conditions in short,
unspecific syntheses, followed by tedious separation and
characterization of the products. In the other, hitherto
unknown PAHs are obtained by specific, in part multistep,
synthetic sequences, leading selectively to the desired prod-
uct. The choice of synthetic concept involves weighing the cost
of the synthesis and the purification, and deciding whether a
complex mixture of products is preferable to a single target
product. However, as the class of all-benzenoid aromatics is
only a minor fraction of the group of polycyclic aromatic
hydrocarbons and sufficient material for spectroscopic inves-
tigations is required, specific synthetic sequences are prefer-
red for the preparation of all-benzenoid PAHs.


For selective formation of aromatic hydrocarbons various
procedures can be employed (Scheme 1):[58, 59] one method is
the preparation of extended polycyclic aromatics by dimeri-
zation of suitable smaller PAHs that possess higher reactivity
at defined centers (Scheme 1: concept A). In a different
aproach, it is possible to add Cn fragments to easily accessible,
smaller PAHs with aromatization of the newly formed C6


rings. For the synthesis of alternating PAHs, exclusively C4 or
C2 fragments are suitable (Scheme 1: concepts B and C).


For the construction of extended all-benzenoid systems by
dimerization according to concept A (Scheme 1), all-benze-
noid PAHs were required as starting materials. However, as
described in Chapter 3, the reactivity of these PAHs is
generally too low for selective reactions. On the one hand, the
addition of C2 or C4 fragments to reactive centers of easily
accessible PAHs leads only in exceptional cases to all-
benzenoid compounds; on the other, a considerable number


Scheme 1. Construction principle for PAHs: A : dimerization; B, C :
addition of C2 or C4 fragments, respectively; D : cyclodehydrogenation.


of selective addition steps is required to synthesize all-
benzenoid PAHs with extended carbon skeletons using small-
er polycyclic systems as starting materials.


A further option for extending the p-electron conjugation
in already large aromatic systems is the intramolecular
cyclodehydrogenation of suitable precursors (Scheme 1: con-
cept D). As the number of carbon centers does not change
during the cyclodehydrogenation, suitable precursors must
already possess 6n carbon 2pz electrons, so that the best route
for the formation of extended, all-benzenoid aromatics
consists of a complete intramolecular cyclodehydrogenation
of oligophenylene derivatives. Before we discuss methods for
cyclodehydrogenation in more detail, we shall first describe
three routes that we have used to prepare oligophenylenes.


5. Three Routes to Oligophenylenes as Precursors
for All-Benzenoid Aromatics


5.1. The intramolecular Diels ± Alder reaction with subse-
quent aromatization : An elegant entry to oligophenylenes
consists of the intramolecular [4�2] cycloaddition of suitable
phenylenevinylene derivatives, followed by aromatization of
the newly formed cyclohexene structures. This synthetic route
is illustrated in Scheme 2 with 2-styryl-2'-phenylbutadiene-
substituted biphenyl 7, which is then converted to the
diphenyltriphenylene 9.[22]


Extending this method, the two tetraphenyl-substituted
tetrabenzo[a,c,h,j]anthracenes 11 and 13 are obtained by a
double intramolecular Diels ± Alder reaction and subsequent
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Scheme 2. Route to oligophenylenes by intramolecular Diels ± Alder
reaction and subsequent aromatization.


aromatization of the resulting cyclohexene structures
(Scheme 3).[25] The para-terphenyl compounds 10 and 12 are
obtained by palladium-catalyzed hetero-aryl ± aryl coupling
according to Suzuki[60±62] following formation of the vinylene
units by Wittig reactions.


Scheme 3. Route to larger oligophenylene derivatives by double intra-
molecular Diels ± Alder reaction.


Nevertheless, the formation of oligophenylenes, particular-
ly the alkyl-substituted derivatives, by intramolecular [4�2]
cycloaddition is preparatively expensive. In addition, only
certain topologies are accessible. Thus, it is recommended to
seek alternative oligophenylene syntheses.


5.2. The dicobaltcarbonyl-catalyzed cyclotrimerization :
From a supramolecular aspect, which will be discussed in
more detail in Chapter 7, the synthesis of all-benzenoid
hydrocarbons with the hexagonal symmetry of benzene is of
particular interest. The first homologue of this series of
hexagonal aromatics is the hexa-peri-hexabenzocoronene 22
(Scheme 9), which can be prepared by intramolecular cyclo-
dehydrogenation of hexaphenylbenzene 15.[23, 24, 63]


Literature evidence shows that the synthesis of hexaphe-
nylbenzene 15 can be accomplished by hexaaryl substitution
of hexahalobenzene only with great difficulty. Rather, it is


preferable to convert 1,2-diphenylethyne (14, also known as
tolane) to hexaphenylbenzene 15 by cyclotrimerization using
dicobaltoctacarbonyl as catalyst (Scheme 4).[64±68] The


Scheme 4. Route to oligophenylenes by cyclotrimerization catalyzed by
dicobaltoctacarbonyl.


tolanes are synthesized by palladium-catalyzed ethynyl ± aryl
coupling according to the methods of Heck,[69] Cassar,[70] or
Hagihara and Sonogashira.[71] The reaction conditions used
for the trimerization of tolane tolerate both halogen and alkyl
substituents, so that this cyclotrimerization offers a prepara-
tively convenient route to all-benzenoid hydrocarbons with
hexagonal symmetry. Moreover, it offers the possibility of
introducing solubilizing substituents into the otherwise ex-
tremely insoluble larger PAHs.


5.3. The intermolecular Diels ± Alder reaction with tetraphe-
nylcyclopentadienone : The cyclotrimerization of tolane de-
rivatives permits only the uniform functionalization of all six
phenyl substituents in hexaphenylbenzene 15 or the forma-
tion of nonuniform product mixtures. However, if one submits
tolane derivatives 14 to an intermolecular [4�2] cycloaddition
with suitably substituted tetraphenylcyclopentadienones (16,
known as tetracyclones), intermediate Diels ± Alder adducts
are formed that spontaneously extrude carbon monoxide at a
temperature of 230 8C to give the corresponding hexaphenyl-
benzene 15 (Scheme 5).[72±77] With the choice of suitable


Scheme 5. Route to oligophenylenes by intermolecular Diels ± Alder
reaction with tetraphenylcyclopentadienone 16.


substituents, this intermolecular Diels ± Alder reaction leads,
after the subsequent cyclodehydrogenation, to a broad
spectrum of various functionalized hexa-peri-hexabenzocor-
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onenes (22, Scheme 9) for diverse supramolecular applica-
tions in the field of molecular electronics (see Chapter 7).


Extended oligophenylene derivatives as precursors for
large, all-benzenoid hydrocarbons with various topologies can
be prepared easily by the intermolecular [4�2] cycloaddition
of other phenylenethynylene derivatives with tetracyclones
(16).[27, 78±80] An example from the literature[80±84] is the double
Diels ± Alder reaction by which 1,4-di(phenylethynyl)benzene
(17) is converted almost quantitatively to the quinquipheny-
lene 18 (Scheme 6).


Scheme 6. Route to larger oligophenylene derivatives by multiple inter-
molecular Diels ± Alder reactions of suitable phenyleneethynylene deriv-
atives.


Terminal ethynyl groups are less sterically hindered and
more reactive than the phenylethynyl substituents described
hitherto. Thus, they may also be employed in a cycloaddition
with tetracyclone (16), so that the wealth of easily accessible
oligophenylene derivatives can be further extended (for
example, Scheme 12). In addition, the intermolecular
Diels ± Alder reaction with, for example, trimethylsilyl-
(TMS-) or triisopropylsilyl- (TiPS)-protected ethynyl-substi-
tuted tetraphenylcyclopentadienones (16) can be used as the
key step in a concept for the stepwise formation of dendritic
polyphenylene structures (Scheme 13).[26, 29, 30] Defined dumb-
bell or spherical polyphenylenes can be prepared by directed
synthesis through two or more dendrimer generations by the
choice of appropriate, key building blocks. These dendrimers,
with over 170 phenyl rings and a diameter of over 55 �, easily
eclipse in size all other polyphenylenes published to
date.[29, 30, 33, 34]


6. Oxidation Cyclodehydrogenation


6.1. Oxidation cyclodehydrogenation of suitable oligopheny-
lenes : On the path to extended, all-benzenoid hydrocarbons,
the cyclodehydrogenation of oligophenylenes is the final step
in the synthesis. Oxidative cyclodehydrogenation, for exam-
ple, with vanadium(v) salts,[85±89] with thallium(iii) salts,[90±93] or
iron(iii) chloride,[94] and photochemical cyclodehydrogena-
tion[95±98] have been reported most frequently in the literature.
Reductive cyclodehydrogenation with elementary lithium[99]


or potassium[100] has been mentioned less often. In exceptional


cases, platinum(00)- or palladium(00)-catalyzed cyclodehydro-
genation has also been reported.[101]


In 1910, Scholl and Seer used aluminum(iii) chloride melts
with atmospheric oxygen as oxidant in order to fuse biaryls,
such as 1,1'-binaphthyl, to peri-condensed aromatics.[6±9] In
1942, Allen and Pingert reported attempts to heat ortho-
terphenyl in aluminum(iii) chloride melts.[102] Depending on
the reaction temperature, the desired triphenylene (2) was
formed, or rearrangements occurred in which para-terphenyl
was formed by phenyl migration in the intermediate meta-
terphenyl. The ability of aluminum(iii) chloride and iron(iii)
chloride to catalyze the formation of arylÿaryl bonds was used
by Kovacic in the 1960s to polymerize benzene and its
derivatives under relatively mild reaction conditions
(Scheme 7).[103±112] Kovacic optimized the reaction conditions


Scheme 7. Oxidative polymerization of benzene under Kovacic conditions.


by employing copper(ii) chloride instead of atmospheric
oxygen as the oxidant and aluminum(iii) chloride. (Use of
the weaker Lewis acid iron(iii) chloride renders the addition
of an oxidant unnecessary, as iron(iii) chloride possesses an
oxidation potential sufficient for the bond formation.)


The poly-para-phenylene synthesized by Kovacic was not
structurally uniform, containing angular meta- and ortho-
bridges, as well as the cross-linking of some phenylene chains
with each other. Nevertheless, these polymerization condi-
tions served as the basis for a successful, highly selective,
oxidative cyclodehydrogenation of oligophenylenes to poly-
cyclic aromatic hydrocarbons.


The use of mild Lewis acid oxidation conditions allowed
diphenyltriphenylene 9 (Scheme 2), prepared by intramolec-
ular [4�2] cycloaddition, to be converted into the desired
tribenzo[b,n,pqr]perylene (19) at room temperature, avoiding
partial cyclodehydrogenation or dimerization (Scheme 8).[22]


Scheme 8. Route to tribenzo[b,n,pqr]perylene 19 by oxidative cyclodehy-
drogenation of 9.


Analogously, the synthesis of two all-benzenoid C54 aromatics
20 and 21 (Figure 4) was achieved by abstraction of 8 or 12
hydrogen atoms, respectively, from the two tetraphenyltetra-
benzoanthracene derivatives 11 and 13 (Scheme 3).[25]


The all-benzenoid hydrocarbons 20 and 21 cannot be
characterized by the classical methods because of their
insolubility in all available solvents. For this reason, the use
of isotope-resolved laser desorption time-of-flight mass
spectrometry (LD-TOF MS) plays a major role in the control
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Figure 4. Two isomeric C54 PAHs obtained by oxidative cyclodehydoge-
nation.


of the reaction and in the determination of the degree of
cyclodehydrogenation. As the all-benzenoid aromatics show
high thermal stability, there is also the possibility (for
unsubstituted aromatics up to a size of approximately 60
carbon atoms) of purification by fractional sublimation in
high vacuum at temperatures up to 650 8C. To some extent,
the epitaxial growth of the sublimed aromatics on suitable
substrates renders it possible to investigate the surface
structure using scanning tunneling microscopy (STM) or
low-energy electron diffraction (LEED) (Chapter 7). The
experimental difficulties point towards the fact that scrupu-
lous purification of higher homologues remains a challenge,
and it appears appropriate to investigate less conventional
methods of processing, such as the formation of dispersions in
water under the influence of suitable detergents.


The introduction of solubilizing side-chains in extended, all-
benzenoid hydrocarbons permits characterization by NMR
spectroscopy and processing from organic solvents. However,
it is important to be aware that Lewis acids, in addition to
favoring the oxidative cyclodehydrogenation of suitable
oligophenylenes, also promote the reversible Friedel ± Crafts
alkylation. Thus, under aluminum(iii) chloride catalysis, deal-
kylation, migration of the alkyl side chain, or even chlorina-
tion of the aromatic system occurs. Optimization of the
appropriate cyclization conditions gave satisfactory yields and
retention of the substitution pattern only when aluminum(iii)
chloride was substituted by the weaker Lewis acid iron(iii)
chloride.[27]


In this way, entry was obtained to a multitude of various
alkyl- or halogen-substituted derivatives of hexa-peri-hexa-
benzocoronene 22 starting from functionalized hexaphenyl-
benzenes 15 (Scheme 9).[113] The n-alkyl-substituted aromatics


Scheme 9. An entry to alkyl-substituted, large, all-benzenoid aromatics.


cyclodehydrogenated in this way characteristically form liquid
crystalline discotic mesophases with extremely broad temper-
ature ranges (Chapter 7).


6.2. The limits of oxidation cyclodehydrogenation : Although
the oxidative cyclodehydrogenation of oligophenylene deriv-
atives has proven itself as a valuable method for the targeted
synthesis of large, all-benzenoid hydrocarbons, the oligophe-
nylenes required for the cyclization must fulfill certain
demands.


The oligophenylene derivatives hitherto cyclodehydrogen-
ated give preferentially planar products. How do oligopheny-
lenes, which show overlap of two phenyl substituents under
planar projection, behave under the conditions of oxidative
cyclodehydrogenation? The meta-phenylene-bridged quin-
quiphenylene 23 can serve as an example of this type of
nonplanarizable oligophenylene (Scheme 10). Under Lewis


Scheme 10. A highly selective rearrangement under extensive cyclodehy-
drogenation of oligophenylene 23.


acid oxidation conditions, neither partial cyclodehydrogena-
tion nor the formation of helicene-like graphite segments
occurs. Instead, an almost quantitative 1,2-phenyl shift takes
place at the central meta-phenylene, with the maximum
possible cyclodehydrogenation of the quinquephenylene 23.
The all-benzenoid hydrocarbon 24 formed by the cyclodehy-
drogenation is identical with the cyclization product of the
para-phenylene-bridged quinquiphenylene 18.[28] If the quin-
quiphenylene 23 is replaced by oligophenylene derivatives,
for which uniform planar products cannot be obtained by
simple rearrangement, then cyclodehydrogenation leads to
fragmentation of the oligophenylene skeleton.


However, the possibility of a planar representation of an
oligophenylene derivative cannot guarantee the selective
synthesis of defined, all-benzenoid aromatics. Thus, the
para-phenylene-bridged oligophenylene 25 (Scheme 11), for
example, possesses two planar conformations 25 a and 25 b.
Under the conditions of oxidative cyclodehydrogenation, the
abstraction of 12 hydrogen atoms with formation of six new
CÿC s bonds is conceivable from both conformations, so that







Polycyclic Aromatic Hydrocarbons 2099 ± 2109


Chem. Eur. J. 1998, 4, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2105 $ 17.50+.25/0 2105


Scheme 11. Various planar conformations of an oligophenylene can lead to
different all-benzenoid PAHs.


LD-TOF MS loses its predictive power in the characterization
of the possible, topologically different, C54H22 target products
20 and 26.[22] To permit the selective formation of all-
benzenoid hydrocarbons, it is preferable to use structure-
substantiating synthetic sequences combined with oligophe-
nylene derivatives that have only one planar conformation.


6.3. The versatility of extended all-benzenoid hydrocarbons :
The versatility of the oxidative cyclodehydrogenation of
suitable oligophenylenes as a synthetic method for the
preparation of large, all-benzenoid hydrocarbons can be seen
when one casts a glance at the multitude of aromatics of
varying topology, which otherwise would not be accessible.
An overview of all-benzenoid arenes, the oligophenylene
precursors of which were formed by intermolecular Diels ±
Alder reactions with tetraphenylcyclopentadienone (16), is
shown in Figure 5.[27]


These polycyclic arenes consist of a maximum of 132 carbon
centers (e.g., 30). On complete cyclodehydrogenation they
lose up to 48 hydrogen atoms with selective formation of up to
24 new CÿC s bonds! Thus, oxidative cyclodehydrogenation
permits, for the first time, the synthesis of a homologous series
of all-benzenoid hydrocarbons and hence the investigation of
their supramolecular and electronic properties.


Even more extended PAHs are obtained by a combination
of the various concepts used for oligophenylene synthesis.
Thus, the synthesis of the oligophenylene derivative 33, which
is composed of 37 phenyl rings, involves a double intermo-
lecular [4�2] cycloaddition of tetraphenylcyclopentadienone
(16) with the free para-ethynyl group of tolane 31 followed by
the cyclotrimerization of the newly formed, phenyl-substitut-
ed tolane 32 (Scheme 12). It was intended to convert the
oligophenylene 33 prepared in this fashion into an all-
benzenoid aromatic by means of oxidative cyclodehydroge-
nation with abstraction of 108 hydrogen atoms. The latter,
with the point group D6h, possesses the same symmetry as
benzene. However, proof of the complete cyclodehydrogena-
tion of the oligophenylene 33 to an all-benzenoid C222 arene


Figure 5. The variety of extended, all-benzenoid hydrocarbons.


Scheme 12. The combination of intermolecular Diels ± Alder addition and
cyclotrimerization for the formation of large oligophenylenes.
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was difficult, as characterization of a PAH of this size by LD-
TOF MS is at the limits of detection and an isotope-resolved
mass distribution could not be obtained.[27]


Another approach to the synthesis of extremely extended,
all-benzenoid hydrocarbons with defined topology was made
available with the dendritic, generation-by-generation con-
struction of planarisable, monodisperse oligopheny-
lenes.[26, 30, 33] Starting from an ethynyl-substituted core, a
Diels ± Alder reaction was performed with a (triisopropyl)-
ethynyl-substituted tetraphenylcyclopentadienone (16). In
the subsequent step the silyl protecting groups was removed,
so that the deprotected ethynyl functions on the Diels ± Alder
adduct were available to undergo a further [4�2] cyclo-
addition with the tetraphenylcyclopentadienone 16. Repeti-
tion of this addition-deprotection sequence permitted the
construction of oligophenylenes of unimaginable size. The
form and the structure of the resulting dendrimers are
decisively influenced by the choice of the central building
block. A favorable choice of this unit means that the first
dendrimer generations could possess a defined, planarisable
structure. Use of the tetraethynyl-substituted biphenyl 34
(Scheme 13) allows the first generation of the resulting


Scheme 13. The generation-by-generation growth of polyphenylene den-
drimers and the cyclodehydrogenation of planarizable generations to
ultralarge all-benzenoid PAHs: a) intramolecular [4�2] cycloaddition with
16 (R�TiPS-ethynyl); b) deprotection and activation of the ethynyl group.


oligophenylene dendrimer 35 to be cyclodehydrogenated to
an all-benzenoid C132 arene.[26] Oxidative cyclodehydrogena-
tion of the second dendrimer generation 36 to an all-
benzenoid C372 aromatic still requires optimization of the
reaction conditions, in order to avoid the formation both of
partially cyclodehydrogenated compounds and chlorinated
by-products.


7. Supramolecular Structures from All-Benzenoid
Aromatics


7.1. Two-dimensional structures : With experimental progress
the demands also grow for the characterization of defined,
extended graphite segments. Ultralarge, unsubstituted aro-
matics possess an extremely high thermal stability for organic
compounds; however, they have a negligible solubility in all
the usual solvents, which can be attributed to the extensive
planarity and the consequent packing behavior of these large
aromatics. Thus it is necessary to replace the spectroscopic
methods (1H NMR, 13C NMR, UV/Vis), usually carried out in
solution, with solid-state analytical methods. The high thermal
stability of defined graphite segments permits, for example,
fractional sublimation of the arenes 20 or 21 at 550 ± 650 8C
under ultrahigh vacuum conditions (Figure 4). The self-
organization of the sublimed molecules leads to epitaxial
growth of surface covering, monomolecular thick adsorption
layers on substrates with suitable lattice parameters.[25, 114]


Investigations into epitaxial, vapor-deposited films of this
type can be carried out with low-energy electron diffraction
(LEED) or with scanning tunneling microscopy (STM). While
relatively extended, ordered regions must exist for the
generation of meaningful diffraction patterns in LEED
investigations (approximately 1 mm2), STM experiments
require ordered surface domains of a few thousand �. A
vapor-deposited film, nominally 3 � thick, of the arene 20 on
a molybdenum sulfide substrate is depicted in Figure 6; the


Figure 6. STM image of a 3-�-thick vapor-grown layer of 20 on a {0001}
MoS2 substrate.[120]
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molecular resolution of the individual diamond-shaped mol-
ecules is remarkable.[25, 114]


In contrast to the unsubstituted graphite segments, the
alkyl-substituted homologues can be adsorbed from organic
solvents in two-dimensional patterns on highly oriented
pyrolytic graphite (HOPG). In this manner, the layers may
be analyzed with locally resolved scanning tunnelling spec-
troscopy with simultaneous STM visualization with molecular
resolution. The picture in Figure 7a of an adsorption layer of


a)


b)


Figure 7. a) STM image of 22 (R� n-dodecyl) on HOPG; b) diodelike
current ± potential curves of 22 at submolecular resolution.[23]


hexa-n-dodecyl-substituted hexa-peri-hexabenzocoronene
(22) proves that the sixfold symmetry of the individual
molecules has been reduced to twofold symmetry in the two-
dimensional crystal, as the alkyl chains of the molecule display
a preferential orientation parallel to one of the three main
axes of the underlying graphite lattice. However, more
important than the reduction in symmetry in the two-dimen-
sional crystal is that the locally resolved current ± voltage
curve (Figure 7b) depends on whether the aromatic or the
aliphatic part of the two-dimensional packing is being
examined. With the hexaalkyl-substituted hexabenzocoro-
nene 22 it was possible, for the first time, to record a diodelike
current ± voltage curve with submolecular resolution using
individual molecule tunneling microscopy.[23] The current ±
voltage curve for the aliphatic region A is symmetric, but a


strong diodelike asymmetry is observed for the aromatic core
which, presumably, is due to a resonant enhancement of the
tunnel current because the potential of the HOMO of 22 is in
a range of about �1.5 V of the fermi level of the electrodes.


Such ordered surface structures, formed by the self-
organization of individual structurally defined graphite seg-
ments, can be regarded as an entry into the development of
molecular electronics. Subsequent catalytic cross-linking of
selected molecules within the well-structured adsorption
layers permits the generation of electronic conductors of
molecular dimensions. The vapor deposition of metallic
templates and subsequent thermal sintering of the adsorption
layer provides a new route to preformed tools based on
carbon, which will give nanotechnology a new impetus.


7.2. Three-dimensional structures : When we look at graphite
as the reference material for peri-condensed aromatics, the
question of supramolecular ordering principles of extended
all-benzenoid PAHs is of considerable importance. In the
search for molecules with electronic properties that lie
between those of graphite and of the smaller PAHs inves-
tigated to date, ultralarge, all-benzenoid graphite segments
with defined topology play a decisive role. Alkyl- or alkoxy-
substituted polycyclic hydrocarbons are, as macrodiscotic
materials, known for the formation of nematic or columnar
liquid crystalline phases. For example, the hexaalkoxy-sub-
stituted triphenylene derivative 2 has a photoconductivity of
up to 0.1 cm2 V s when the columnar phase possesses a highly
ordered helical superstructure.[115] The fixation of such
columnar phases in discotic twin stacks, first realized by
Ringsdorf and Haarer, permits the extension of the process-
able glass state for triphenylene derivative 2 to be extended to
a temperature range of ÿ100 8C to 165 8C.[115] However, in the
transition from triphenylene derivatives to hexaalkyl-substi-
tuted hexa-peri-hexabenzocoronenes (22), liquid crystalline
mesophases between 107 8C and 417 8C (22, R� n-C12H25) are
accessible without intercolumnar crosslinking.[24] The temper-
ature dependence of the charge transfer mobility along the
hexabenzocoronene stack formed by self-organization is
comparable with the measurable charge transfer orthogonal
to the layer structure in graphite, bringing the image of a
graphite nanothread somewhat closer to reality.[31]


From the perspective of applications, selective derivatiza-
tion of the extended aromatics is often unnecessary, as the
liquid crystalline order is conserved under pyrolytic condi-
tions by carbonization: Before the PAHs are converted into
anisotropic coke on thermolysis at approximately 1000 8C, the
polybenzenoid aromatics exist in a carbomesophase, in which
cross-linking of specific molecules takes place with hydrogen
atom abstraction.[3] Depending on the size and the topology of
the compounds undergoing carbonization, columnar struc-
tures differing in their degree of order are formed in the
carbomesophase. As a result of cross-linking, these structures
persist after cooling of the carbomesophase. Such materials,
obtained by thermal annealing under exclusion of oxygen, are
exciting as electrode materials because of their three-dimen-
sional network. In comparison with standard graphite electro-
des, markedly less anode sludge is generated.







CONCEPTS K. Müllen et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2108 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 112108


In addition to the formation of discotic columnar phases,
the generation of crystals of polybenzenoid aromatics has
gained attention in respect of their three-dimensional super-
structures and in the classification of these crystals. Desiraju
and Gavezzotti have subdivided the known PAH crystals into
four classes depending on the type of packing.[116±118] While the
carbon ± carbon interactions of the aromatics in the crystal
ideally promote molecular stacks, the carbon ± hydrogen
interaction leads to a staggered arrangement of the molecules
with respect to each other at optimal molecular packing. The
principal packing types are the herringbone, the sandwich
herringbone, and the g- and b-structures. The key parameter
for differentiation of the four classes is the shortest crystallo-
graphic axis in the screw axis direction, the length of which
decreases markedly from the herringbone to the b-structure,
whereas the other cell parameters can vary freely as a function
of the molecular geometry. With increasing molecular size, the
carbon ± carbon interactions gain importance at the expense
of the carbon ± hydrogen interactions, so that in the crystal a
transition is expected from the less suitable b-structure to the
completely planar graphite structure. The directed generation
of crystals of all-benzenoid arenes by way of pyrene melts as
solvent or by sublimation of extended aromatics with a
minimal temperature gradient opens a route to very pure
materials, with extreme thermal and chemical resistance. As a
result of their electroluminescence, their high fluorescence
quantum yield, and their intrinsic electric conductivity, it is
only a question of time before these materials find use in the
semiconductor industry.[114] Mixed crystals with the desired
degree of doping are now accessible by electrocrystallization
of alkyl-substituted arenes.[119]


8. Summary


Our aim in this paper has been to introduce to the reader the
polycyclic all-benzenoid hydrocarbons, a small but fascinating
subgroup of the large class of aromatic compounds. In spite of
a history that spans more than 100 years, these compounds
have recently undergone a remarkable renaissance. The
reasons behind this renewed interest in the extended all-
benzenoid aromatics are the challenges to the preparative
chemist of carrying out structurally directed synthesis under
the mildest conditions and the impressive material properties
of these structure-defined graphite segments. In addition,
there is also the interest of theoretical chemists, who see the
highly extended all-benzenoid arenes as a hitherto missing
connection between PAHs of more usual size and graphite.


We have briefly considered the classification of all-benze-
noid hydrocarbons, together with the theoretical basis and
topological properties, and subsequently dealt with the
principal methods for their synthesis. After an overview of
the multitude of all-benzenoid aromatics prepared to dateÐ
the size of the defined compounds varies between 54 and 372
carbon atoms!Ðthis article concentrates on the supramolec-
ular aspects of the chemistry of ultralarge aromatics from the
viewpoint of their material properties. We have discussed the
characterization of epitaxial monomolecular vapor-deposited
layers, three-dimensional crystal packing, and liquid crystal-


line aromatic stacks, and their thermal fixation. The enormous
potential of the large, all-benzenoid hydrocarbons in the areas
of semiconductors, molecular electronics, materials science,
and nanotechnology is covered using selected examples.
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The Identification of Carbonyl Compounds by Fluorescence: A Novel
Carbonyl-Derivatizing Reagent


Heinz Langhals* and Wolfgang Jona


Abstract: Fluorescent hydrazones are afforded by the reaction of the nonfluorescent
N-aminoperylene-3,4:9,10-tetracarboxylic-bisimides with ketones and aldehydes;
thus we obtain a fluorescent derivatization for the qualitative and semiquantitative
determination of carbonyl compounds.


Keywords: aldehydes ´ analytical
methods ´ fluorescence spectroscopy
´ hydrazones ´ ketones ´ perylenes


Introduction


The derivatization of aldehydes and ketones with 2,4-dinitro-
phenylhydrazine (1) is a well-established method (Scheme 1).[1]


This reaction was originally developed for the character-
ization of carbonyl compounds by melting points. On the
other hand, the strong colour of the 2,4-dinitrophenylhydra-
zones (2) offer the possibility of their visual identification or
UV/visible-spectroscopic detection and quantitative determi-
nation. This can be carried out simply, but the sensitivity for


Scheme 1. The reaction of 1 with aldehydes or ketones.


the determination of carbonyl compounds is limited by UV/
visible spectroscopy because the concentration of the analyte
(c) is proportional to log (Io/I) according to Beer ± Lambert�s
law. A higher analytic sensitivity would be obtained by the
measurement of fluorescence (Ifl) instead of absorption,
because of the proportionality between c and the intensity
of fluorescent light (c� Ifl). The fluorescence detection has
also advantages for a visual identification because it can be
seen easily, even in strongly coloured solutions. Dansyl
hydrazone (RN 33008-06-9) has been used as a fluores-
cence-derivating reagent[2, 3] of carbonyl compounds. How-
ever, it absorbs in the UV region so that there may be an
interference by the absorption and fluorescence of biological
material. Better results are expected if the absorption is
shifted to the visible region.


Concept


A highly fluorescent, light-stable chromophore with a suitable
anchor group is needed for the labelling of carbonyl
compounds in order to get a stable and strong fluorescence
signal, especially if an intense light source is applied. If the
labelling reagent itself were fluorescent, a strong fluorescent
background signal would be obtained from the nonconverted
reagent. Therefore better results are expected for nonfluor-
escent labelling reagents that form highly fluorescent carbon-
yl derivatives; compare with ref. [4]. The reagent can there-
fore be attached to a quencher that is switched off by the
reaction with the carbonyl compound. An efficient fluores-
cence quenching is obtained by an intramolecular electron
transfer (C.T.), which proceeds as long as the n orbital of the
quencher (substituent) lies above the HOMO of the chromo-
phore (see Figure 1): the optical excitation leaves a vacant
position in the p orbital which is filled by a charge transfer
(C.T.) and thus prevents the optical transition back for
fluorescence. The quenching may be switched off, for


Figure 1. Fluorescence quenching by electron rich substituents. hn : optical
excitation, C.T. charge transfer by intramolecular S.E.T.
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example, by condensation reac-
tions with carbonyl compounds
that lower the energy of the n
orbital beneath the HOMO.


Results and Discussion


The perylene-3,4:9,10-tetracar-
boxylic-bisimide chromophore
(3, perylene dyes) is highly
fluorescent and extraordinarily
photostable,[5] and is therefore
useful as a fluorescent-detect-
ing system. Its fluorescence may
be quenched by electron-rich
substituents such as amino
groups (compare ref. [6]) ac-
cording to the mechanism of
Figure 1.


On the other hand, an attach-
ed amino group as a quencher
may also serve as a derivatiza-
tion reagent for carbonyl com-
pounds through the formation of Schiff bases. The nitrogen
atom of the resulting Schiff base is less electron rich than in
the amino group so that fluorescence quenching will be
stopped and the inherent strong fluorescence of the chromo-
phore may be reobtained. The formation of Schiff bases is
expected to be most efficient if the amino group is attached to
an imide nitrogen atom of 3, because of the a effect and
because of minimal steric hindrance in this position. A further
advantage of this position is the fact there are nodes[7] in the
HOMO and LUMO of 3. So the UV/visible spectra are only
little affected by the structure of the carbonyl compounds to
be derivatized. However, the perylene dye 3 g (R1�NH2,


RN 49546-23-8) exhibits a very low solubility and may be used
only as a pigment.[8, 9] The low solubilities of the amino dyes
and the corresponding Schiff bases can be overcome if a


solubility-increasing long-chain sec-alkyl group (swallow-tail
substituent[10]) is attached to one nitrogen atom of 3 and the
amino group to the other one.


The bisanhydride 4 is condensed for the preparation of this
type of dye with 7-aminotridecane to 3 b, then partially
saponified[11] to the anhydride imide 5 b and condensed with
an excess of hydrazine to the reagent 6 b with a free amino
group (Scheme 2). A low reaction temperature (100 ± 130 8C),
compared with the condensation of other primary amines, is
recommended for this reaction. Hydrazine should be applied
from a twofold up to tenfold excess. Hydrazine can be applied
as the hydrate or its salts like hydraziniumsulphate. The dyes 6
thus obtained are free of fluorescent impurities and should be
directly applied as carbonyl reagents after a simple chromato-
graphic purification. The 1-hexylheptyl group in 6 b is a good
compromise between solubility-increasing effect and tenden-
cy for crystallization. The smaller homologue 6 a and the
larger homologues 6 c ± 6 e have been prepared in the same
way as well as the aromatic derivative 6 f ; the tert-butyl groups
increase the solubility[12] of 6 f. It is of interest that the dyes 6
can also be prepared by the hydrazinolysis of bisimides 3
especially if the substituents R1 are aromatic. The preferred
exchange of the aromatic substituents is demonstrated by the


Scheme 2. Reaction scheme for the formation of 6 and 7. The R groups for 7 are given Table 1.


Table 1.


7 R1 R2 R3


a (C6H13)2CHÿ C6H5ÿ Hÿ
b (C8H17)2CHÿ C6H5ÿ Hÿ
c (C6H13)2CHÿ 4-CH3OC6H4ÿ Hÿ
d (C6H13)2CHÿ 2-C4H3Oÿ Hÿ
e (C6H13)2CHÿ ÿ(CH2)5ÿ ±
f (C6H13)2CHÿ C4H9ÿ Hÿ
g (C6H13)2CHÿ C5H11ÿ Hÿ
h (C6H13)2CHÿ CH3ÿ Hÿ
i (C6H13)2CHÿ (CH3)2C�CHÿ CH3ÿ
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hydrazinolysis of the perylene-bisimide, where one substitu-
ent at the nitrogen atoms is the aliphatic 1-hexylheptyl and the
other one is phenyl: only the phenyl group was exchanged by
hydrazine.


The carbonyl derivatives of 6 have been prepared for some
frequently used aldehydes and ketones and have been
thoroughly purified for comparison. Although the hydrazones
7 are stable in the reaction mixture where they have been
prepared, pure derivatives 7 decompose slowly to 6 if they are
stored for a long time, certainly caused by the reversibleness
of their formation. The decomposition proceeds more quickly
in diluted solution; however, the stability of 7 is high enough
for their determination even by the use of chromatographic
methods. Best results for the isolation of 7 have been obtained
if the carbonyl components and 6 have been heated without
further additives. A high dilution causes a partial dissociation.
The TLC Rf values of 7 for identification of carbonyl
compounds and their UV/visible-spectroscopic molar coeffi-
cients of extinction for quantitative or semiquantitative
determination are reported in Table 2 for frequently used


types of aldehydes and ketones. The UV/visible spectra of 7
are only little affected by the carbonyl component (lmax�
525 ± 530 nm in chloroform) and are similar to 6 (e about
80 000) and 3 (e about 90 000); see Figure 2. Their molar
coefficients of extinction are about 87 000 ± 92 000 and are also
only slightly dependent on the substituents.


The nonfluorescent reagent 6 b (or its homologues) can
easily be condensed with aldehydes and ketones to the
corresponding Schiff bases such as 7 a ± 7 i (see Table 2) in
chloroform at 60 8C for analytical purposes. The fluorescence
of 7 can easily be seen after a few minutes and the reaction is
completed within one hour. The use of a fluorescent lamp and
the visual comparison with a blank sample is recommended.
The carbonyl compounds may be identified by TLC or HPLC.


Aromatic aldehydes react readily with 6 b and aliphatic
aldehydes, aliphatic ketones, or aromatic ± aliphatic ketones
need a longer reaction time, whereas ketones with two
aromatic substituents react very slowly. Best results have been
obtained in chloroform solution for the reaction, but the


Figure 2. UV/Vis absorption spectra of 6 c (Ð), 7 c (´ ´ ´ ) and 3 c (- - -) in
chloroform.


condensation is rather insensitive versus solvent effects and
the higher boiling 1,1,2,2-tetrachloroethane may be used
instead. Finally, more byproducts are obtained in solvents like
pure THF or ethylacetate. Special care must be taken
concerning the absence of carbonyl compounds in the solvents
even in trace amounts. On the other hand, esters do not
interfere with the detection of aldehydes or ketones because
their reaction with the reagent 6 proceeds very slowly.
However a neutral to alkaline reaction medium is necessary
for the fluorescence detection of carbonyl compounds be-
cause the reagent 6 is protonated by acids and thus becomes
highly fluorescent; the reagent 6 can also be used as a
fluorescent pH indicator for nonaqueous solutions. Strongly
acylating substrates like acid halides form fluorescent amides
with 6 and must be hydrolyzed before the detection of ketones
and aldehydes, or alternatively the reaction products must be
separated by chromatographic methods; on the other hand,
these compounds can be also determined by the fluorescence
of their reaction products with 6. An identification and
semiquantitative determination of carbonyl compounds by
fluorescence of 7 can easily be done. There are, however,
problems with an exact quantitative determination which may
be caused by the reversibility of the condensation reaction
and volatileness of the aldehydes and ketones (see above).


The novel analysis method may be of special interest
because of its sensitivity for the investigation of complex
mixtures which contain some carbonyl compounds. Such
problems are frequently encountered with the isolation and
identification of natural products; see for example the
identification of secologanin[13] (Table 2).


Experimental Section


Preparation of N-(alkyl)-N''-aminoperylene-3,4:9,10-tetracarboxylic-bisi-
mides and N-amino-N''-arylperylene-3,4:9,10-tetracarboxylic-bisimides (6)
General procedure : N-(alkyl)-perylene-3,4:9,10-tetracarboxylic-3,4-anhy-
dride-9,10-imide (5) or N-(aryl)-perylene-3,4:9,10-tetracarboxylic-3,4-an-
hydride-9,10-imide (1 mmol) was dissolved in imidazole (2 g) at 130 8C


Table 2. Derivatization of aldehydes an ketones by means of reagent 6a.


Carbonyl compound M.p. Rf
[a] e[b]


7a benzaldehyde 0.87
7b benzaldehyde[c,d] 329 ± 332 0.95 87400
7c anise aldehyde[e] 348 ± 350 0.92 92800
7d furfural[f] 334 ± 337 0.86 89100
7e cyclohexanone 0.86 85800
7 f pentanal 0.85
7g heptanal 0.88 78600
7h acetaldehyde 0.70[g]


7 i mesityloxide 0.82[h]


7j secologanin 0.16 (0.77[i])
(RN 19351-63-4)


[a] TLC silica gel, chloroform/ethanol (10:1). [b] l molÿ1 cmÿ1 in chloro-
form, lmax� 525 ± 530 nm. [c] Reagent 6d. [d] Fluorescence quantum yield:
59%. [e] Fluorescence quantum yield: 0.03 %; fluorescence quenching by
the electron-rich substituent. [f] Fluorescence quantum yield: 25%;
fluorescence quenching by the electron-rich substituent. [g] Chloroform/
ethanol (20:1). [h] Chloroform/acetone (10:1). [i] Byproduct.
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(bath), hydrazine hydrate (100 % with an excess of 2 ± 10 mmol; the molar
ratio is uncritical) was added and allowed to react for 30 ± 60 min. The still
warm reaction mixture was dispersed in ethanol, 2n HCl (200 mL) was
added, and the suspension was stirred for 1 ± 2 h at room temperature. The
solid was collected by vacuum filtration, washed with methanol/water and
dried in an oven for 12 h at 100 8C. The solid was further purified by one
column separation over alumina (chloroform/ethanol 20:1) and another
over silica gel (chloroform/ethanol 20:1). The main fraction was obtained
as a dark red, nonfluorescent solution. The chromatography should be
carried out rapidly because a slow decomposition of the adsorbed dye may
proceed. Only one column separation is necessary if it is done thoroughly.
A further purification is obtained by an extractive recrystallization[14] from
cyclohexane. However, fluorescent decomposition products are formed
therewith in trace amounts which lower the analytical sensitivity of the
analysis method so that the simply chromatographed material should be
preferred for this application.


N-Amino-N''-(1-butylpentyl)perylene-3,4:9,10-tetracarboxylic-bisimide (6a):
N-(1-Butylpentyl)perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-imide
(5a, 1.3 g, 2.5 mmol), hydrazine hydrate (200 mg, 4.0 mmol) and imidazole
(4 g) were allowed to react, and the reaction mixture was worked up
according to the general procedure (reaction time 1 h) to give 820 mg
(61 %) of 6 a. M.p.> 350 8C; Rf (silica gel; CHCl3/ethanol 10:1)� 0.70. Rf


(silica gel; CHCl3/ethanol 20:1)� 0.59; IR (KBr): nÄ � 3370 cmÿ1 (w), 3330
(w), 3075 (w), 2957 (m), 2929 (m), 2868 (m), 1698 (s), 1656 (s), 1595 (s),
1577 (m), 1555 (w, sh), 1506 (w), 1465 (w), 1456 (w), 1436 (w), 1404 (s), 1378
(m), 1348 (s), 1302 (m), 1255 (m), 1195 (w), 1173 (m), 1101 (m), 965 (m br),
852 (m), 809 (s), 795 (w), 751 (w), 739 (m); 1H NMR (CDCl3): d� 0.82 (t,
6H; 2CH3), 1.32 (mc, 8 H; 4CH2), 1.89 (mc, 2H; 2 a-CH2), 2.25 (mc, 2H;
2a-CH2), 5.16 (mc, 1H; NCH), 5.52 (s, 2H; NH2), 8.47 (d, 3J� 8.0 Hz, 2H;
perylene), 8.52 (d, 3J� 8.1 Hz, 2 H; perylene), 8.57 (d, 3J� 7.9 Hz, 2H;
perylene), 8.63 (br d, 3J� 7.7 Hz, 2H; perylene); 13C NMR (CDCl3): d�
14.04, 22.63, 29.16, 32.09, 54.83, 122.16, 122.90, 123.35, 126.01, 126.35,
127.90, 129.39, 131.53, 133.89, 135.05, 159.95; UV (CHCl3): lmax (e)�
528 nm (78 700), 491 (48 300), 460 (17 800); MS (70 eV): m/z (%): 532
(14), 531 (40) [M�], 514 (5) [M�ÿOH], 418 (4), 407 (13), 406 (53), 405
(100) [M�ÿC9H18], 390 (6), 388 (4), 377 (7), 376 (25), 84 (5), 82 (8), 55 (4);
C33H29N3O4 (531.6): calcd C 74.56, H 5.50, N 7.90; found C 73.93, H 5.50, N
7.87.


N-Amino-N''-(1-hexylheptyl)perylene-3,4:9,10-tetracarboxylic-bisimide (6b):
N-(1-Hexylheptyl)perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-imide
(5b, 2.0 g, 3.5 mmol), hydrazine hydrate (200 mg, 4.0 mmol) and imidazole
(4 g) were allowed to react, and the reaction mixture was worked up
according to the general procedure (reaction time 1 h) to give 830 mg
(40 %) of 6b. M.p. 332 ± 334 8C; Rf (silica gel; CHCl3/ethanol 10:1)� 0.80;
Rf (silica gel; CHCl3/ethanol 20:1)� 0.61; IR (KBr): nÄ � 2956 cmÿ1 (m),
2927 (s), 2857 (m), 1699 (s), 1658 (s), 1595 (s), 1578 (m), 1556 (w), 1510 (w),
1458 (w), 1436 (w), 1404 (s), 1379 (w), 1350 (s), 1303 (w), 1255 (s), 1200 (w),
1174 (w), 1130 (w), 1110 (w), 980 (w), 852 (w), 805 (s), 800 (w), 739 (m); 1H
NMR (CDCl3): d� 0.81 (t, 6H; 2CH3), 1.28 (mc, 16 H; 8 CH2), 1.88 (mc,
2H; 2 a-CH2), 2.24 (mc, 2H; 2a-CH2), 5.16 (mc, 1 H; NCH), 5.48 (s, 2H;
NH2), 8.33 (d, 3J� 8.2 Hz, 2H; perylene), 8.41 (d, 3J� 8.2 Hz, 2 H;
perylene), 8.45 (d, 3J� 8.0 Hz, 2 H; perylene), 8.57 (br d, 3J� 7.6 Hz, 2H;
perylene); 13C NMR (CDCl3): d� 14.03, 22.58, 26.97, 29.23, 31.76, 32.38,
54.91, 122.07, 122.80, 123.26, 125.90, 126.21, 127.78, 129.32, 131.40, 133.74,
134.91, 159.83; UV (CHCl3): lmax (e)� 527 nm (80 000), 491 (48 600), 460
(17 800); MS (70 eV): m/z (%): 588 (10), 587 (25) [M�], 570 (5) [M�ÿOH],
418 (4), 407 (14), 406 (53), 405 (100) [M�ÿC13H26], 390 (2), 388 (6), 377 (6),
376 (22), 360 (4); C37H37N3O4 (587.7): calcd C 75.61, H 6.35, N 7.15; found C
75.32, H 6.24, N 7.01.


N-Amino-N''-(1-heptyloctyl)perylene-3,4:9,10-tetracarboxylic-bisimide (6c):
N-(1-Heptyloctyl)perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-imide
(5c, 1.30 g, 2.16 mmol), hydrazine hydrate (220 mg, 4.40 mmol) and
imidazole (5 g) were allowed to react, and the reaction mixture was
worked up according to the general procedure (reaction time 1 h) to give
720 mg (55 %) of 6 c. M.p. 307 ± 308 8C; Rf (silica gel; CHCl3/ethanol
10:1)� 0.74; Rf (silica gel; CHCl3/ethanol 20:1)� 0.56; IR (KBr): nÄ �
2955 cmÿ1 (m), 2926 (s), 2855 (m), 1700 (s), 1658 (s), 1616 (w), 1595 (s),
1579 (m), 1508 (w), 1465 (w), 1457 (w), 1438 (w), 1404 (s), 1378 (w), 1349
(br s), 1302 (w), 1255 (s), 1200 (w), 1173 (m), 1125 (w), 1115 (w), 970 (br m),
855 (m), 809 (s), 800 (w), 795 (w), 739 (s); 1H NMR (CDCl3): d� 0.81 (t,
6H; 2CH3), 1.28 (mc, 20 H; 10CH2), 1.89 (mc, 2H; 2 a-CH2), 2.25 (mc, 2H;


2a-CH2), 5.16 (mc, 1H; NCH), 5.46 (s, 2H; NH2), 8.27 (d, 3J� 8.3 Hz, 2H;
perylene), 8.35 (d, 3J� 8.1 Hz, 2 H; perylene), 8.38 (d, 3J� 8.1 Hz, 2H;
perylene), 8.55 (br d, 3J� 7.7 Hz, 2H; perylene); 13C NMR (CDCl3): d�
14.05, 22.60, 27.03, 29.23, 29.53, 31.81, 32.36, 54.92, 121.93, 122.66, 123.14,
125.70, 125.97, 127.57, 129.20, 131.19, 133.50, 134.66, 159.65; UV (CHCl3):
lmax (e)� 528 nm (81 500), 492 (49 200), 460 (18 100); MS (70 eV): m/z (%):
616 (11), 615 (26) [M�], 598 (5) [M�ÿOH], 430 (4), 418 (3), 407 (15), 406
(57), 405 (100) [M�ÿC15H30], 391 (4), 390 (7), 377 (9), 376 (34), 360 (6), 331
(5), 275 (4), 249 (4), 124 (4), 123 (4), 69 (5), 55 (5); C39H41N3O4 (615.8):
calcd C 76.07, H 6.71, N 6.82; found C 76.48, H 6.74, N 6.89.


N-Amino-N''-(1-octylnonyl)perylene-3,4:9,10-tetracarboxylic-bisimide (6d):
N-(1-Octylnonyl)perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-im-
ide (1.50 g, 2.38 mmol), hydrazine hydrate (130 mg, 2.60 mmol) and
imidazole (6 g) were allowed to react, and the reaction mixture was
worked up according to the general procedure (reaction time 1 h) to give
700 mg (46 %) of 6 d. M.p. 286 ± 287 8C; Rf (silica gel; CHCl3/ethanol
10:1)� 0.80; Rf (silica gel; CHCl3/ethanol 20:1)� 0.55; IR (KBr): nÄ �
2955 cm ÿ1 (m), 2924 (s), 2854 (s), 1698 (s), 1658 (s), 1595 (s), 1578 (s),
1506 (w), 1485 (w), 1457 (m), 1436 (m), 1404 (s), 1378 (m), 1348 (s), 1302
(m), 1256 (s), 1200 (w), 1173 (m), 1128 (w), 1115 (w), 975 (m), 852 (w), 809
(s), 798 (w), 751 (w), 739 (s); 1H NMR (CDCl3): d� 0.81 (t, 6H; 2 CH3),
1.30 (mc, 24 H; 12CH2), 1.89 (mc, 2 H; 2 a-CH2), 2.25 (mc, 2 H; 2 a-CH2),
5.16 (mc, 1 H; NCH), 5.49 (s, 2 H; NH2), 8.35 (d, 3J� 8.1 Hz, 2H; perylene),
8.42 (d, 3J� 8.3 Hz, 2 H; perylene), 8.46 (d, 3J� 7.9 Hz, 2H; perylene), 8.57
(br d, 2H; perylene); 13C NMR (CDCl3): d� 14.06, 22.62, 27.02, 29.25,
29.51, 29.57, 31.83, 32.37, 54.92, 122.01, 122.74, 123.20, 125.81, 126.10, 127.69,
129.27, 131.30, 133.62, 134.80, 159.75; UV (CHCl3): lmax (e)� 528 nm
(80 600), 492 (48 600), 460 (17 400); MS (70 eV): m/z (%): 644 (13), 643 (27)
[M�], 626 (5) [M�ÿOH], 430 (4), 418 (3), 407 (16), 406 (58), 405 (100)
[M�ÿC17H34], 391 (5), 390 (7), 388 (6), 377 (6), 376 (23), 360 (4), 331 (3);
C41H45N3O4 (643.8): calcd C 76.49, H 7.05, N 6.53; found C 76.51, H 7.08, N
6.60.


N-Amino-N''-(1-nonyldecyl)perylene-3,4:9,10-tetracarboxylic-bisimide (6e):
N-(1-Nonyldecyl)perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-im-
ide (5e, 1.33 g, 2.02 mmol), hydrazine hydrate (320 mg, 6.40 mmol) and
imidazole (5 g) were allowed to react, and the reaction mixture was worked
up according to the general procedure (reaction time 2 h) to give 800 mg
(60 %) of 6e. M.p. 268 ± 271 8C; Rf (silica gel; CHCl3/ethanol 10:1)� 0.76;
Rf (silica gel; CHCl3/ethanol 20:1)� 0.51; Rf (silica gel; CHCl3/1-butanol
40:1)� 0.28; IR (KBr): nÄ � 2955 cmÿ1 (m), 2925 (s), 2854 (m), 1698 (s), 1658
(s), 1617 (w), 1595 (s), 1577 (m), 1507 (w), 1468 (w), 1457 (w), 1437 (w),
1404 (m), 1378 (w), 1349 (s), 1302 (w), 1256 (m), 1202 (w), 1173 (m), 1055
(w), 1040 (w), 975 (br w), 855 (w), 809 (s), 800 (w), 739 (m); 1H NMR
(CDCl3): d� 0.80 (t, 6H; 2CH3), 1.28 (mc, 28H; 14CH2), 1.89 (mc, 2 H; 2 a-
CH2), 2.23 (mc, 2H; 2a-CH2), 5.16 (mc, 1 H; NCH), 5.49 (s, 2 H; NH2), 8.33
(d, 3J� 8.1 Hz, 2H; perylene), 8.41 (d, 3J� 8.1 Hz, 2 H; perylene), 8.45 (d,
3J� 7.7 Hz, 2H; perylene), 8.58 (br s, 2H; perylene); 13C NMR (CDCl3):
d� 14.49, 23.05, 27.44, 29.68, 29.98, 32.27, 32.78, 55.34, 122.43, 123.15,
123.62, 126.21, 126.51, 128.10, 129.68, 131.72, 134.03, 135.20, 160.17; UV
(CHCl3): lmax (e)� 528 nm (81 000), 492 (49 500), 460 (18 500); MS (70 eV):
m/z (%): 673 (3), 672 (13), 671 (29) [M�], 654 (5), [M�ÿOH], 418 (3), 408
(4), 407 (17), 406 (62), 405 (100) [M�ÿC19H38], 391 (4), 390 (8), 389 (3), 388
(9), 377 (10), 376 (33), 360 (6), 331 (4), 124 (5), 82 (5), 55 (5); C43H49N3O4:
calcd 671.3723; found 671.3717 (MS); C43H49N3O4 (671.9): calcd C 76.87, H
7.35, N 6.25; found C 76.80, H 7.25, N 6.32.


N-Amino-N''-(2,5-di-tert-butylphenyl)perylene-3,4:9,10-tetracarboxylic-bis-
imide (6 f): N-(2,5-Di-tert-butylphenyl)perylene-3,4:9,10-tetracarboxylic-
3,4-anhydride-9,10-imide (5 f, 150 mg, 0.26 mmol), hydrazine hydrate
(50 mg, 1.00 mmol) and imidazole (2 g) were allowed to react, and the
reaction mixture was worked up according to the general procedure
(reaction time 30 min) to give 40 mg (26 %) of 6 f. M.p. >350 8C; Rf (silica
gel; CHCl3/ethanol 20:1)� 0.57; Rf (alumina; CHCl3/ethanol 20:1)� 0.35;
IR (KBr): nÄ � 2964 cmÿ1 (m), 2875 (w), 1701 (br s), 1685 (w), 1666 (br s),
1616 (w), 1594 (s), 1579 (m), 1506 (w), 1434 (w), 1402 (m), 1359 (s), 1255
(m), 1174 (w), 1150 (w), 970 (br w), 855 (w), 828 (w), 809 (m), 804 (w), 741
(m), 735 (w), 651 (w); 1H NMR (CDCl3): d� 1.27 (s, 9 H; C(CH3)3), 1.34 (s,
9H; C(CH3)3), 5.55 (s, 2 H; NH2), 7.14 (d, 4J� 2.2 Hz, 1H; phenyl), 7.46 (dd,
3J� 8.6 Hz, 4J� 2.2 Hz, 1H; phenyl), 7.59 (d, 3J� 8.6 Hz, 1H; phenyl), 8.58
(d, 3J� 8.1 Hz, 2H; perylene), 8.61 (d, 3J� 8.2 Hz, 2 H; perylene), 8.66 (d,
3J� 8.0 Hz, 2H; perylene), 8.72 (d, 3J� 7.9 Hz, 2 H; perylene); 13C NMR
(CDCl3): d� 31.22, 31.71, 122.41, 123.16, 123.41, 123.92, 126.36, 127.79,
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127.96, 128.75, 129.72, 130.83, 131.60, 131.74, 132.51, 134.52, 135.05, 143.71,
150.22, 160.04, 164.30; UV (CHCl3): lmax (e)� 528 nm (84 650), 491
(50 700), 460 (18 850); MS (70 eV): m/z (%): 593 (3) [M�], 578 (4) [M�ÿ
CH3], 576 (3) [M�ÿOH], 538 (8), 537 (39), 536 (100) [M�ÿC4H9], 522 (6),
521 (10), 520 (9) [576ÿC4H8], 506 (2), 390 (1), 57 (3); C37H28N3O4: [M�ÿ
CH3] calcd 578.2080; found 578.2080 (MS); C38H31N3O4 (593.7): calcd C
76.88, H 5.26, N 7.08; found C 75.93, H 5.39, N 6.83.


Preparation of hydrazones (7)


N-(1-Octylnonyl)perylene-3,4:9,10-tetracarboxylic-3,4-(benzylimineimide)-
9,10-imide (7 b): N-Amino-N'-(1-octylnonyl)perylene-3,4:9,10-tetracarbox-
ylic-bisimide (6d, 100 mg, 0.16 mmol) was stirred with freshly distilled
benzaldehyde (4 mL, 40 mmol) for 4 h at 60 8C. Methanol was added
(50 mL). The solid was collected (after 30 min) by vacuum filtration with a
glass filter (D 4; the filters must not contain any acid, even in trace amounts!
It is recommended to wash the glass filter with chloroform/triethylamine
(10:1) before use.), washed with methanol and ether, dissolved in a small
amount of chloroform, filtered through a glass filter (D 5), methanol was
added, the solvents were removed with a rotary evaporator, and the residue
was dried at 40 8C for 24 h in vacuo to give 110 mg (96 %) of 7 b. M.p. 329 ±
332 8C; Rf (silica gel; CHCl3/ethanol 10:1)� 0.95; Rf (silica gel; CHCl3/
ethanol 20:1)� 0.88; IR (KBr): nÄ � 2954 cmÿ1 (m), 2926 (s), 2854 (m), 1697
(s), 1660 (s), 1616 (w), 1594 (s), 1579 (m), 1506 (w), 1457 (w), 1449 (w), 1435
(w), 1405 (m), 1354 (m), 1338 (s), 1254 (m), 1176 (m), 1000 (w), 965 (w), 851
(m), 809 (s), 800 (m), 755 (m), 739 (m), 690 (m); 1H NMR (CDCl3): d� 0.81
(t, 6 H; 2CH3), 1.25 (mc, 24H; 12 CH2), 1.89 (mc, 2 H; 2a-CH2), 2.22 (mc,
2H; 2 a-CH2), 5.15 (mc, 1 H; NCH), 7.52 (mc, 3H; phenyl), 7.99 (d, 3J�
7.1 Hz, 2H; phenyl), 8.29 (d, 3J� 8.1 Hz, 2 H; perylene), 8.37 (d, 3J� 8.1 Hz,
2H; perylene), 8.44 (d, 3J� 7.9 Hz, 2H; perylene), 8.56 (br s, 2 H; perylene),
8.62 (s, 1H; N�CH); 13C NMR (CDCl3): d� 14.05, 22.61, 27.04, 29.24, 29.50,
29.56, 31.82, 32.39, 54.93, 122.83, 122.87, 123.02, 125.88, 126.07, 128.42,
128.80, 129.29, 129.36, 130.87, 131.48, 132.49, 132.56, 133.72, 134.57, 159.93,
163.50 (br), 164.20 (br), 171.27; UV (CHCl3): lmax (e)� 528 nm (87 400), 491
(52 500), 460 (18 900); fluorescence (CHCl3): lmax� 535 nm, 575; fluores-
cence quantum yield[15] (c� 7.38� 10ÿ7 mol lÿ1 in CHCl3, reference 3 b with
F� 100 %, lexcit.� 491 nm)� 59%; MS (70 eV): m/z (%): 732 (3), 731 (6)
[M�], 714 (2), 629 (8), 628 (16) [M�ÿC7H5N], 611 (3), 495 (4), 494 (9), 403
(2), 393 (2), 392 (12), 391 (44), 390 (100) [628ÿC17H34], 374 (2), 373 (4), 346
(3), 345 (3), 104 (6), 103 (58) [C7H5N�], 76 (16), 75 (4), 51 (3), 50 (6);
C48H49N3O4 (731.9): calcd C 78.77, H 6.75, N 5.74; found C 78.82, H 6.99, N
5.77.


N-(1-Hexylheptyl)perylene-3,4:9,10-tetracarboxylic-3,4-(benzylimineimide)-
9,10-imide (7a): N-Amino-N'-(1-hexylheptyl)perylene-3,4:9,10-tetracar-
boxylic-bisimide (6 b, 100 mg, 0.17 mmol) and benzaldehyde (3 mL,
30 mmol) were allowed to react (3 h, 60 8C), and the reaction mixture
was worked up as described for 7 b to give 7a. Rf (silica gel; CHCl3/ethanol
10:1)� 0.87; Rf (silica gel; CHCl3/ethanol 20:1)� 0.78; IR (KBr): nÄ �
2954 cmÿ1 (m), 2928 (m), 2857 (m), 1697 (s), 1680 (s), 1616 (w), 1594 (s),
1579 (m), 1449 (m), 1432 (m), 1405 (m), 1355 (m), 1336 (s), 1253 (s), 1176
(m), 852 (w), 809 (s), 755 (m), 739 (w), 683 (w); UV (CHCl3): lmax� 528 nm,
491, 460; fluorescence (CHCl3): lmax� 535 nm, 575; MS (70 eV): m/z (%):
675 (8) [M�], 658 (2), 573 (9), 572 (20) [M�ÿC7H5N], 555 (4), 494 (8), 406
(5), 405 (9), 392 (11), 391 (41), 390 (100) [572ÿC13H26], 346 (6), 345 (4), 105
(10), 104 (14), 103 (17) [C7H5N�].


N-(1-Hexylheptyl)perylene-3,4:9,10-tetracarboxylic-3,4-(4-methoxybenzyli-
mineimide)-9,10-imide (7c): N-Amino-N'-(1-hexylheptyl)perylene-3,4:9,10-
tetracarboxylic-bisimide (6 b, 100 mg, 0.17 mmol) and 4-methoxybenzalde-
hyde (anisaldehyde, 3 mL, 25 mmol) were allowed to react (1 h, 60 8C), and
the reaction mixture was worked up as described for 7 b to give 90 mg
(80 %) of 7c. M.p. 348 ± 350 8C; Rf (silica gel; CHCl3/ethanol 10:1)� 0.92;
Rf (silica gel; CHCl3/ethanol 20:1)� 0.85; Rf (silica gel; CHCl3/1-butanol
40:1)� 0.44; IR (KBr): nÄ � 3065 cmÿ1 (w), 2956 (m), 2928 (s), 2857 (m),
1696 (s), 1658 (s), 1594 (s), 1579 (s), 1515 (m), 1457 (m), 1431 (m), 1423 (m),
1405 (s), 1355 (m), 1336 (br s), 1254 (br s), 1205 (w), 1172 (s), 1126 (w), 1110
(w), 1055 (w), 991 (w), 962 (w), 851 (m), 833 (m), 809 (s), 799 (m), 754 (w),
739 (s); 1H NMR (CDCl3): d� 0.83 (t, 6 H; 2CH3), 1.28 (mc, 16H; 8 CH2),
1.90 (mc, 2 H; 2a-CH2), 2.24 (mc 2 H; 2a-CH2), 3.91 (s, 3H; OCH3), 5.18
(mc, 1H; NCH), 7.02 (d, 3J� 8.8 Hz, 2 H; phenyl), 7.95 (d, 3J� 8.9 Hz, 2H;
phenyl), 8.52 (d, 3J� 8.2 Hz, 2H; perylene), 8.54 (d, 3J� 9.1 Hz, 3H; 2H
perylene/1 H N�CH), 8.63 (d, 3J� 8.1 Hz, 4H; perylene); 13C NMR
(CDCl3): d� 14.02, 22.57, 26.95, 29.21, 31.74, 32.38, 54.86, 114.28, 122.99,
123.16, 125.17, 126.16, 126.40, 128.67, 129.43, 131.23, 131.71, 134.08, 134.83,


160.31, 163.26, 170.63; UV (CHCl3): lmax (e)� 528 nm (92 800), 491
(55 900), 460 (20 300); fluorescence (CHCl3): lmax� 543 nm, 575; fluores-
cence quantum yield[15] (c� 5.61� 10ÿ7 mol lÿ1 in CHCl3, reference 3 b with
F� 100 %, lexcit.� 491 nm)� 0.03 %; MS (70 eV): m/z (%): 706 (1), 705 (1)
[M�], 574 (2), 573 (9), 572 (23) [M�ÿC8H7NO], 555 (5), 524 (4), 403 (2),
392 (13), 391 (45), 390 (100) [M�ÿC8H7NOÿC13H26], 374 (2), 373 (7), 346
(5), 345 (5), 133 (13) [C8H7NO�], 103 (5), 90 (4), 55 (2); C45H43N3O5: calcd
705.3203; found 705.3202 (MS); C45H43N3O5 (705.9): calcd C 76.57, H 6.14,
N 5.95; found C 76.40, H 6.09, N 5.91.


N-(1-Hexylheptyl)perylene-3,4:9,10-tetracarboxylic-3,4-(2-furfurylimine-
imide)-9,10-imide (7 d): N-Amino-N'-(1-hexylheptyl)perylene-3,4:9,10-te-
tracarboxylic-bisimide (6 b, 100 mg, 0.17 mmol) and furfural (3 mL,
36 mmol) were allowed to react (2 h, 50 8C and then 2 d, 80 8C), and the
reaction mixture was worked up as described for 7b to give 100 mg (91 %)
of 7d. M.p. 334 ± 337 8C; Rf (silica gel; CHCl3/ethanol 10:1)� 0.86; Rf (silica
gel; CHCl3/ethanol 20:1) �0.79; Rf (silica gel; CHCl3/1-butanol 40:1)�
0.32; IR (KBr): nÄ � 2956 cmÿ1 (m), 2928 (m), 2856 (m), 1696 (s), 1660 (br s),
1636 (w), 1623 (w), 1618 (w), 1594 (s), 1578 (m), 1506 (w), 1476 (w), 1457
(w), 1430 (w), 1405 (m), 1331 (br s), 1253 (m), 1176 (m), 1018 (w), 809 (s),
739 (m); 1H NMR (CDCl3): d� 0.81 (t, 6H; 2CH3), 1.22 (mc, 16H; 8 CH2),
1.87 (mc, 2 H; 2 a-CH2), 2.22 (mc, 2 H; 2a-CH2), 5.16 (mc, 1 H; NCH), 6.62
(dd, J� 1.8 Hz, J� 1.8 Hz, 1H; phenyl), 7.15 (d, J� 3.5 Hz, 1 H; phenyl),
7.70 (d, J� 1.7 Hz, 1 H; phenyl), 8.52 (d, 3J� 8.1 Hz, 2H; perylene), 8.52 (s,
1H; N�CH), 8.55 (d, 3J� 8.2 Hz, 2 H; perylene), 8.64 (d, 3J� 7.9 Hz, 4H;
perylene); 13C NMR (CDCl3): d� 14.01, 22.56, 26.94, 29.20, 31.74, 32.37,
54.86, 112.48, 118.67, 122.99, 123.00, 123.26, 123.42 (br), 124.16 (br), 126.19,
126.45, 128.72, 129.44, 131.03 (br), 131.89, 134.07, 135.01, 146.87, 148.03,
158.38, 160.20, 163.43 (br), 164.45 (br); UV (CHCl3): lmax (e)� 528 nm
(89 100), 491 (53 400), 460 (19 000); fluorescence (CHCl3): lmax� 538 nm,
575 (very weak fluorescence); fluorescence quantum yield[15] (c� 7.36�
10ÿ7 mol lÿ1 in CHCl3, reference 3 b with F� 100 %, lexcit.� 491 nm)�
25%; MS (70 eV): m/z (%): 666 (2), 665 (4) [M�], 573 (6) [M�ÿ
C5H2NO], 572 (14) [M�ÿC5H3NO], 555 (3), 485 (3), 484 (6), 405 (3), 392
(10), 391 (43), 390 (100) [572ÿC13H26], 373 (6), 345 (5); C42H39N3O5


(665.8): calcd C 75.77, H 5.90, N 6.31; found C 75.66, H 5.69, N 6.40.


N-(1-Hexylheptyl)perylene-3,4:9,10-tetracarboxylic-3,4-(cyclohexylimine-
imide)-9,10-imide (7e): N-Amino-N'-(1-hexylheptyl)perylene-3,4:9,10-tet-
racarboxylic-bisimide (6b, 100 mg, 0.17 mmol) and cyclohexanone (10 mL,
96 mmol) were allowed to react (10 min, 70 8C and then 12 h r.t. until no 6b
could be detected by TLC). The excess of cyclohexanone was removed in
vacuo (0.2 Torr) to give 7e ; Rf (silica gel; CHCl3/acetone (10:1)� 0.68; Rf


(silica gel; CHCl3/ethanol 10:1)� 0.86; Rf (silica gel; CHCl3/ethanol
20:1)� 0.68; IR (KBr): nÄ � 2955 cmÿ1 (m), 2928 (m), 2857 (m), 1698 (s),
1660 (s), 1594 (s), 1579 (m), 1506 (w), 1457 (w), 1431 (w), 1405 (m), 1355 (m
sh), 1341 (s sh), 1336 (s), 1255 (m), 1208 (w), 1177 (w), 1127 (w), 1110 (w),
980 (w), 965 (w), 852 (w), 809 (m), 741 (w); 1H NMR (CDCl3): d �0.80 (t,
6H; 2CH3), 1.28 (mc, 16 H; 8CH2), 1.70 (s, 4H; cyclohexyl), 1.86 (mc, 2H;
2a-CH2), 1.96 (s, 2 H; cyclohexyl), 2.21 (mc, 4H; 2a-CH2/2 cyclohexyl), 2.75
(t, 2 H; cyclohexyl), 5.16 (mc, 1H; NCH), 8.57 (d, 3J� 8.1 Hz, 2H;
perylene), 8.59 (d, 3J� 8.1 Hz, 2 H; perylene), 8.65 (d, 3J� 8.1 Hz, 4H;
perylene); 13C NMR (CDCl3): d� 14.44, 22.98, 25.98, 26.73, 27.34, 27.81,
29.62, 30.84, 32.16, 32.78, 36.22, 54.93, 123.41, 123.65, 126.70, 126.99, 129.93,
131.53, 134.69, 135.33, 160.12, 185.81; UV (CHCl3): lmax (e)� 527 nm
(85 800), 491 (51 400), 459 (18 600); fluorescence (CHCl3): lmax� 539 nm,
575; MS (70 eV): m/z (%): 668 (36), 667 (84) [M�], 651 (6), 650 (12), 626 (7),
624 (55), 585 (11), 557 (6), 556 (10), 487 (17), 486 (56), 485 (62) [M�ÿ
C13H26], 444 (7), 443 (40), 442 (100) [485ÿC3H7], 429 (6), 404 (9), 403 (19),
392 (16), 391 (60), 390 (65), 389 (6), 376 (10), 375 (34), 373 (28), 363 (5), 362
(15), 361 (21), 347 (10), 346 (31), 345 (22), 333 (9), 305 (10), 302 (7), 275 (6),
274 (7), 69 (12), 65 (7), 55 (20); C43H45N3O4 (667.8): calcd C 77.33, H 6.79, N
6.29; found C 76.76, H 6.79, N 6.15.


N-(1-Hexylheptyl)perylen-3,4:9,10-tetracarboxylic-3,4-(1-butylimineimide)-
9,10-imide (7 f): N-Amino-N'-(1-hexylheptyl)perylene-3,4:9,10-tetracar-
boxylic-bisimide (6b, 100 mg, 0.17 mmol) and pentanal (valeraldehyde,
5 mL, 47 mmol) were allowed to react (24 h, r.t.), and the reaction mixture
was worked up as described for 7e. The product could not be purified by
chromatography with silica gel because a slow decomposition of the
adsorbed material took place. Yield 90 mg (90 %) of 7 f. Rf (silica gel;
CHCl3/ethanol 10:1)� 0.85; Rf (silica gel; CHCl3/ethanol 20:1)� 0.88; IR
(KBr): nÄ � 2957 cmÿ1 (m), 2928 (m), 2857 (w), 1698 (s), 1660 (s), 1616 (w),
1594 (s), 1579 (m), 1510 (w), 1457 (w), 1432 (w), 1405 (m), 1354 (m), 1336
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(s), 1254 (m), 1207 (w), 1177 (m), 851 (w), 809 (m), 800 (w), 739 (m); 1H
NMR (CDCl3): d� 0.81 (t, 6 H; 2 CH3), 1.03 (t, 3H; CH3), 1.26 (mc, 16H;
8CH2), 1.60 (mc, 2 H; CH2), 1.76 (mc, 2H; CH2), 1.88 (mc, 2H; 2 a-CH2),
2.22 (mc 2H; 2a-CH2), 2.70 (q, 2H; CH2), 5.16 (mc, 1 H; NCH), 8.02 (t, 1H;
N�CH), 8.50 (mc, 8H; perylene); 13C NMR (CDCl3): d� 13.86, 14.03,
22.30, 22.58, 26.97, 27.88, 29.22, 31.76, 32.37, 33.28, 54.86, 122.89, 123.00,
123.13, 126.06, 131.56, 133.96, 134.78, 160.04, 177.76; UV (CHCl3): lmax�
528 nm, 491, 460; fluorescence (CHCl3): lmax� 535 nm, 575; MS (70 eV): m/
z (%): 655 (4) [M�], 614 (4), 613 (9), 599 (4), 598 (9), 587 (9), 586 (20), 573
(6), 572 (13) [M�ÿC5H9N], 557 (4), 556 (4), 474 (8), 431 (8), 416 (9), 406
(5), 405 (13), 404 (17), 403 (5), 392 (13), 391 (53), 390 (100) [572ÿC13H26],
376 (5), 375 (7), 374 (7), 373 (9), 346 (9), 345 (8); C42H45N3O4: calcd
655.3410; found 655.3405 (MS).


N-(1-Hexylheptyl)perylene-3,4:9,10-tetracarboxylic-3,4-(1-hexylimineimide)-
9,10-imide (7g): N-Amino-N'-(1-hexylheptyl)perylene-3,4:9,10-tetracar-
boxylic-bisimide (6b, 160 mg, 0.28 mmol) and heptanal (enanthaldehyde,
2 mL, 14.3 mmol) were allowed to react (4 h, 50 8C), and the reaction
mixture was worked up as described for 7 e. The product was further
purified by column separation (silica gel/ethyl acetate), which should be
quickly carried out, to give 90 mg (48 %) of 7g ; Rf (silica gel; CHCl3/
ethanol 10:1)� 0.88; Rf (silica gel/ethyl acetate)� 0.81; IR (KBr): nÄ �
2955 cmÿ1 (m), 2928 (m), 2857 (m), 1700 (s), 1660 (s), 1595 (s), 1579 (m),
1506 (w), 1465 (w), 1457 (w), 1430 (w), 1405 (m), 1352 (m sh), 1337 (s), 1254
(m), 1177 (m), 850 (w), 809 (m), 798 (w), 739 (m); 1H NMR (CDCl3): d�
0.81 (t, 6 H; 2CH3), 0.91 (t; 3 H; CH3), 1.28 (mc, 20H; 8CH2/2CH2), 1.56
(mc, 2 H; CH2), 1.85 (mc, 2H; 2a-CH2), 2.24 (mc, 2H; 2 a-CH2), 2.40 (t, 3J�
8.3 Hz, 2H; CH2), 2.70 (dd, 3J� 7.5 Hz, 4J� 1.3 Hz, 2H; CH2), 5.18 (mc,
1H; NCH), 8.02 (t, 3J� 6.5 Hz, 1H; N�CH), 8.45 (d, 3J� 8.1 Hz, 2H;
phenyl), 8.48 (d, 3J� 8.1 Hz, 2 H; perylene), 8.57 (d, 3J� 8.0 Hz, 2H;
perylene), 8.63 (br s, 2H; perylene); 13C NMR (CDCl3): d� 14.02, 22.04,
22.57, 25.77, 26.96, 28.81, 29.21, 31.54, 31.75, 32.37, 33.59, 43.89, 54.85, 122.07,
122.78, 122.91, 123.04, 123.14, 123.23, 123.28, 126.10, 126.34, 128.64, 129.38,
131.60, 133.99, 134.81, 134.90, 160.06, 163.38 (br), 164.39 (br), 177.70 (7g
decomposes in solution to the starting materials so that additional signals of
the latter have been obtained, for example 1H NMR: d� 9.75; 13C NMR:
d� 202.86); UV (CHCl3): lmax (e)� 527 nm (78 600), 491 (44 600), 460
(11 200); fluorescence (CHCl3): lmax� 535 nm, 576; MS (70 eV): m/z (%):
684 (3), 683 (5) [M�], 614 (4), 613 (10), 598 (8), 587 (8), 586 (16), 574 (5),
573 (16), 572 (18) [M�ÿC7H13N], 502 (6), 431 (5), 416 (6), 405 (8), 404 (10),
403 (5), 392 (16), 391 (58), 390 (100) [572ÿC13H26], 375 (6), 374 (7), 373 (8),
346 (9), 345 (8), 83 (20), 82 (25), 69 (5), 55 (13), 54 (9); C44H49N3O4 (683.9):
calcd C 77.28, H 7.22, N 6.14; found C 77.86, H 7.23, N 6.27.


N-(1-Hexylheptyl)perylene-3,4:9,10-tetracarboxylic-3,4-(methylimineimide)-
9,10-imide (7 h): N-Amino-N'-(1-hexylheptyl)perylene-3,4:9,10-tetracar-
boxylic-bisimide (6 b, 50 mg, 0.09 mmol) and acetaldehyde (3 mL,
53 mmol) were allowed to react (3 d, 30 8C bath temperature), and the
reaction mixture was worked up as described for 7 b to give a mixture of
40% 7h and 60% 6b (1H NMR: d� 7.95 (7 h) and d� 5.48 (6 b)); Rf of 7h
(silica gel; CHCl3/ethanol 20:1)� 0.70; 1H NMR (CDCl3): d� 0.81 (t, 6H;
2CH3), 1.28 (mc, 16 H; 8CH2), 1.88 (mc, 2 H; 2a-CH2), 2.24 (mc, 2H; 2 a-
CH2), 5.16 (mc, 1 H; NCH), 5.48 (s, 2 H; NH2), 7.95 (t, 1H; N�CH), 8.50
(mc, 8 H; perylene); UV (CHCl3): lmax� 528 nm, 490, 460; fluorescence
(CHCl3): lmax� 535 nm, 575; MS (70 eV): m/z (%): 614 (3), 613 (7) [M�],
596 (2), 587 (3), 573 (4), 572 (9) [M�ÿCH3CN], 432 (8), 431 (4) [M�ÿ
C13H26], 406 (8), 405 (14), 392 (10), 391 (45), 390 (100) [572ÿC13H26], 376
(5), 346 (5), 345 (5), 55 (5).


N-(1-Hexylheptyl)perylene-3,4:9,10-tetracarboxylic-3,4-(2-(4-methyl-pent-
3-ene)imineimide)-9,10-imide (7 i): N-Amino-N'-(1-hexylheptyl)perylene-
3,4:9,10-tetracarboxylic-bisimide (6b, 300 mg, 0.50 mmol) and freshly
distilled mesityloxide (80 mg, 0.80 mmol) were dissolved in hot benzene
(80 mL), allowed to react (24 h, reflux), and the reaction mixture was
worked up as described for 7 e. It was further purified by column separation
(dried silica gel; dried chloroform/acetone 10:1) to give 90 mg (90 %) of 7 i.
Rf (silica gel; CHCl3/acetone 10:1)� 0.82; 1H NMR (CDCl3): d� 0.83 (t,
6H; 2CH3), 1.28 (mc, 16H; 8 CH2), 1.90 (mc, 2 H; 2a-CH2), 2.24 (mc 2H;
2a-CH2), 5.18 (mc, 1 H; NCH), 6.01 (s, 1H; C�CH), 8.50 (mc, 8H;
perylene); 13C NMR (CDCl3): d� 14.02, 20.04, 21.26, 22.56, 26.93, 27.47,
29.20, 31.74, 32.36, 54.57, 122.57, 122.98, 123.10, 123.32, 126.10, 126.90,
129.20, 129.60, 131.59, 134.20, 134.86, 148.10, 159.52, 170.70; UV (CHCl3):
lmax� 527 nm, 491, 460; fluorescence (CHCl3): lmax� 534 nm, 576; MS
(70 eV): m/z (%): 667 (4) [M�], 628 (4), 627 (9), 613 (4), 612 (13), 573 (6),


572 (12), 555 (4), 446 (9), 445 (10), 431 (10), 430 (33), 404 (5), 403 (5), 392
(18), 391 (57), 390 (100), 389 (5), 376 (5), 375 (6), 374 (7), 373 (10), 362 (5),
361 (5), 347 (4), 346 (9), 345 (8), 302 (4), 95 (16), 55 (6).


Fluorescence derivatizing by means of 6 for trace analysis: reaction of 6a
with benzaldehyde : A stock solution of 6a (0.390 mg in 50 mL chloroform)
with a content of 1.47� 10ÿ5 mol lÿ1 was prepared. 99 mg of benzaldehyde
were diluted with chloroform to 50 mL and 2.00 mL of this solution were
further diluted to 1 l giving a reference solution with a content of 3.73�
10ÿ8 mol lÿ1. For the determination of benzaldehyde several 2.00 mL
(2.94� 10ÿ8 mol) lots of the stock solution of 6 a were each mixed with
an increasing amount of the reference solution of benzaldehyde, refluxed
for 30 min, and the intensity of their fluorescent light was determined by
means of a fluorimeter. The following volumes of the reference solution
have been used; the found fluorescence intensity is reported in brackets:
0 mL (5.0), 0.1 (6.0), 0.2 (6.0), 0.4 (6.6), 0.8 (6.2), 1.6 (11). Generally, better
results have been obtained with higher concentrations of benzaldehyde and
furthermore this the fluorescence becomes visible.


Fluorescence-derivatizing of complex natural products by means of 6; the
reaction of secologanin (RN 19351-63-4) with 6 b : Several micrograms of
secologanin and of 6b were heated in chloroform (3 mL, 3 h, 60 8C, the
reagents must be free of acids), which resulted in a visible fluorescence by
the application of a standard fluorescence lamp (365 nm). The fluorescent
derivatization can be followed by TLC: Rf (silica gel; CHCl3/ethanol
10:1)� 0.74 (nonfluorescent 6b), Rf (silica gel; CHCl3/ethanol 10:1)� 0.16
(fluorescent main product), Rf (silica gel; CHCl3/ethanol 10:1)� 0.77
(fluorescent byproduct).


N-(1-Octylnonyl)-N''-(N''''-ethoxycarbamidyl)perylene-3,4:9,10-bis(dicarbox-
imide): Triethylamine (40 mg, 0.40 mmol) was added to N-amino-N'-(1-octyl-
nonyl)perylene-3,4:9,10-tetracarboxylic-bisimide (6 d, 220 mg, 0.34 mmol)
and ethylchloroformate (40 mg, 0.36 mmol), and was stirred at 60 8C for
3 h. The mixture was cautiously added to ethanol/water (1:1, 150 mL) and
vigorously stirred for 2 h. The precipitate was collected by vacuum
filtration (glass filter D 4) washed with water three times, dried in an oven
at 100 8C and further purified by column separation (silica gel; chloroform/
ethanol 10:1). Methanol (100 mL) was added to the main fraction, the
solvent was evaporated, and the residue dried in medium vacuum at 60 8C
to give 150 mg (68 %). M.p. 277 ± 278 8C; Rf (silica gel; CHCl3/ethanol
10:1)� 0.66; Rf (silica gel; CHCl3/1-butanol 40:1) �0.27; Rf (silica gel;
CHCl3/triethylamine 40:1) �0.17; IR (KBr): nÄ � 2954 cmÿ1 (m), 2926 (m),
2855 (m), 1718 (s), 1700 (s), 1660 (s), 1636 (m), 1616 (m), 1595 (s), 1580 (m),
1506 (w), 1465 (w), 1457 (w), 1404 (m), 1348 (m), 1305 (m), 1254 (m), 1175
(m), 810 (m), 750 (m), 668 (m); 1H NMR (CDCl3): d� 0.80 (t, 6 H; 2 CH3),
1.28 (mc, 27H; 12CH2/CH3), 1.92 (mc, 2H; 2a-CH2), 2.25 (mc, 2 H; 2 a-
CH2), 4.31 (br d, 2H; OCH2), 5.15 (mc, 1H; NCH), 7.17 (br s, 1H; NH), 8.21
(br d, 2 H; perylene), 8.31 (br d, 4 H; perylene), 8.53 (br d, 2H; perylene);
13C NMR (CDCl3): d� 14.06, 14.42, 22.62, 27.10, 29.26, 29.53, 31.82, 55.09,
62.92, 122.36, 122.72, 123.26, 125.85, 126.04, 128.92, 129.00, 129.10, 130.86,
131.69, 133.47, 134.87, 155.18, 161.40; UV (CHCl3): lmax (e)� 526 nm
(82 900), 490 (49 900), 459 (18 100); fluorescence (CHCl3): lmax� 535 nm,
574; MS (70 eV): m/z (%): 716 (21), 715 (46) [M�], 698 (12) [M�ÿOH], 669
(5), 480 (6), 479 (31), 478 (77), 477 (100) [M�ÿC17H34], 433 (11), 432 (22),
431 (24), 414 (5), 407 (6), 406 (35), 405 (75), 391 (22), 390 (37), 388 (6), 377
(12), 376 (43), 347 (10), 320 (8), 319 (5); C44H49N3O6 (715.8): calcd C 73.82,
H 6.90, N 5.87; found C 73.81, H 6.94, N 5.80.


N-(1-Hexylheptyl)-N''-(N''''-ethoxycarbamidyl)perylene-3,4:9,10-bis(dicarbox-
imide): Triethylamine (20 mg, 0.20 mmol) was added to N-amino-N'-(1-
hexylheptyl)-perylene-3,4:9,10-tetracarboxylic-bisimide (6b, 100 mg,
0.17 mmol) and ethylchloroformate (20 mg, 0.18 mmol), and was stirred
at 60 8C for 3 h. The mixture was cautiously added to ethanol/water (1:1,
50 mL) and vigorously stirred for 2 h. The precipitate was collected by
vacuum filtration (glass filter D 4), washed with water three times and dried
in an oven at 100 8C; Rf (silica gel; CHCl3/ethanol 10:1)� 0.66; Rf (silica
gel; CHCl3/1-butanol 40:1)� 0.19; Rf (alumina; CHCl3/ethanol 10:1)�
0.68; Rf (alumina; CHCl3/1-butanol 40:1)� 0.34; IR (KBr): nÄ � 2927 cmÿ1


(m), 2857 (w), 1718 (m), 1700 (s), 1653 (m), 1636 (m), 1595 (s), 1577 (m),
1505 (w), 1457 (w), 1437 (w), 1420 (m), 1254 (m), 1176 (w), 1109 (w), 1043
(w), 809 (m); 1H NMR (CDCl3): d� 0.82 (t, 6H; 2CH3), 1.28 (mc, 16H;
8CH2), 1.33 (s, 3H; O-CH2CH3), 1.90 (mc, 2 H; 2 a-CH2), 2.25 (mc, 2H; 2a-
CH2), 4.32 (q, 2H; OCH2), 5.16 (mc, 1 H; NCH), 8.51 (mc, 8 H; perylene);
13C NMR (CDCl3): d� 14.04, 14.41, 22.59, 27.01, 29.23, 31.77, 32.41, 55.03,
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62.96, 122.47, 122.84, 123.37, 126.31, 129.20, 131.90, 133.68, 135.44, 155.17,
166.51.


N-1-(Hexylheptyl)-N''-(phenyl)perylene-3,4:9,10-bis(dicarboximide):[16] N-
(1-Hexylheptyl)-perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-imi-
de (5b, 600 mg, 1.04 mmol), freshly distilled aniline (280 mg, 3.0 mmol),
zincacetate dihydrate (100 mg, 0.46 mmol) and imidazole (3 g) were stirred
for 3 h at 150 8C. The still warm mixture was diluted with ethanol (10 mL)
and added with stirring to 2n HCl (100 mL) and further stirred for 2 h. The
precipitate was collected by vacuum filtration (D 4 glass filter), thoroughly
washed with methanol/water, dried in an oven at 100 8C and purified by
column separation (silica gel/chloroform) to give 510 mg (75 %). RF (silica
gel/CHCl3)� 0.53; IR (KBr): nÄ � 2955 (m) cmÿ1, 2927 (m), 2857 (m), 1699
(s), 1660 (s), 1594 (s), 1579 (m), 1505 (w), 1490 (w), 1455 (w), 1433(w), 1405
(w), 1334 (s), 1255 (m), 1199 (w), 1177 (m), 1124 (w), 1110 (w), 1075 (w),
965 (w), 852 (w), 840 (w), 810 (w), 745 (w), 700 (w), 637 (w); UV (CHCl3):
lmax (e)� 492 (18 750), 492 (52 270), 528 (86 730); fluorescence (CHCl3):
lmax� 538 nm, 578; 1H NMR (CDCl3): d� 0.81 (t, 6H; 2CH3), 1.28 (mc,
16H; 8 CH2), 1.88 (mc, 2H; 2 a-CH2), 2.24 (mc, 2 H; 2 a-CH2), 5.16 (mc, 1H;
NCH), 7.35 (mc, 2H; phenyl), 7.53 (mc, 3 H; phenyl), 8.50 (mc, 8H;
perylene); 13C NMR (CDCl3): d� 14.03, 22.58, 26.95, 29.21, 31.76, 32.38,
54.85, 123.03, 123,31, 123.36, 126.39, 126.65, 128.60, 128.88, 129.45, 129.53,
129.82, 131.77, 134.26, 135.08, 135.09, 163.53; MS (70 eV): m/z (%): 649
(14), 648 (30) [M�], 631 (7), 479 (4), 469 (3), 468 (18), 467 (69), 466 (100)
[M�ÿC13H26], 465 (20), 449 (5), 422 (5), 421 (8); C43H40N2O4 (648.8): calcd
C 79.60, H 6.21, N 4.31; found C 79.61, H 6.28, N 4.49.


Hydrazinolysis of N-1-(hexylheptyl)-N''-(phenyl)perylene-3,4:9,10-bis(di-
carboximide): N-1-(Hexylheptyl)-N'-(phenyl)perylene-3,4:9,10-bis(dicar-
boximide) (500 mg, 0.77 mmol), hydrazine hydrate (100 %, 1.0 mL,
20.0 mmol) and tert-butyl alcohol (10 mL) were refluxed with stirring for
20 h, then added to water (200 mL) and stirred for 1 h. The precipitate was
collected by vacuum filtration (D 4 glass filter), dried at 120 8C in an oven
and purified by column separation (silica gel/chloroform 10:1). The product
was identical to 6b according to its spectroscopic data.


N-(1-Hexylheptyl)-perylene-3,4:9,10-tetracarboxylic-3,4-((2-hydrazopyri-
dine)-N2ylimide)-9,10-imide : N-(1-Hexylheptyl)perylene-3,4:9,10-tetracar-
boxylic-3,4-anhydride-9,10-imide (5 b, 250 mg, 0.44 mmol), 2-hydrazopyr-
idine (200 mg, 1.80 mmol) and 2-methoxyethanol (20 mL) were stirred for
20 h at room temperature (neither the addition of additional 2-hydrazo-
pyridine nor increasing the reaction temperature to 70 8C completed the
reaction). The solvent was evaporated in vacuo and the residue purified by
column separation (alumina; chloroform/ethanol 10:1) and by flash
chromatography (silica gel; chloroform/acetic acid 10:1). The solvent was
evaporated and the residue thoroughly washed with water/methanol and
dried in vacuo at 60 8C to give 70 mg (24 %). M.p. >350 8C; Rf (silica gel;
CHCl3/ethanol 10:1)� 0.57; Rf (silica gel; CHCl3/acetic acid 10:1)� 0.48;
IR (KBr): nÄ � 3441 cmÿ1 (br m), 2956 (m), 2927 (m), 2856 (m), 1718 (m),
1700 (s), 1685 (br m), 1658 (s), 1594 (s), 1579 (m), 1506 (w), 1476 (w), 1459
(w), 1437 (m), 1404 (m), 1355 (m), 1346 (s), 1319 (w), 1253 (br m), 1175 (m),


1110 (w), 1090 (w), 1035 (w), 966 (w), 855 (w), 810 (s), 746(m); 1H NMR
(CDCl3): d� 0.81 (t, 6 H; 2CH3), 1.28 (mc, 16 H; 8CH2), 1.87 (mc, 2H; 2a-
CH2), 2.26 (mc, 2H; 2a-CH2), 5.17 (mc, 1 H; NCH), 6.85 (mc, 2H; phenyl),
7.57 (t, 3J� 7.8 Hz, 4J� 1 Hz, 1 H; phenyl), 8.14 (d, 3J� 5.0 Hz, 1H; phenyl),
8.58 (d, 3J� 8.1 Hz, 2 H; perylene), 8.59 (d, 3J� 8.0 Hz, 2H; perylene), 8.67
(d, 3J� 8.0 Hz, 4H; perylene); 13C NMR (CDCl3): d� 14.02, 22.57, 26.94,
29.20, 31.75, 32.37, 54.90, 108.82, 117.65, 122.93, 123.44, 126.30, 126.71,
129.49, 132.20, 134.10, 135.36, 137.99, 148.21, 157.02, 162.45; UV (CHCl3):
lmax (e)� 527 nm (79 100), 490 (48 100), 459 (17 700); fluorescence (CHCl3):
lmax� 542 nm, 577; MS (70 eV): m/z (%): 666 (5), 665 (20), 664 (41) [M�],
648 (4), 647 (9) [M�ÿOH], 619 (6), 495 (4), 484 (17), 483 (41), 482 (39)
[M�ÿC13H26], 465 (7), 439 (11), 438 (45), 437 (100) [M�ÿC13H26ÿCO],
392 (4), 390 (5), 319 (5), 94 (5), 55 (5); C42H40N4O4 (664.8): calcd C 75.88, H
6.06, N 8.43; found C 75.94, H 5.99, N 8.22.
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Synthesis, Reactivity, and Ring-Opening Polymerization (ROP)
of Tin-Bridged [1]Ferrocenophanes


Frieder Jäkle, Ron Rulkens, Gernot Zech, Daniel A. Foucher,
Alan J. Lough, and Ian Manners*


Abstract: The first examples of tin-
bridged [1]ferrocenophanes, Fe(h-C5H4)2-
SntBu2 (7a) and Fe(h-C5H4)2SnMes2 (7b)
have been synthesized by the low-temper-
ature reaction of Fe(h-C5H4Li)2 ´ nTME-
DA (TMEDA�N,N,N',N'-tetramethyl-
ethylenediamine) with tBu2SnCl2 and
Mes2SnCl2 (Mes� 2,4,6-trimethylphenyl),
respectively. They were isolated in 65%
(7a) and 85% (7b) yield as orange
crystalline solids, which were character-
ized by multinuclear NMR and UV/Vis
spectroscopy, mass spectrometry, elemen-
tal analysis, and single-crystal X-ray dif-
fraction. The tilt angles between the
planes of the cyclopentadienyl rings are
14.1(2)8 for 7a and 15.2(2)8 (average) for
the three independent molecules of 7b in
the unit cell. Although they have signifi-


cantly smaller tilt angles than analogous
[1]ferrocenophanes with the lighter Group
14 elements silicon or germanium in the
bridge, 7 a and 7 b still readily undergo
ring-opening polymerization (ROP) by
thermal reaction in the solid state (7 a at
150 8C; 7 b at 180 8C), to give high-
molecular-weight poly(ferrocenylstan-
nane)s [Fe(h-C5H4)2SntBu2]n (8 a) and
[Fe(h-C5H4)2SnMes2]n (8 b). Remarka-
bly, 7 a and 7 b were also found to
polymerize in solution at room temper-
ature in the absence of externally added
initiators. ROP is much more rapid for


7 a than for 7 b in solution. The cyclic
dimers [Fe(h-C5H4)2SnR2]2 (3 ; R� tBu,
Mes) were formed as by-products in
amounts which depended on the solvent.
Electrochemical studies of the cyclic
dimers and polymers indicated the pres-
ence of significant Fe ´´ ´ Fe interactions
that are mediated by the tin-atom
spacer. When benzene solutions of 7 a
and 7 b were treated with small amounts
of Karstedt�s catalyst, slower polymer-
ization was observed. Stoichiometric
reaction of Pt(1,5-cod)2 (cod� cyclooc-
tadiene) with 7 a yielded the novel
trimetallic 1-stanna-2-platina[2]ferroce-
nophane Fe(h-C5H4)2Pt(1,5-cod)SntBu2


(9), which functioned as a sluggish
catalyst for the ROP of 7 a and 7 b.


Keywords: [1]ferrocenophanes ´
metallocenes ´ poly(ferrocene) ´
ring-opening polymerization ´ tin


Introduction


Transition-metal-based polymers are at-
tracting attention as processable materi-
als with interesting properties and po-
tential applications.[1, 2] Thermal, anionic,
cationic, and transition-metal-catalyzed
ring-opening polymerization (ROP) of
strained, ring-tilted [1]ferrocenophanes 1 and their analogues
(for example, [2]ferrocenophanes) is a versatile route to a
variety of high-molecular-weight (Mn> 105) poly(metallo-


cene)s 2 and related materials.[3] The resulting polymers have
generated interest as precursors to magnetic materials (in-
cluding nanostructures), which are obtained from them by
pyrolysis or oxidation; their electrochromic, conformational,
and morphological characteristics (including liquid crystallin-
ity), and their interesting charge-transport properties (which
are a result of metal ± metal interactions) have all been
subjects of recent research.[4, 5]


It is remarkable that, even as recently as 1970, [1]ferroce-
nophanes such as 1 (ERx� SiR2) were considered too strained
to exist.[6] The first [1]ferrocenophane, the silicon-bridged
species 1 (ERx� SiPh2), was synthesized successfully and
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characterized in 1975 by Osborne and co-workers. The
synthetic procedure involved a low-temperature reaction of
dilithioferrocene ´ n TMEDA with Ph2SiCl2.[7] In the subse-
quent 20 years a range of analogous species with Group 14 (Si,
Ge)[8] , Group 15 (P, As)[8±10] , and Group 4 (Ti, Zr, Hf)[11, 12]


bridging elements were isolated. These molecules all possess
strained structures with ring tilts between the planes of the
cyclopentadienyl ligands (a) of 6 ± 278 and angles between the
ipso-CÿE bonds and the planes of cyclopentadienyl ligands
(b) of 28.8 ± 40.18, and have attracted attention because of
their interesting reactivity and their ability to function as
surface-derivatization reagents (for example, for silica) as well
as their use as ROP monomers.[3a, 4a, 4f] As the properties of the
ring-opened organometallic materials 2 are modified signifi-
cantly by the nature of the spacer ERx, the extension of the
range of [1]ferrocenophanes by incorporation of other bridg-
ing elements is of considerable interest.[13±15] The first
[1]ferrocenophanes containing Group 16 (S, Se)[16] or
Group 13 (B)[17] elements in the bridge were reported very
recently. These novel, highly strained species (ring tilts 26 ±
328) also undergo ROP. The metal ± metal interactions in the
case of poly(metallocene)s 2 (ERx� S) with a single sulfur
spacer appear to be the strongest detected so far on the basis
of redox coupling measured by cyclic voltammetry.[16]


Although they have large covalent radii, which would be
expected to lead to less intrinsic ring strain, the introduction
of elements below the fourth period as bridging atoms for
[1]ferrocenophanes is synthetically challenging because of the
weakness of the bonds between ipso-carbon and the bridging
element. Thus, although [1]ferrocenophanes containing
Group 14 elements Si and Ge in the bridge are well known,[8]


previous attempts to synthesize stanna[1]ferrocenophanes by
the reaction of dilithioferrocene ´ n TMEDA with diorganodi-
chlorostannanes R2SnCl2 (R�Me, Et, nBu, Ph) were un-
successful and resulted only in the isolation of oligomers
2 (ERx� SnR2; R�Me, Et, nBu, Ph; Mn< 4600) and cyclic
dimers 3 (ERx� SnR2; R�Et, Bu).[8±9, 18] The absence of a
stanna[1]ferrocenophane in the product mixture was attrib-
uted to the high reactivity of the SnÿCl bonds, which might
favor intermolecular condensation reactions over intramolec-
ular cyclizations.[18] In contrast, the synthesis of essentially
unstrained metallocenophanes containing 2 ± 3 and 1 tin
atom(s) in the ansa-bridge has been described for ferrocene-
and zirconocene-based systems, respectively. Thus, Herber-
hold et al. recently synthesized the first distanna[2]ferroce-
nophane (4) and tristanna[3]ferrocenophane (5).[19] The
structure of 4 was determined; its tilt angle was found to be
0.78. Furthermore Herrmann et al. found the ansa-tin-bridged
zirconocene 6 to be a good catalyst for ethylene polymer-
ization.[20]


In a recent communication we reported the first successful
synthesis and characterization of a tin-bridged [1]ferroceno-
phane (7 a ; Scheme 1) by using sterically demanding tert-butyl


Scheme 1. Stanna[1]ferrocenophanes and their ROP.


substituents at tin.[21] In this paper we give full details of the
synthesis and structural characterization of this species and an
analogue (7 b) and describe the polymerization behavior and
properties of the resulting ring-opened poly(ferrocenylstan-
nane) materials (8 a, 8 b).[22, 23]


Results and Discussion


Synthesis and characterization of the tin-bridged [1]ferroce-
nophanes 7 a and 7 b


Synthesis of 7a and 7b : Initially we attempted to isolate a tin-
bridged [1]ferrocenophane from the low-temperature reac-
tion of dilithioferrocene ´ n TMEDA with nBu2SnCl2 in
Et2O.[24] Although a color change from amber to orange was
detected below ÿ40 8C, warming the reaction mixture led to
amber oligomeric products similar to those previously re-
ported.[18] In particular, the known cyclic dimer [Fe(h-
C5H4)2SnnBu2]2 and low-molecular-weight polymer [Fe(h-
C5H4)2SnnBu2]n (Mn� 6100, PDI� 2.3) were identified by
1H, 13C, and 119Sn NMR, and the latter also by gel permeation
chromatography (GPC). We expected the presence of bulkier
substituents to stabilize a stanna[1]ferrocenophane, so we
studied the reaction of dilithioferrocene ´ nTMEDA with
tBu2SnCl2 in diethyl ether. At ÿ35 8C the reaction mixture
showed a subtle color change from amber to orange. When it
had reached ÿ30 8C it was warmed rapidly to 20 8C and
filtered to remove LiCl. The filtrate was collected atÿ78 8C to
avoid spontaneous polymerization of the product; at this
temperature orange needles of the first stanna[1]ferroceno-
phane (7 a) were formed, which were isolated in 65 % yield.
We explored the analogous reaction between dilithioferro-
cene ´ n TMEDA and Mes2SnCl2 (Mes� 2,4,6-trimethylphen-
yl). The change to mesityl substituents on tin made it possible
to work up the reaction mixture at ambient temperature.
After removal of the solvent a solid orange residue was


obtained, which was dried in vacuo
(10ÿ3 mm Hg) for 12 h to ensure that no
traces of TMEDA were left in the crude
product. Recrystallization from Et2O/
hexanes (1:3) gave orange-red crystals
of 7 b in 85 % yield. Further efforts to
prepare isolable stanna[1]ferroceno-
phanes by reaction of dilithioferrocene ´
n TMEDA with nBuMesSnCl2, PhMes-
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SnCl2, or MesSnCl3 were unsuccessful. Although
there was NMR spectroscopic evidence for mono-
mer formation, attempts to purify the crude product
always led to oligomeric material. It therefore
appears that the presence of two sterically demand-
ing substituents on tin is important to avoid ring-
opening reactions during the product work-up.


Characterization of 7a and 7b : 1H, 13C, 119Sn NMR,
UV/Vis spectroscopy, and mass spectrometry con-
firmed the assigned structures of 7 a and 7 b. NMR
and UV/Vis spectroscopy indicated a less strained
structure for 7 a and 7 b compared with the Si and
Ge analogues 1 (ER2� SiMe2 and GeMe2; see
Table 1).[25] For example, the 1H NMR spectrum
(in CDCl3) of 7 b shows a pair of far less widely
separated pseudotriplets (d� 4.23 and 4.36) as-
signed to the a and b Cp protons. Thus the splitting between
the pseudotriplets, Dd, is 0.13, 0.22, 0.26, and 0.40 for 7 b, 7 a,
1 (ER2�GeMe2), and 1 (ER2� SiMe2), respectively. In the
13C NMR spectrum the ipso-Cp resonances of 7 a and 7 b at
d� 34.9 and 38.2 appear at slightly lower fields than those of
1 (E� Si, Ge), but are still extremely shielded compared with
those of unstrained ferrocene derivatives.


Crystals of tin-bridged [1]ferrocenophane 7 a that were
suitable for an X-ray diffraction study were obtained by low-
temperature (belowÿ20 8C) recrystallization from Et2O/THF
(10:1), whereas single crystals of 7 b were grown from Et2O/
hexanes (1:3) atÿ55 8C. Crystals of 7 b contain three different
molecules in the unit cell (designated 7 bI, 7 bII, 7 bIII). The
three independent molecules of 7 b differ mainly in the
position of their mesityl rings relative to the ferrocene core:
by rotation of the mesityl substituents around the SnÿC(Mes)
bond, different conformers are obtained. The molecular
structures of 7 a and 7 bI are shown in Figures 1 and 2 and


Figure 1. Molecular structure of 7 a with thermal ellipsoids at the 30%
probability level.


selected bond lengths and angles are listed in Tables 2 and 3.
The most important structural features indicating ring strain
are the tilt angle a (7 a : 14.1(2)8 ; 7 bI : 15.3(2); 7 bII : 14.5(2);
7 bIII : 15.7(3)8) and the angle b (7 a : 36.2(2), 36.1(2)8 ; 7 bI :
35.2(2), 35.3(2); 7 bII : 36.2(2), 35.4(2); 7 bIII : 35.7(2), 35.1(2)8).
The tilt angles a for 7 a and 7 b are the smallest yet reported
for a [1]ferrocenophane with a main-group element in the


Table 1. Comparison of data indicating ring strain in group 14 bridged [1]ferrocenophanes.


a b[a] lmax.
[b] e d(ipso-C)[c] Dd H(Cp)[d]


[8] [8] [nm] [mÿ1 cmÿ1] [ppm] [ppm]


1 (ER2� SiMe2) 20.8(5) 37.0(6) 481 341 33.1 0.40
1 (ER2�GeMe2) 19.0(9) 36.8(5) 420/486 75/283 30.0 0.26
7a 14.1(2) 36.2(2) 418/485 75/158 34.9 0.22
7b 15.2(2)[a] 35.3(2) 420/481 90/176 38.2 0.13
Fe(h-C5H4SiMe3)2 0 0 448 130 72.0 0.22


[a] Average values; [b] 1.1� 10ÿ3m in THF; [c] 13C NMR spectra in CDCl3; [d] 1H NMR spectra in CDCl3.


Table 2. Selected bond lengths [�] and angles [8] for 7a.


Sn(1)ÿC(6) 2.171(5) Fe(1)ÿC(3) 2.059(5) C(7)ÿC(8) 1.414(9)
Sn(1)ÿC(1) 2.174(4) Fe(1)ÿC(4) 2.062(5) C(8)ÿC(9) 1.401(11)
Sn(1)ÿC(11) 2.180(5) Fe(1)ÿC(9) 2.063(6) C(9)ÿC(10) 1.414(8)
Sn(1)ÿC(15) 2.190(6) Fe(1)ÿC(8) 2.068(5)
Sn(1)ÿFe(1) 2.9761(8) C(1)ÿC(5) 1.423(7) C(6)-Sn(1)-C(1) 86.5(2)
Fe(1)ÿC(2) 2.026(5) C(1)ÿC(2) 1.427(7) C(6)-Sn(1)-C(11) 111.9(2)
Fe(1)ÿC(5) 2.027(5) C(2)ÿC(3) 1.416(8) C(1)-Sn(1)-C(11) 114.9(2)
Fe(1)ÿC(7) 2.027(5) C(3)ÿC(4) 1.400(8) C(6)-Sn(1)-C(15) 114.6(2)
Fe(1)ÿC(1) 2.036(5) C(4)ÿC(5) 1.437(7) C(1)-Sn(1)-C(15) 110.6(2)
Fe(1)ÿC(10) 2.036(6) C(6)ÿC(7) 1.432(7) C(11)-Sn(1)-C(15) 115.1(2)
Fe(1)ÿC(6) 2.041(5) C(6)ÿC(10) 1.446(8)


Table 3. Selected bond lengths [�] and angles [8] for 7bI.


Sn(1)ÿC(6) 2.159(4) Fe(1)ÿC(3) 2.060(4) C(7)ÿC(8) 1.415(5)
Sn(1)ÿC(1) 2.162(4) Fe(1)ÿC(4) 2.048(4) C(8)ÿC(9) 1.418(6)
Sn(1)ÿC(11) 2.168(4) Fe(1)ÿC(9) 2.064(4) C(9)ÿC(10) 1.409(6)
Sn(1)ÿC(21) 2.167(4) Fe(1)ÿC(8) 2.068(5)
Sn(1)ÿFe(1) 2.9859(7) C(1)ÿC(5) 1.416(5) C(6)-Sn(1)-C(1) 85.7(2)
Fe(1)ÿC(2) 2.020(4) C(1)ÿC(2) 1.428(6) C(6)-Sn(1)-C(11) 111.3(2)
Fe(1)ÿC(5) 2.022(4) C(2)ÿC(3) 1.431(5) C(1)-Sn(1)-C(11) 110.9(2)
Fe(1)ÿC(7) 2.029(4) C(3)ÿC(4) 1.403(6) C(6)-Sn(1)-C(21) 114.1(2)
Fe(1)ÿC(1) 2.027(4) C(4)ÿC(5) 1.418(6) C(1)-Sn(1)-C(21) 114.4(2)
Fe(1)ÿC(10) 2.027(4) C(6)ÿC(7) 1.434(6) C(11)-Sn(1)-C(21) 116.5(1)
Fe(1)ÿC(6) 2.034(4) C(6)ÿC(10) 1.444(5)


Figure 2. Molecular structure of 7bI with thermal ellipsoids at the 30% probability
level.
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bridge and are significantly less than for silicon- and
germanium-bridged analogues (Table 1). Cp ring tilting is
accompanied by an RC(1)-Fe-RC(2) (RC� ring centroid)
angle of 168.6(2)8 for 7 a and 167.5(2), 168.0(2), 167.3(2)8 for
the three conformers of 7 b, compared with 1808 in ferrocene.
In addition, a significant displacement of the iron atom from
the line joining the two ring centroids is apparent (7 a :
0.164(6) �; 7 b : 0.179(4), 0.172(4), 0.182(4) �). The tilted Cp
rings maintain an eclipsed conformation. The angle between
the Cp ipso-CÿSn bonds (C1-Sn-C6), q, is 86.5(2)8 for 7 a and
85.7(2)8, 85.9(1)8, 85.9(1)8 for the conformers of 7 b ; this is
significantly smaller than the analogous angles for
1 (ER2� SiMe2) and 1 (ER2�GeMe2) where q �
95.7(4)8 and 91.7(3)8, respectively. The average
SnÿC bond lengths (7 a : SnÿCCp� 2.173(4); 7 b :
SnÿCCp� 2.166(4); SnÿCtBu� 2.185(5); SnÿCMes�
2.163(4) �) are typical for SnÿC single bonds. The
SnÿFe distances of 7 a (2.9761(8) �) and 7 b (aver-
age value: 2.9900(7) �) are only 14 ± 18 % longer
than iron ± tin bond lengths found in the species
CpL2FeÿSnR3 (2.537 ± 2.605 �).[26] This suggests the
possible occurrence of significant overlap of the iron
and tin orbitals to give a weak bond.[27]


In THF there are two absorptions for 7 a in the
visible region at 418 nm (emax� 75mÿ1 cmÿ1) and at
485 nm (emax� 158mÿ1 cmÿ1) (Figure 3); for 7 b very


Figure 3. UV/Vis spectra (in THF) of ferrocene and Group 14-bridged
[1]ferrocenophanes. From top to bottom: 1 (ERx�SiMe2), 1 (ERx�
GeMe2), 7a, and ferrocene.


similar absorptions are observed [lmax� 420 (emax�
90mÿ1 cmÿ1) and 481 nm (emax� 176mÿ1 cmÿ1)]. For compar-
ison, two overlapping bands, which can be resolved at low
temperatures, are present in the visible spectrum of ferrocene
at 417 nm (emax� 72mÿ1 cmÿ1) and at 459 nm (emax�
36mÿ1 cmÿ1) which are assigned to the electronic transitions
1A1g!1E1g and 1A1g!1E2g, respectively.[28] The red-shift of the
longer-wavelength band of 7a and 7b relative to that of
ferrocene is typical for strained Group 14 [1]ferrocenophanes
(Table 1). The extent of the bathochromic shift does not seem
to depend on the ring tilt a alone since the lmax values are all
relatively close to one another. However, the absorption
coefficient of the 1A1g!1E2g transition increases with ring tilt
a and varies from 36mÿ1 cmÿ1 for ferrocene to 158/176, 283,
and 341mÿ1 cmÿ1 for the tin-, germanium-, and silicon-bridged
[1]ferrocenophane, respectively (Table 1).[29] That the emax


values of the 1A1g!1E2g electronic transitions are higher than
that of ferrocene indicates a distortion of the inversion


symmetry of the ferrocene unit, which makes the g ± g
electronic transition allowed.[29]


ROP of stanna[1]ferrocenophanes 7 a and 7 b


Synthesis and characterization of the poly(ferrocenylstan-
nane)s 8a and 8b : In order to investigate whether 7 a and
7 b undergo a thermally induced ROP similarly to other
[1]ferrocenophanes 1 (E� Si, Ge, P, S, B), we studied the
thermal behavior of these compounds by differential scanning
calorimetry (DSC) (see Figure 4). When heated above 150 8C,


the samples did not show any endotherm corresponding to a
melt, but instead a single exotherm which indicated an ROP
reaction in the solid state.[30] By integration of the ROP
exotherm we found that 7 a has an approximate strain energy
of 36� 9 kJ molÿ1, which is slightly higher than that of 7 b
(18� 10 kJ molÿ1). These enthalpies of polymerization found
by DSC analysis are significantly smaller than those obtained
for the ROP of silicon-bridged [1]ferrocenophanes (70 ±
80 kJ molÿ1) and Group 16 element-bridged [1]ferroceno-
phanes (110 ± 130 kJ molÿ1), which is consistent with their less
strained structures.[3a, 16, 31]


Surprisingly, 7 a and 7 b are stable to air for several days in
the solid state. After prolonged storage (approximately four
weeks) of 7 a in air at room temperature a poly(ferrocenyl-
stannane) with a broad, bimodal molecular weight distribu-
tion had formed (high-molecular-weight fraction: Mw�
231 000, Mn �130 000, PDI� 1.8; low-molecular-weight frac-
tion: Mw� 15 000, Mn� 5000, PDI� 3.0). Compound 7 a was
therefore stored at ÿ40 8C under N2. When 7 a was heated in
the solid state at 150 8C for 30 min, the amber poly(ferroce-
nylstannane) 8 a was formed.[30] This material was soluble in
fairly polar and aromatic organic solvents (for example, THF,
CH2Cl2, or toluene) and was characterized by 1H, 13C, and
119Sn NMR spectroscopy and elemental analysis. In addition,
analysis of the molecular weight distribution by GPC in THF
against polystyrene standards showed that the material was of
high molecular weight (Mw� 133 000, Mn� 83 000, PDI� 1.6).
Remarkably, when 7 a was dissolved in toluene, quantitative
ROP occurred at room temperature over 6 h to form high-
molecular-weight 8 a (Mw� 900 000, Mn� 560 000, PDI� 1.6).


Even at low conversion (approximately 20 %, after 1 h)
high-molecular-weight polymer (Mw� 630 000, Mn� 480 000,


Figure 4. DSC of the polymerization of 7 a (5.8 mg; heating rate 10 8C minÿ1).
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PDI� 1.3) was formed, indicating that the ROP is a chain-
growth process. However, when 7 a was dissolved in CHCl3 a
much lower-molecular-weight polymer 8 a (Mw� 10 000, Mn�
4700, PDI� 2.2) and the cyclic dimer 3 (ERx� SntBu2) (see
below) were formed over a similar 6 h period.


In contrast to 7 a, the dimesityl-substituted species 7 b did
not show any tendency to polymerize at ambient temperature
in air in the solid state. To obtain complete transformation to
polymeric material, 7 b had to be heated for more than 6 h at
180 8C. A similar trend was observed for the polymerization in
solution of 7 b compared with 7 a. Thus, in contrast to 7 a, after
6 h the conversion of 7 b to cyclic oligomer 3 (ERx� SnMes2)
and polymeric material 8 b in solution (C6D6 or CDCl3) was
less than 3 % as detected by 1H NMR spectroscopy. Even after
30 days at 25 8C a substantial amount (more than 30 %) of
monomer was still left. As observed with 7 a, the highest
molecular weights were obtained from the polymerization of
7 b in benzene (Mw� 1 350 000, Mn� 1 050 000, PDI� 1.3 after
15 days and 50 % conversion), whereas thermal polymer-
ization in the solid state gave lower-molecular-weight polymer
(Mw� 155 000, Mn� 82 000, PDI� 1.9) and in CDCl3 solution
at 25 8C cyclic dimer 3 was the main product. In the latter case
GPC (Mn< 1000 after 15 days and 50 % conversion) and 1H
NMR data (broad singlet at d� 4.10, indicative of an
unsubstituted Cp ring) suggest the formation of very low-
molecular-weight material as a by-product, which is probably
owing to decomposition pathways involving reaction with
CDCl3.


It is noteworthy that the exact molecular weights as well as
the polydispersities of polymers 8 a and 8 b vary from sample
to sample and from experiment to experiment, for both
thermal polymerization in the solid state and polymerization
in solution at 25 8C. The polymerization of 7 b in benzene, for
example, gave materials with Mw from 800 000 to 1 500 000 and
with a PDI of 1.3 ± 1.6. Furthermore, prolonged storage in
solution in the presence of light and air can lead to partial
precipitation and to different molecular weights as deter-
mined by GPC analysis.


In order to investigate the morphology of polymers 8 a and
8 b, wide-angle X-ray scattering (WAXS) was performed on
thermally polymerized single crystals of 7 a and on a purified
sample of 8 b, which was precipitated twice from toluene
solution into hexanes. Whereas the diffractogram of 8 a
showed several sharp peaks, indicating that the material is
semi-crystalline, that of 8 b displayed only an amorphous halo.


Characterization of the cyclic dimers 3 (ERx� SntBu2) and
3 (ERx� SnMes2): As mentioned above, during the solution
polymerization of 7 a and 7 b the cyclic dimers 3 (ERx�
SntBu2) and 3 (ERx� SnMes2), respectively, were formed as
side products. The maximum amount of 3 (ERx� SntBu2) was
found to be formed in CH2Cl2 (25 8C; yield approximately
50 % by 1H NMR spectroscopy), whereas refluxing in CHCl3


was required to obtain a substantial amount of 3 (ERx�
SnMes2) within a reasonable reaction time (yield approx-
imately 30 % after 1 day according to 1H NMR spectroscopy
and GPC analysis). The orange crystalline cyclic dimers 3
were isolated in approximately 20 ± 30 % yield (based on 7) by
flash chromatography and recrystallization from toluene. In


the mixture of products in CDCl3 the cyclic dimers 3 were
easily distinguished from the stanna[1]ferrocenophanes 7 and
poly(ferrocenylstannane)s 8 by NMR spectroscopy. Thus,
the tBu groups in the 1H NMR spectrum of 3 (ERx� SntBu2)
are slightly more shielded than those of 7 a and 8 a (d� 1.18,
compared with d� 1.48 and 1.34 respectively). Similarly, in
the 1H NMR spectrum of 3 (ERx� SnMes2) the methyl groups
in the ortho position of the mesityl substituents appear at
higher field than those of 7 b, but at lower field than in 8 b (d�
2.25, compared with d� 2.71 and 2.10 respectively). The steric
requirements of the mesityl groups in 3 (ERx� SnMes2) lead
to a broadening of the Cp-H(2,5) 1H NMR signal, which is
most probably due to rotational hindrance. In the 13C NMR
spectra, the splitting between the Cp (CH) resonances for
3 (ERx� SntBu2) and 3 (ERx� SnMes2) is larger than those
for 7 a,b and 8 a,b (Dd� 5.0 and 5.7 compared with Dd� 2.2
and 1.3 for 7 a,b and Dd� 3.4 and 2.8 for 8 a,b). The chemical
shift of the 119Sn NMR resonance of 3 (ERx� SntBu2) lies
between those of 7 a and 8 a (d�ÿ33.3 compared with d�
ÿ23.7 andÿ45.2, respectively). In contrast, a significant high-
field shift is observed for the 119Sn NMR signal of 3 (ERx�
SnMes2) compared with both monomeric 7 b and polymeric
8 b (d�ÿ111.5 compared with d�ÿ128.3 and ÿ127.0,
respectively).


Crystals of the cyclic dimers 3 (ERx� SntBu2 and SnMes2)
that were suitable for a single-crystal X-ray diffraction study
were obtained by slow evaporation of toluene solvent from a
solution and by recrystallization from hot toluene (100 8C),
respectively. The molecular structures of 3 are shown in
Figures 5 and 6 and selected bond lengths and angles are given


Figure 5. Molecular structure of 3 (ERx� SntBu2) with thermal ellipsoids
at the 30% probability level.


in Tables 4 and 5. The tin-bridged [1,1]ferrocenophanes
3 (ERx� SntBu2 and SnMes2) exhibit a chair-like anti con-
formation similar to the silicon-bridged [1,1]ferrocenophane
3 (ERx� SiMe2).[32, 33] Remarkably, the tilt angles a and b,
although small, are opposite in direction to those in [1]ferro-
cenophanes. Thus for 3 (ERx� SntBu2 and SnMes2) ring tilts a


of ÿ5.0(2)8 and ÿ3.3(2)8 are observed and the b angles are
ÿ11.2(2)8, ÿ9.6(2)8, and ÿ8.0(2)8, ÿ7.9(2)8, respectively. For
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comparison, for 3 (ERx� SiMe2) a� 4.9(3)8 and the
b angles are ÿ7.8(8)8 and ÿ7.4(8)8.[33] The cyclo-
pentadienyl ligands of the ferrocene units are
staggered by 6.9(5)8 and 6.4(5)8, as defined by the
torsion angle C(1)-RC1-Fe-RC2-C(10) (RC� ring
centroid) and the SnR2 bridges are staggered by very
similar angles of 65.0(5)8 and 65.8(5)8. The Fe ´´ ´ Fe
distance for 3 (ERx� SntBu2; 5.474(1) �) is similar
to that in 3 (ERx� SnnBu2; 5.50 �), but longer than
for the mesityl derivative 3 (ERx� SnMes2;
5.248(1) �), in which the Fe ´´´ Fe distance is almost
as short as in the related silicon-bridged species
3 (ERx� SiMe2; 5.171(9) �), but longer than for
3 (ERx�CH2; d(Fe ´´ ´ Fe)� 4.816(2) �).


Thermal analysis of poly(ferrocenylstannane)s 8a
and 8b : A polymer sample 8 a, formed by thermal
ROP, was studied by DSC: its Tg was 124 8C. No melt
transition was found for poly(ferrocenylstannane)
8 a, but above 210 8C an onset corresponding to
exothermic decomposition of 8 a was observed.
TGA under N2 confirmed that 8 a decomposed
above 210 8C: a sharp 50 % weight loss at 235 8C
and a further 5 % weight loss between 300 and
400 8C resulted in the formation of a red-gold
ceramic in a yield of 44 % by weight at 900 8C
(Figure 7). Poly(ferrocenylstannane) 8 a is therefore
less thermally stable than poly(ferrocenylsilane)s,
which do not undergo weight loss under nitrogen
until approximately 350 8C.[34] These results are in
sharp contrast with the thermal properties of
polymer 8 b. As expected from the more rigid and
bulky substituents on tin, the DSC trace of 8 b
displays a much higher Tg of 208 8C (Figure 8).
According to the TGA data, decomposition of 8 b
resulting in significant weight loss takes place only
above 320 8C. Between this temperature and 400 8C
a 61 % weight loss is observed; a golden ceramic is
formed that does not undergo any further weight
loss up to 900 8C.


57Fe Mössbauer spectroscopic studies and electro-
chemical characterization of 3, 7 a, 7 b, 8 a, and 8 b


57Fe Mössbauer spectroscopic studies of 7a, 3 (R�
SntBu2), and 8a : It has been proposed that the
reduced quadrupole splitting (Q.S.) of [1]ferroceno-
phanes bridged by Group 14 elements, compared
with that of ferrocene, results from a dative bond
between the iron and the bridging atom.[27a] The Q.S.
for 7 a is larger than that of 1 (ERx�GeMe2), which
is itself larger than that of 1 (ERx� SiMe2) (Table 6),
possibly suggesting a decreasing tendency of iron to
form a bond with the heavier Group 14 bridging
atoms. The observed order might be explained by
the fact that the tilt angle a is much bigger for the
Ge- and Si-bridged [1]ferrocenophanes than for 7
according to their X-ray analyses (see Table 1),
bringing the bridging unit closer to the central iron


Figure 6. Molecular structure of 3 (ERx� SnMes2) with thermal ellipsoids at the 30%
probability level.


Table 5. Selected bond lengths, interatomic distances [�] and angles [8] for 3
(ERx� SnMes2).[a]


Sn(1)ÿC(7)#1 2.149(2) Fe(1)ÿC(5) 2.039(2) C(8)ÿC(9) 1.419(3)
Sn(1)ÿC(1) 2.143(2) Fe(1)ÿC(7) 2.075(2) C(9)ÿC(10) 1.412(3)
Sn(1)ÿC(11) 2.178(2) Fe(1)ÿC(1) 2.066(2) Fe(1) ´´ ´ Sn(1) 3.750(1)
Sn(1)ÿC(20) 2.178(2) C(1)ÿC(2) 1.439(3) Fe(1) ´´ ´ Fe(1)#1 5.248(1)
Fe(1)ÿC(9) 2.045(2) C(1)ÿC(5) 1.439(3)
Fe(1)ÿC(8) 2.045(2) C(2)ÿC(3) 1.419(3) C(7)#1-Sn(1)-C(1) 117.55(8)
Fe(1)ÿC(4) 2.051(2) C(3)ÿC(4) 1.416(3) C(7)#1-Sn(1)-C(11) 118.66(7)
Fe(1)ÿC(3) 2.066(2) C(4)ÿC(5) 1.421(3) C(1)-Sn(1)-C(11) 100.32(7)
Fe(1)ÿC(10) 2.043(2) C(6)ÿC(7) 1.436(3) C(7)#1-Sn(1)-C(20) 98.78(7)
Fe(1)ÿC(2) 2.044(2) C(6)ÿC(10) 1.430(3) C(1)-Sn(1)-C(20) 117.48(8)
Fe(1)ÿC(6) 2.047(2) C(7)ÿC(8) 1.433(3) C(11)-Sn(1)-C(20) 104.22(7)


[a] Symmetry transformations used to generate equivalent atoms: #1 ÿx� 1, ÿy�
1, ÿz� 1.


Table 4. Selected bond lengths, interatomic distances [�] and angles [8] for 3
(ERx� SntBu2).[a]


Sn(1)ÿC(7)#1 2.135(3) Fe(1)ÿC(5) 2.056(4) C(8)ÿC(9) 1.433(5)
Sn(1)ÿC(1) 2.148(3) Fe(1)ÿC(7) 2.076(3) C(9)ÿC(10) 1.406(6)
Sn(1)ÿC(11) 2.196(3) Fe(1)ÿC(1) 2.077(3) Fe(1) ´´ ´ Sn(1) 3.947(1)
Sn(1)ÿC(15) 2.202(4) C(1)ÿC(2) 1.428(5) Fe(1) ´´ ´ Fe(1)#1 5.474(1)
Fe(1)ÿC(9) 2.038(4) C(1)ÿC(5) 1.442(5)
Fe(1)ÿC(8) 2.038(3) C(2)ÿC(3) 1.426(5) C(7)#1-Sn(1)-C(1) 110.91(13)
Fe(1)ÿC(4) 2.042(4) C(3)ÿC(4) 1.421(6) C(7)#1-Sn(1)-C(11) 113.36(13)
Fe(1)ÿC(3) 2.043(4) C(4)ÿC(5) 1.428(6) C(1)-Sn(1)-C(11) 113.10(13)
Fe(1)ÿC(10) 2.049(4) C(6)ÿC(7) 1.432(5) C(7)#1-Sn(1)-C(15) 102.03(13)
Fe(1)ÿC(2) 2.050(3) C(6)ÿC(10) 1.435(5) C(1)-Sn(1)-C(15) 102.51(13)
Fe(1)ÿC(6) 2.052(4) C(7)ÿC(8) 1.439(5) C(11)-Sn(1)-C(15) 113.91(13)


[a] Symmetry transformations used to generate equivalent atoms: #1 ÿx� 1, ÿy�
1, ÿz� 1.


Figure 7. TGA of 8a (4.2 mg; heating rate: 10 8C minÿ1).
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Figure 8. DSC of 8b (14.3 mg; heating rate: 20 8C minÿ1).


atom. Accordingly, the Q.S. increases from the monomer 7 a
to the dimeric species 3 (ERx� SntBu2), to the polymer 8 a
and to the silicon-based polymer 2 (ERx� SiMe2); the value
for 2 approaches that for ferrocene (2.37 mm sÿ1). On the basis
of the interpretation by Silver,[27a] this would indicate a small
and decreasing interaction between the iron and the bridging
atom.


Electrochemical studies of 3 (ERx� SntBu2 and SnMes2), 7a,
7b, 8a, and 8b : The ferrocenophanes 3 (ERx� SntBu2 and
SnMes2), 7 a and 7 b, and the poly(ferrocenylstannane)s 8 a
and 8 b were studied by cyclic voltammetry, which was
performed on samples containing 1.0 mg mLÿ1 of the ferroce-
nophane in 0.1m solution of [Bu4N][PF6] in CH2Cl2 at 20 8C,
unless otherwise stated. The stanna[1]ferrocenophanes 7 a
and 7 b undergo reversible one-electron oxidation (E1/2�
ÿ0.01 V for both compounds versus ferrocene/ferrocenium),
as found previously for silicon-bridged [1]ferrocenophanes.[35]


Analysis of 8 a and 8 b by cyclic voltammetry showed the
presence of two reversible oxidation waves (8 a : E1/2� of 0.00
and 0.24 V versus the ferrocene/ferrocenium ion couple,
redox coupling DE1/2� 0.24 V; 8 b (in THF): E1/2�ÿ0.07
and 0.14 V, DE1/2� 0.21 V) consistent with the presence of
significant bridge-mediated interactions between the iron
atoms.[2g, 3a, 4a, 15, 36±38] For tin-bridged [1,1]ferrocenophane
3 (ERx� SntBu2) two reversible waves at ÿ0.06 and 0.21 V
versus ferrocene/ferrocenium were found. In comparison,
3 (ERx� SnMes2) is reversibly oxidized at slightly higher


potentials (0.01 and 0.29 V). The redox coupling for 3 (ERx�
SntBu2: DE1/2� 0.27 V; ERx� SnMes2: DE1/2� 0.28 V) is
thereby more pronounced than that found by Dong et al.
for 3 (ERx� SnnBu2).[13] DE1/2 values for 3 (ERx�CH2,
SiMe2, SntBu2, and PbPh2) are 0.20, 0.25, 0.27, and 0.28 V,
respectively. Significantly, although the Fe ´´ ´ Fe distance
increases from E� Si to E�Pb for these [1,1]ferroceno-
phanes, the electrochemical interaction between the iron
atoms still increases (Table 7). This indicates that a bridge-
mediated interaction predominates over a direct coulombic
through-space interaction.


Attempted transition-metal-catalyzed ROP of 7 a and 7 b and
synthesis and characterization of 9


Attempted Pt0-catalyzed ROP of 7a and 7b : To investigate
whether 7 a would undergo transition-metal-catalyzed ROP in
a similar manner to that established for 1 (ERx� SiMe2 and
GeMe2), the reaction of tin-bridged [1]ferrocenophane 7 a was
attempted with two Pt0 reagents that are known to catalyze
the ROP of 1 (ERx� SiMe2) effectively.[41] Karstedt�s catalyst,
Pt2(h-CH2CHSiMe2OSiMe2h-CHCH2)3, appeared to inhibit
the ROP polymerization of 7 a and 7 b. When 7 a was treated
with a stoichiometric amount of Pt(1,5-cod)2 (cod� cyclooc-
tadiene), which has recently been found to insert in the
Siÿipso-C bond of 1 (E� SiMe2) to form a 1-sila-2-platina[2]-
ferrocenophane,[42] slow conversion (over 2 h) led to the
formation of the platinum ± tin-bridged [2]ferrocenophane 9
(Scheme 2).[43] The insertion product 9 was characterized by


Scheme 2. Synthesis of 9.


1H, 13C, 119Sn, and 195Pt NMR spectroscopy, mass spectrom-
etry, elemental analysis, and X-ray crystallography. Significant
NMR spectral features of 9 are the large 195Pt ± 119Sn coupling
found in both the 195Pt and 119Sn NMR spectra (14 640 Hz) and
the 1055 Hz 195Pt ± 13C coupling between the ipso-C atom of
the cyclopentadienyl ligand and platinum. When a small
amount of 1-stanna-2-platina[2]ferrocenophane 9 reacted
with 7 a, slow ROP (over 5 days) was observed.


Table 6. Mössbauer data of selected group 14 bridged [1]ferrocenophanes,
[1,1]ferrocenophanes and of polymers 2 (ERx� SiMe2) and 8 a recorded at
room temperature.


d[mm sÿ1][a] Q.S. [mm sÿ1] reference


1 (ERx� SiMe2) 0.51 1.92 [35]


1 (ERx�GeMe2) 0.33 2.10 [27b]


7a 0.46 2.14 This work
3 (ERx� SiMe2) 0.44 2.32 [33]


3 (ERx� SntBu2) 0.50 2.32 This work
8a 0.49 2.33 This work
2 (ERx� SiMe2) 0.41 2.35 [36]


Ferrocene 0.51 2.37 [8b]


[a] d� isomer shift.


Table 7. Redox-splitting (DE1/2) and intramolecular FeÿFe distances for
some [1.1]ferrocenophanes.


Compound 3 D E1/2
[a] d (Fe ´´´ Fe) reference


ERx � [V] [�]


CH2 0.20 4.816(2) [39]


SiMe2 0.25 5.171(9) [33]


SnnBu2 0.20 5.50 [13]


SntBu2 0.27 5.474(1) this work
SnMes2 0.28 5.248(1) this work
PbPh2 0.28 ± [40]


[a] All values reported were obtained by analysis of CH2Cl2 solutions of
analyte.
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X-ray structure of 1-stanna-2-platina[2]ferrocenophane 9 :
Crystals of tin ± platinum-bridged [2]ferrocenophane 9 that
were suitable for an X-ray diffraction study were obtained by
recrystallization from toluene/hexanes (1:4). The molecular
structure of 9 is shown in Figure 9 and selected bond lengths


Figure 9. Molecular structure of 9 with thermal ellipsoids at the 30%
probability level.


and angles are given in Table 8. The tilt angle a is 5.7(3)8,
which is considerably less than that for 7a and 7b. Remark-
ably, the b angle on Pt isÿ6.6(2)8, whereas the b angle on Sn is
15.8(2)8. Thus the platinum is bent away from the iron atom,


whereas the tin atom seems to be pulled towards it. A possible
but speculative explanation involves the formation of a weak
FeÿSn bond by a dative interaction from the iron atom to the
Lewis-acidic tin atom.[27b] The Sn ´´ ´ Fe distance of 9 is
3.461(1) �, which is 0.485(1) � longer than that in the stanna-
[1]ferrocenophane 7 a, but 0.486(1) � shorter than that in
3 (ERx� SntBu2). Analogous interactions have been proposed
to account for the stability of ferrocene-substituted carboca-
tions (bending of the carbenium moiety out of the Cp plane
towards the central iron atom which was also found for the
isoelectronic boryl-substituted ferrocenes).[44] The RC1-Fe-
RC2 (RC� ring centroid) angle is 174.7(4)8 and the displace-
ment of the iron atom from the line joining the two ring


centroids is 0.075(4) �. The staggering angle between the Cp
rings is 2.6(3)8, so there is only slight distortion from an
eclipsed conformation. The SnÿC bond lengths are 2.163(3) �
for SnÿCCp and 2.217(4) and 2.211(4) � for SnÿCtBu and are
very close to those found for 7 a. The SnÿPt distance in 9 is
2.6065(4) �, which is in the expected range for PtÿSn bonds.[45]


Conclusion


The first examples of stanna[1]ferrocenophanes, 7 a and 7 b,
have been synthesized by the reaction of tBu2SnCl2 and
Mes2SnCl2 with dilithioferrocene ´ n TMEDA. These species
possess ring tilts of 14 ± 158 and represent the least ring-tilted
[n]metallocenophanes that have so far been shown to undergo
ROP. The alkyl-substituted ferrocenophane 7 a polymerizes
thermally in the solid state, and even in solution at room
temperature without the addition of initiator, to form high-
molecular-weight poly(ferrocenylstannane)s 8 a in toluene. In
chlorinated solvents such as CHCl3 or CH2Cl2 the cyclic dimer
3 (ERx� SntBu2) and low-molecular-weight polymer 8 a form.
In contrast to 7 a, the mesityl-substituted ferrocenophane 7 b
polymerizes at 25 8C only very slowly in solution and is stable
in the solid state, not forming any 8 b over a period of more
than a month. The solution conversion of stanna[1]ferroce-
nophanes 7 a and 7 b to polymeric 8 a and 8 b is inhibited by Pt0


species that function as catalysts for the ROP of analogous
silicon-bridged species. However, with stoichiometric
amounts of Pt(1,5-cod)2 the novel trimetallic 1-stanna-2-
platina[2]ferrocenophane 9 was formed. Electrochemical


studies on the dimeric species 3 indicate a dominant
bridge-mediated interaction rather than a direct
coulombic through-space interaction between the
two different iron centers.


The observed ambient-temperature ROP of tin-
bridged [1]ferrocenophanes and apparent inhibition
by Pt0 species is particularly intriguing. Detailed
mechanistic studies of these ROP reactions are in
progress and our results will be reported in the near
future.


Experimental Section


Materials and methods : The compounds tBu2SnCl2 , nBu2SnCl2,
nBuSnCl3, PhSnCl3, and TMEDA were purchased from Aldrich.
tBu2SnCl2, nBu2SnCl2, nBuSnCl3, and PhSnCl3 were used with-


out further purification. TMEDA was distilled from Na before use.
Dilithioferrocene ´ n TMEDA was synthesized according to a literature
procedure.[46±48] The selective synthesis of Mes2SnCl2,[49, 50] MesSnCl3,[49, 51]


nBuMesSnCl2, and PhMesSnCl2 will be described elsewhere.[52] All
reactions and manipulations were carried out under an atmosphere of
prepurified nitrogen with use of either Schlenk techniques or an inert-
atmosphere glove box (Vacuum Atmospheres) except for the purification
of the polymers, which was carried out in air. Solvents were dried by
standard methods and distilled before use. 1H NMR spectra at 200, 300, or
400 MHz and 13C NMR spectra at 50.3, 75.5, or 100.5 MHz were recorded
either on a Varian XL200, Varian XL300, or Unity 400 spectrometer,
respectively. The 111.8 MHz 119Sn and 64.2 MHz 195Pt NMR spectra were
recorded on a Varian XL300 spectrometer. All solution 1H and 13C NMR
spectra were referenced externally to TMS. 119Sn spectra were referenced
externally to SnMe4 and 195Pt NMR spectra were referenced to V�
21.4 MHz with K2Pt(CN)6 as external standard. Mass spectra were obtained


Table 8. Selected bond lengths, interatomic distances [�] and angles [8] for 9.


Pt(1)ÿC(1) 2.034(4) Fe(1)ÿC(5) 2.042(4) C(1)-Pt(1)-C(23) 159.4(2)
Pt(1)ÿC(23) 2.229(4) Fe(1)ÿC(9) 2.054(4) C(1)-Pt(1)-C(24) 162.8(2)
Pt(1)ÿC(24) 2.264(4) Fe(1)ÿC(8) 2.057(4) C(1)-Pt(1)-C(19) 88.71(14)
Pt(1)ÿC(19) 2.320(4) Fe(1)ÿC(1) 2.066(3) C(1)-Pt(1)-C(20) 91.48(14)
Pt(1)ÿC(20) 2.339(4) C(19)ÿC(20) 1.363(6) C(1)-Pt(1)-Sn(1) 85.82(9)
Pt(1)ÿSn(1) 2.6065(4) C(19)ÿC(26) 1.506(6) C(23)-Pt(1)-Sn(1) 97.97(10)
Sn(1)ÿC(6) 2.163(3) C(20)ÿC(21) 1.524(6) C(24)-Pt(1)-Sn(1) 101.06(10)
Sn(1)ÿC(11) 2.211(4) C(21)ÿC(22) 1.541(6) C(19)-Pt(1)-Sn(1) 159.11(10)
Sn(1)ÿC(15) 2.217(4) C(22)ÿC(23) 1.512(6) C(20)-Pt(1)-Sn(1) 166.04(11)
Fe(1)ÿC(10) 2.031(4) C(23)ÿC(24) 1.385(6) C(6)-Sn(1)-C(11) 103.42(14)
Fe(1)ÿC(7) 2.032(4) C(24)ÿC(25) 1.506(6) C(6)-Sn(1)-C(15) 104.79(13)
Fe(1)ÿC(2) 2.036(4) C(25)ÿC(26) 1.533(7) C(11)-Sn(1)-C(15) 112.10(14)
Fe(1)ÿC(4) 2.037(4) Fe(1) ´´ ´ Sn(1)3.461(1) C(6)-Sn(1)-Pt(1) 108.74(9)
Fe(1)ÿC(3) 2.037(4) Fe(1) ´´ ´ Pt(1) 3.770(1) C(11)-Sn(1)-Pt(1) 112.99(10)
Fe(1)ÿC(6) 2.041(3) C(15)-Sn(1)-Pt(1) 113.86(9)
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with a VG 70-250S mass spectrometer operating in electron impact (EI)
mode for 3, 7a, 7 b, 8 a, and 8 b and in fast atom bombardment (FAB) mode
for 9. The molecular weight of the polymers was estimated by GPC with a
Waters Associates liquid chromatograph equipped with a 510 HPLC pump,
U6K injector, ultrastyragel columns with a pore size between 103 and 105 �,
and a Waters 410 differential refractometer. The flow rate was
1.0 mL minÿ1, and the sample was dissolved in a solution of [nBu4N]Br
(0.1 %) in THF. Polystyrene standards were used for calibration purposes.
Elemental analyses were performed by Quantitative Technologies, White-
house (NJ). Wide-angle X-ray scattering data were obtained with a
Siemens D 5000 diffractometer employing Ni-filtered CuKa (l� 1.54178 �)
radiation. The samples were scanned at step widths of 0.028 for 1.2 s per
step in the range 58> 2q> 908. Samples for the X-ray studies were prepared
by spreading the finely ground polymer on grooved polyethylene slides.
Cyclic voltammetry was carried out with a Model 273 potentiostat/
galvanostat (EG&G Princeton Applied Research) on solutions containing
the sample (1.0 mg mLÿ1) in a 0.10m solution of [NBu4][PF6] in CH2Cl2. The
sample cell had Pt working and counter electrodes and a silver reference
electrode. Decamethylferrocene was added as an internal standard at the
end of each experiment. In this paper, however, potentials are referred to
the ferrocene/ferrocenium couple, which is 550 mV anodic relative to
decamethylferrocene. UV/Vis spectra, DSC, and TGA data were obtained
as previously described.[16b]


Reaction of dilithioferrocene ´ 2/3TMEDA with nBu2SnCl2 : A solution of
nBu2SnCl2 (2.90 g, 9.54 mmol) in diethyl ether (50 mL) was added dropwise
to a suspension of dilithioferrocene ´ 2/3TMEDA (2.62 g, 9.54 mmol) in
diethyl ether (100 mL) that was cooled toÿ78 8C. The reaction mixture was
warmed slowly to 20 8C and vacuum-filtered through a fritted glass disk.
From the filtrate the amber crystalline cyclic dimer 3 (R� nBu)[18] (1.2 g,
30%) was isolated, and precipitation into hexanes afforded the amber,
gummy low-molecular-weight polymer [FcSnnBu2]n (8c) (1.6 g, 40%). For
8c : 1H NMR (300 MHz, C6D6, 20 8C): d� 4.35 (br, 4 H; Cp), 4.20 (br, 4H;
Cp), 1.64 ± 1.53 (m, 8H; CH2CH2CH2CH3), 1.13 (m, 4 H; CH2CH2CH2CH3),
1.05 (m, 6 H; CH2CH2CH2CH3); 13C NMR (75.5 MHz, C6D6, 20 8C): d�
74.8 (J(117/119Sn, 13C)� 23 Hz; Cp), 71.4 (J(117/119Sn,13C)� 19 Hz; Cp), 69.2
(J(119Sn,13C)� 233 Hz, J(117Sn,13C)� 223 Hz; ipso-Cp), 29.7 (J(117/119Sn,
13C)� 10 Hz; CH2CH2CH2CH3), 27.9 (J(117/119Sn,13C)� 30 Hz; CH2CH2-
CH2CH3), 14.3 (CH2CH2CH2CH3), 12.0 (J(119Sn,13C)� 193 Hz, J(117Sn,
13C)� 184 Hz; CH2CH2CH2CH3); 119Sn NMR (111.8 MHz, C6D6, 20 8C):
d�ÿ25.9; GPC (THF, versus polystyrene): Mn� 6100 (PDI� 2.3).


Synthesis of stanna[1]ferrocenophane 7a : A solution of tBu2SnCl2 (2.32 g,
7.64 mmol) in diethyl ether (20 mL) was added dropwise to a suspension of
dilithioferrocene ´ 2/3 TMEDA (2.00 g, 7.27 mmol) in diethyl ether
(100 mL) that was cooled to ÿ78 8C. The reaction mixture was warmed
slowly to ÿ30 8C, then rapidly to 20 8C, and vacuum-filtered through a
fritted glass disk. Collection of the orange filtrate at ÿ78 8C resulted in
precipitation of the orange product. The mixture was cooled for 30 min at
ÿ78 8C , then the solvent was decanted off and the product was dried under
vacuum. Analytically pure orange crystalline needles of stanna[1]ferroce-
nophane 7a (1.98 g, 65%) were isolated. 1H NMR (300 MHz, CDCl3,
ÿ20 8C): d� 4.44 (ps t, J(H,H)� 2 Hz, 4 H; Cp), 4.22 (ps t, J(H,H)� 2 Hz,
4H; Cp), 1.48 (s/d, J(117/119Sn,H)� 75 Hz, 18 H; tBu); 13C NMR (75.5 MHz,
CDCl3, ÿ20 8): d� 77.9 (J(117/119Sn,13C)� 28 Hz; Cp), 75.7 (J(117/119Sn,13C)�
26 Hz; Cp), 34.9 (ipso-Cp), 32.8 (ipso-tBu), 31.8 (tBu); 119Sn NMR
(111.8 MHz, CDCl3, ÿ20 8C): d�ÿ23.7; UV/Vis (THF): lmax (e)� 340
(sh), 418 (75), 485 (158); MS (70 eV, EI): m/z (%): 418 (62) [M�], 361 (28)
[M�ÿ tBu], 304 (100) [M�ÿ 2 tBu], 248 (46) [M�ÿ 2tBuFe], 186 (54)
[Fe(hÿC5H5)�2 ]; C18H26FeSn (416.9): calcd C 51.85, H 6.29; found C 51.51,
H 6.29; DSC: polymerization exotherm 145 8C (peak), 130 8C (onset),
DH�ÿ36(9) kJ molÿ1.


ROP of 7a and synthesis of 8 a : The poly(ferrocenylstannane) 8 a was
obtained from 7a in two ways.


Thermal ROP: Solid-state polymerization was carried out by heating
crystalline 7a (typically 2.0 g) in a sealed, evacuated Pyrex tube at 150 8C
for 30 min. Monomodal high-molecular-weight poly(ferrocenylstannane)
8a was formed in a quantitative yield.


ROP in solution: When 7a (50 mg, 0.12 mmol) was dissolved in CDCl3


(0.5 mL) at 20 8C, it underwent complete conversion over 3 h to the cyclic
dimer 3 (30 %) and to polymeric material 8a (70 %), which was isolated by
precipitation into hexanes and was shown to have a low molecular weight.


In toluene, high-molecular-weight polymer 8 a and only a small amount
(<5%) of dimer 3 were formed. For 8a : 1H NMR (300 MHz, CDCl3,
20 8C): d� 4.24 (ps t, J(H,H)� 2 Hz, 4 H; Cp), 3.97 (ps t, J(H,H)� 2 Hz,
4H; Cp), 1.34 (s/d, J(117/119Sn,H)� 65 Hz, 18 H; tBu); 13C NMR (75.5 MHz,
CDCl3, 20 8C): d� 74.5 (J(117/119Sn,13C)� 24 Hz; Cp), 71.1 (J(117/119Sn,13C)�
32 Hz; Cp), 70.6 (ipso-Cp), 31.8 (tBu), 29.0 (ipso-tBu); 119Sn NMR
(111.8 MHz, CDCl3, 20 8C): d�ÿ45.2; pyrolysis MS (70 eV, EI, 250 8C):
m/z (%): 242 (12) [Fe(h-C5H5)(h-C5H4tBu)�], 186 (100) [Fe(h-C5H5)�2 ];
pyrolysis MS (70 eV, EI, 375 8C): m/z (%): 660 (8) [(h-C5H5)Fe(h-
C5H4SntBu2h-C5H4)Fe(h-C5H4tBu)�] [M�], 604 (12) [MH�ÿ tBu], 546
(17) [M�ÿ 2 tBu], 490 (10) [M�ÿ 3 tBu], 426 (15) [M�ÿ 3 tBuÿCp], 298
(57) [Fe(h-C5H4tBu)�2 ], 242 (71) [Fe(h-C5H5)(h-C5H4tBu)�], 186 (100)
[Fe(h-C5H5)�2 ]; UV/Vis (THF): lmax (e)� 340 (sh), 452 (152); [C18H26FeSn]n


([416.9]n): calcd C 51.85, H 6.29; found C 51.86, H 6.37; DSC: Tg� 124 8C
(DCp� 28(5) Jmolÿ1), Tdec� 210 8C; GPC (THF, versus polystyrene):
thermal polymerization Mn� 83000 (PDI� 1.6); polymerization in solu-
tion (20 8C): CHCl3, Mn� 4700 (PDI� 2.2); toluene, Mn� 560 000 (PDI�
1.6). The WAXS pattern of 8 a (from single crystals of 7 a polymerized at
150 8C) displayed sharp peaks at d spacings of 17.68, 13.99, 11.82, 8.568,
7.403, 7.060, 6.915, 5.865, 4.838, 3.859, 3.391, and 3.092 �.


Synthesis of 7 b : A suspension of Mes2SnCl2 (1.33 g, 3.11 mmol) in diethyl
ether (40 mL) was added dropwise to a suspension of dilithioferrocene ´
2/3 TMEDA (0.85 g, 3.09 mmol) in diethyl ether (100 mL) that was cooled
toÿ78 8C. The reaction mixture was allowed to warm slowly to 0 8C, then it
was warmed rapidly to 20 8C and vacuum-filtered through a fritted glass
disk. The solvent was evaporated from the filtrate, and the orange solid
residue was dried for 12 h in high vacuum. The crude product was
recrystallized from Et2O/hexanes (1:3) to give the amber stanna[1]ferro-
cenophane 7b (1.43 g, 85 %). 1H NMR (200 MHz, CDCl3, 20 8C): d� 6.93
(s/d, J(117/119Sn,H)� 21 Hz, 4 H; m-Mes), 4.36 (ps t, J(H,H)� 2 Hz, 4H; Cp),
4.23 (ps t, J(H,H)� 2 Hz, 4 H; Cp), 2.71 (s/d, J(117/119Sn,H)� 7 Hz, 12H; o-
Me), 2.28 (br, 6 H; p-Me); 13C NMR (75.5 MHz, CDCl3, 20 8C): d� 145.3
(J(117/119Sn,13C)� 40 Hz; o-Mes), 139.3 (J(117/119Sn,13C)� 11 Hz; p-Mes),
135.7 (J(119Sn,13C)� 578 Hz, J(117Sn,13C)� 552 Hz; ipso-Mes), 128.5
(J(117/119Sn,13C)� 50 Hz; m-Mes), 77.0 (J(117/119Sn,13C)� 51 Hz; Cp), 75.7
(J(117/119Sn,13C)� 38 Hz; Cp), 38.2 (J(119Sn,13C)� 412 Hz, J(117Sn,13C)�
395 Hz; ipso-Cp), 25.1 (J(117/119Sn,13C)� 41 Hz; o-Me), 21.0 (p-Me); 119Sn
NMR (111.8 MHz, CDCl3, 20 8C): d�ÿ128.3; UV/Vis (THF): lmax (e)�
420 (90), 481 (176); MS (70 eV, EI): m/z (%): 542 (100) [M�], 423 (44)
[M�ÿMes], 305 (60) [M�ÿ 2 Mes]; C28H30FeSn (541.1): calcd C 62.15, H
5.59; found C 61.81, H 5.67; DSC: polymerization exotherm 160 8C (peak),
142 8C (onset), DH�ÿ18(10) kJ molÿ1.


ROP of 7b and synthesis of 8b : The poly(ferrocenylstannane) 8 b was
obtained from 7b in two ways.


Thermal ROP : Solid-state polymerization was carried out by heating
crystalline 7b (typically 2.0 g) in a sealed evacuated Pyrex tube at 180 8C for
6 h. Monomodal high-molecular-weight poly(ferrocenylstannane) 8b was
formed in a quantitative yield.
ROP in solution : When 7 b (20 mg, 37 mmol) was dissolved in benzene
(0.6 mL) 50% conversion was detected over 15 days giving polymeric
material 8 b (95 %), which was shown to have a very high molecular weight,
and the cyclic dimer 3 (ERx� SnMes2) (5%). In CHCl3, a larger amount
(20 ± 30%) of dimer 3 (ERx�SnMes2) was formed over a period of 15 days
in addition to approximately 20 % of very low-molecular-weight material
(Mn< 1000 according to a GPC analysis; the most notable feature in the 1H
NMR spectrum in CDCl3 was a singlet at d� 4.10, which is indicative of an
unsubstituted or deuterated Cp ring). For 8 b : 1H NMR (300 MHz, CDCl3,
40 8C): d� 6.76 (s/d, J(117/119Sn,H)� 17 Hz, 4 H; m-Mes), 4.10 (br, 4H; Cp),
4.05 (br, 4H; Cp), 2.25 (s, 6H; p-Me), 2.10 (s, 12 H; o-Me); 13C NMR
(75.5 MHz, CDCl3, 40 8C): d� 143.9 (J(117/119Sn,13C)� 35 Hz; o-Mes), 140.5,
137.5 (ipso-p-Mes), 128.2 (J(117/119Sn,13C)� 45 Hz; m-Mes), 74.9
(J(117/119Sn,13C)� 53 Hz; Cp), 74.4 (J(119Sn,13C)� 537 Hz, J(117Sn,13C)�
512 Hz; ipso-Cp), 72.1 (J(117/119Sn,13C)� 40 Hz; Cp), 26.1
(J(117/119Sn,13C)� 33 Hz; o-Me), 21.1 (p-Me); 119Sn NMR (111.8 MHz,
CDCl3, 40 8C): d�ÿ127.0; pyrolysis MS (70 eV, EI, 400 8C): m/z (%): 661
(6) [(h-C5H5)Fe(h-C5H4SnMes3)�], 542 (11) [(h-C5H4)Fe(h-C5H4Sn-
Mes2)�], 478 (18) [Fe(h-C5H4SnMes2)�], 186 (27) [Fe(h-C5H5)�2 ]; pyrolysis
MS (70 eV, EI, 450 8C): m/z (%): 1203 (3) [(h-C5H4)Fe(h-C5H4SnMes2h-
C5H4)Fe(h-C5H4SnMes3)�], 1138 (5) [(SnMes3h-C5H4)Fe(h-C5H4Sn-
Mes3)�], 1084 (7) [(h-C5H4)Fe(h-C5H4SnMes2h-C5H4)Fe(h-C5H4SnMes2)�]
[M�], 965 (16) [M�ÿMes], 846 (73) [M�ÿ 2 Mes], 661 (87) [(h-C5H4)Fe(h-
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C5H4SnMes3)�], 542 (100) [(h-C5H4)Fe(h-C5H4SnMes2)�]; UV/Vis (THF):
lmax (e)� 445 (227); [C28H30FeSn]n ([541.1]n): calcd C 62.15, H 5.59; found C
60.74, H 5.57; DSC: Tg� 208 8C (DCp� 60(10) J molÿ1); GPC (THF, versus
polystyrene): thermal polymerization: Mn� 82000 (PDI� 1.9); polymer-
ization in solution (20 8C): CHCl3, Mn< 1000; benzene, Mn� 1 050 000
(PDI� 1.3).


Reactions of dilithioferrocene ´ 2/3 TMEDA with MesSnCl3, nBu-
MesSnCl2, and PhMesSnCl2 : In a similar manner to the synthesis of 7b,
reactions of MesSnCl3, nBuMesSnCl2, and PhMesSnCl2 with dilithioferro-
cene ´ 2/3TMEDA were attempted at low temperature. Although the
formation of a red product could be observed at ÿ30 8C, crystallization of
the products from the reaction mixture (analogous to the isolation of 7a) or
work-up at 20 8C (analogous to the isolation of 7 b) failed because the
monomers tended to polymerize, even at low temperature.


Synthesis of cyclic dimer 3 (ERx� SntBu2): Compound 7 a (2.00 g,
4.80 mmol) was dissolved in CH2Cl2 (50 mL) and the resulting solution
was stirred at ambient temperature under a N2 atmosphere for 8 h. The
polymeric product 8 a was precipitated into hexanes. The solvent was
removed under vacuum from the remaining solution, which contained
3 (ERx� SntBu2) and low-molecular-weight 8a. A toluene solution of this
mixture was passed through a small amount of alumina (weakly basic,
Brockman I., 150 mesh) to remove low-molecular-weight poly(ferrocenyl-
stannane). Recrystallization from toluene resulted in the isolation of
amber-orange crystalline distanna[1,1]ferrocenophane 3 (ERx� SntBu2)
(650 mg, 32 % yield based on stanna[1]ferrocenophane 7 a). For 3 (ERx�
SntBu2): 1H NMR (200 MHz, CDCl3, 20 8C): d� 4.41 (ps t, J(H,H)� 2 Hz,
8H; Cp), 4.18 (ps t, J(H,H)� 2 Hz, 8H; Cp), 1.18 (s/d, J(117/119Sn,H)�
64 Hz, 36 H; tBu); 13C NMR (50.3 MHz, CDCl3, 20 8C): d� 75.2
(J(117/119Sn,13C)� 40 Hz; Cp), 70.2 (J(117/119Sn,13C)� 34 Hz; Cp), 69.2
(J(117Sn,13C)� 368 Hz, J(119Sn,13C)� 385 Hz; ipso-Cp), 31.3 (J(117Sn,13C)�
390 Hz, J(119Sn,13C)� 408 Hz; tBu), 28.1 (ipso-tBu); 119Sn NMR
(111.8 MHz, CDCl3, 20 8C): d�ÿ33.3; MS (70 eV, EI): m/z (%): 836 (2)
[M�], 779 (73) [M�ÿ tBu], 665 (67) [M�ÿ 3 tBu], 608 (57) [M�ÿ 4 tBu],
368 (100) [M�ÿ 2 SntBu2], 304 (58) [Fe(h-C5H4)2Sn�]; C36H52Fe2Sn2


(833.9): calcd C 51.85, H 6.29; found C 52.45, H 6.09.


Synthesis of 3 (ERx� SnMes2): Compound 7 b (1.00 g, 1.85 mmol) was
dissolved in CHCl3 (50 mL) and the resulting solution was heated under
reflux for 1 day. The polymeric product 8b was precipitated into hexanes.
The solvent was removed under vacuum from the remaining solution,
which contained 3 (ERx� SnMes2) and low-molecular-weight 8b. A
toluene solution of this mixture was passed through a small amount of
alumina (weakly basic, Brockman I., 150 mesh) to remove low-molecular-
weight poly(ferrocenylstannane). Recrystallization from toluene resulted
in the isolation of orange crystalline distanna[1,1]ferrocenophane 3 (ERx�
SnMes2) ´ toluene (240 mg, 22% based on stanna[1]ferrocenophane 7b).
For 3 (ERx� SnMes2): 1H NMR (300 MHz, CDCl3, 20 8C): d� 6.77 (s/d,
J(117/119Sn,H)� 17 Hz, 8H; m-Mes), 4.34 (br, 8 H; Cp), 4.20 (ps t, J(H,H)�
2 Hz, 8 H; Cp), 2.25 (br, 36H; o-Me, p-Me); 13C NMR (50.3 MHz, CDCl3,
20 8C): d� 144.2 (J(117/119Sn,13C)� 33 Hz; o-Mes), 140.7 (ipso-Mes), 137.7
(J(117/119Sn,13C)� 11 Hz; p-Mes), 128.0 (J(117/119Sn,13C)� 45 Hz; m-Mes),
76.7 (unresolved; Cp), 74.1 (unresolved; ipso-Cp), 71.0 (J(117/119Sn,13C)�
47 Hz; Cp), 26.2 (J(117/119Sn,13C)� 32 Hz; o-Me), 21.0 (p-Me); 119Sn NMR
(111.8 MHz, CDCl3, 20 8C): d�ÿ111.5; MS (70 eV, EI): m/z (%): 1084 (76)
[M�], 965 (57) [M�ÿMes], 608 (11) [(Fe(h-C5H4)2Sn)�2 ], 542 (18) [M2�]/
[M�ÿFe(h-C5H4)2SnMes2], 423 (59) [Fe(h-C5H4)2SnMes�], 304 (55) [Fe(h-
C5H4)2Sn�], 119 (100) [Mes�]; C63H68Fe2Sn2 (1082.2) ´ C7H8 (92.1): calcd C
64.43, H 5.83; found C 64.39, H 5.78.


Synthesis of 9 : A solution of Pt(1,5-cod)2 (58 mg, 0.14 mmol) in toluene
(1.5 mL) was added slowly to a solution of 7a (60 mg, 0.14 mmol) in toluene
(1.5 mL). The reaction solution was stirred for 3 h, then passed through a
small amount of alumina (weakly basic, Brockman I., 150 mesh) and the
toluene was removed under vacuum. Crystallization of the product from
toluene/hexanes (4 mL, 1:4) at ÿ55 8C resulted in the isolation of 9 (60 mg,
60%) as amber crystals. In toluene solution at ambient temperature 9 was
found to decompose slowly. 1H NMR (300 MHz, C6D6, 20 8C): d� 5.33 (m,
J(195Pt,H)� 45 Hz, 2H; ÿC2H2ÿ), 5.06 (m, J(195Pt,H)� 37 Hz, 2H;
ÿC2H2ÿ), 4.71 (ps t, J(H,H)� 2 Hz, 2 H; Cp), 4.46 (ps t, J(H,H)� 2 Hz,
2H; Cp), 4.37 (ps t, J(H,H)� 2 Hz, 2H; Cp), 4.07 (ps t, J(H,H)� 2 Hz,
J(195Pt,H)� 29 Hz, 2H; a-CpÿPt), 1.77 (m, 8 H; ÿC2H4ÿ), 1.55 (s/d,
J(117/119Sn,H)� 57 Hz, 18 H; CH3); 13C NMR (100.6 MHz, C6D6, 20 8C):
d� 117.3 (J(195Pt,13C)� 46 Hz; CH), 90.3 (J(195Pt,13C)� 70 Hz; CH), 78.4


(J(195Pt,13C)� 98 Hz, J(117/119Sn,13C)� 280 Hz; ipso-CpÿSn), 76.9
(J(117/119Sn,13C)� 36 Hz; b-CpÿSn), 74.2 (J(195Pt,13C)� 1055 Hz,
J(117/119Sn,13C)� 19 Hz; ipso-CpÿPt), 72.6 (J(195Pt,13C)� 67 Hz; b-CpÿPt),
70.3 (J(195Pt,13C)� 67 Hz; a-CpÿPt), 70.1 J(117/119Sn,13C)� 28 Hz; a-
CpÿSn), 33.4 (J(195Pt,13C)� 123 Hz, J(117/119Sn,13C)� 253 Hz; ipso-tBu),
33.2 (J(195Pt,13C)� 5 Hz; tBu), 31.6 (J(195Pt,13C)� 8 Hz; CH2), 27.8
(J(195Pt,13C)� 6 Hz; CH2); 119Sn NMR (111.8 MHz, C6D6, 20 8C): d� 20.1
(J(195Pt,119Sn)� 14 640 Hz); 195Pt NMR (64.2 MHz, C6D6, 20 8C): d�ÿ3604
(J(195Pt,119Sn)� 14 640 Hz, J(195Pt,117Sn)� 13991 Hz); MS (FAB): m/z (%):
721 (20) [M�], 664 (77) [M�ÿ tBu], 605 (18) [M�ÿ 2 tBu], 499 (44) [Fe(h-
C5H4)2PtSn�], 186 (100) [Fe(h-C5H5)�2 ]; C26H38FePtSn (720.2): calcd C
43.36, H 5.32; found C 43.84, H 5.23.


Attempted transition-metal-catalyzed ROP of 7a and 7b with Pt2(h-
CH2CHSiMe2OSiMe2h-CHCH2)3 : When 7 a (20 mg, 48 mmol) in C6D6


(0.5 mL) was treated with Pt2(h-CH2CHSiMe2OSiMe2h-CHCH2)3 (0.5 mL
of a 3 % solution in xylenes, Karstedt�s catalyst), a dramatic decrease in the
rate of ROP, compared with the solution ROP of 7a in C6D6, was noted.
However, after 4 days almost all the 7a was consumed and high-molecular-
weight polymer 8a (Mn� 800 000, PDI� 1.8) was formed. An ROP
reaction of 7 a (1.00 g, 2.40 mmol) in toluene (10 mL) with Karstedt�s
catalyst (12.5 mL of a 3% solution in xylenes) only proceeded to 50%
conversion after being heated at 110 8C for 6 h, to form high-molecular-
weight polymer (Mn� 400 000, PDI� 2.2).


A similar result was obtained, when 7 b (20 mg, 37 mmol) in C6D6 (0.5 mL)
was treated with Karstedt�s catalyst (5 mL of a 3% solution in xylenes).
Over a period of 30 days only 30 % of the monomer 7 b was consumed,
forming 8b (Mn� 50 000, PDI� 1.1).


Crystal structure determinations for 3 (ERx� SntBu2, SnMes2), 7 a, 7 b, and
9 : Crystal data and details of the measurements are summarized in Table 9.
The structures were solved by direct methods (SHELXS97) and refined by
full-matrix least squares (SHELXL97) based on F 2 with all reflections.
Non-hydrogen atoms were refined anisotropically, and hydrogen atoms
were included in calculated positions.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-101299.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).
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o)2]}1/2.







FULL PAPER I. Manners et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2128 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 112128


[20] W. A. Herrmann, M. J. A. Morawietz, H.-F. Herrmann, F. Küber, J.
Organomet. Chem. 1996, 509, 115.


[21] R. Rulkens, A. J. Lough, I. Manners, Angew. Chem. 1996, 108, 1929;
Angew. Chem. Int. Ed. Engl. 1996, 35, 1805.


[22] Alternative names for these polymers include poly(ferrocenylenes-
tannane)s and poly(ferrocenediylstannane)s; the abbreviation Cp in
this manuscript refers to substituted and unsubstituted cyclopenta-
dienyl ligands.


[23] High-molecular-weight polymers with tin in the backbone are very
rare. For the recent synthesis of poly(stannane)s [SnR2]n see: a) T.
Imori, V. Lu, H. Cai, T. D. Tilley, J. Am. Chem. Soc. 1995, 117, 9931;
b) N. Devylder, M. Hill, K. C. Molloy, G. J. Price, Chem. Commun.
1996, 711.


[24] D. A. Foucher, Ph.D. Thesis, University of Toronto, 1993.
[25] This is also expected on the basis of the large covalent radius of tin


(140 pm) compared with those of germanium (122 pm) and silicon
(118 pm).


[26] a) R. F. Bryan, J. Chem. Soc. (A) 1967, 192; b) F. W. B. Einstein, R.
Restivo, Inorg. Chim. Acta 1971, 5, 501; c) M. Veith, L. Stahl, V. Huch,
Organometallics 1993, 12, 1914.


[27] a) J. Silver, J. Chem. Soc. Dalton Trans. 1990, 3513; b) D. A. Foucher,
M. Edwards, R. A. Burrow, A. J. Lough, I. Manners, Organometallics
1994, 13, 4959.


[28] Y. S. Sohn, D. N. Hendrickson, H. B. Gray, J. Am. Chem. Soc. 1971, 93,
3603.


[29] The emax value for the recently synthesized thia[1]ferrocenophane,
which has an a ring tilt of 318, was found to be 578mÿ1 cmÿ1; see
Ref. [16b].


[30] Attempts to obtain single crystals of poly(ferrocenylstannane) 8a by
ROP in the solid state from single crystals of 7 a resulted in only
partially crystalline 8a.


[31] J. K. Pudelski, D. A. Foucher, C. H. Honeyman, P. M. Macdonald, I.
Manners, S. Barlow, D. O�Hare, Macromolecules 1996, 29, 1894.


[32] J. Park, Y. Seo, S. Cho, D. Whang, K. Kim, T. Chang, J. Organomet.
Chem. 1995, 489, 23.


[33] D. L. Zechel, D. A. Foucher, J. K. Pudelski, G. P. A. Yap, A. L.
Rheingold, I. Manners, J. Chem. Soc. Dalton Trans. 1995, 1893.


[34] R. Petersen, D. A. Foucher, B.-Z. Tang, A. J. Lough, N. P. Raju, J. E.
Greedan, I. Manners, Chem. Mater. 1995, 7, 2045.


[35] J. K. Pudelski, D. A. Foucher, C. H. Honeymann, A. J. Lough, I.
Manners, S. Barlow, D. O�Hare, Organometallics 1995, 14, 2470.


[36] I. Manners, J. Inorg. Organomet. Polym. 1993, 3, 185.


[37] R. Rulkens, A. J. Lough, I. Manners, J. Am. Chem. Soc 1994, 116,
797.


[38] M. T. Nguyen, A. F. Diaz, V. V. Dement�ev, K. H. Pannell, Chem.
Mater. 1993, 5, 1389.


[39] A. F. Diaz, U. T. Müller-Westerhoff, A. Nazzal, M. Tanner, J. Organo-
met. Chem. 1982, 236, C45.


[40] G. Utri, K.-E. Schwarzhans, G. M. Allmaier, Z. Naturforsch. , B 1990,
45, 755.


[41] a) Y. Ni, R. Rulkens, J. K. Pudelski, I. Manners, Makromol. Chem.
Rapid Commun. 1995, 14, 637; b) N. P. Reddy, H. Yamashita, M.
Tanaka, J. Chem. Soc. Chem. Commun. 1995, 2263.


[42] J. B. Sheridan, K. Temple, A. J. Lough, I. Manners, J. Chem. Soc.
Dalton Trans. 1997, 711.


[43] Very recently the first 1,3-distanna-2-platina[3]ferrocenophane was
reported to have been obtained by insertion of [Pt(PPh3)2C2H4] into
the SnÿSn bond of the respective [2]ferrocenophane: M. Herberhold,
U. Steffl, W. Milius, B. Wrackmeyer, Angew. Chem. 1997, 109, 1545;
Angew. Chem. Int. Ed. Engl. 1997, 36, 1508.


[44] a) R. Gleiter, R. Seeger, Helv. Chim. Acta 1971, 54, 1217; b) U.
Behrens, J. Organomet. Chem. 1979, 182, 89; c) W. E. Watts, J.
Organomet. Chem. 1981, 220, 165; d) B. Wrackmeyer, U. Dörfler, W.
Milius, M. Herberhold, Polyhedron 1995, 14, 1425; e) A. Appel, F.
Jäkle, T. Priermeier, R. Schmid, M. Wagner, Organometallics 1996, 15,
1188.


[45] Of 52 PtÿSn bonds found in the Cambridge database, 44 were in a
range from 2.475 to 2.750 �. For selected examples, see: a) V. G.
Albano, C. Castellari, V. De Felice, A. Panunzi, F. Ruffo, J. Organo-
met. Chem. 1992, 425, 177; b) H. C. Clark, G. Ferguson, M. J.
Hampden-Smith, H. Ruegger, B. L. Ruhl, Can. J. Chem. 1988, 66,
3120; c) L. A. Latif, C. Eaborn, A. P. Pidcock, N. G. Seik Weng, J.
Organomet. Chem. 1994, 474, 217.


[46] M. S. Wrighton, M. C. Palazzotto, A. B. Bocarsly, J. M. Bolts, A. B.
Fischer, L. Nadjo, J. Am. Chem. Soc. 1978, 100, 7264.


[47] J. J. Bishop, A. Davison, M. L. Katcher, R. E. Lichtenberg, J. C.
Merrill, J. Smart, J. Organomet. Chem. 1971, 27, 241.


[48] I. R. Butler, W. R. Cullen, J. Ni, S. J. Rettig, Organometallics 1985, 4,
2196.


[49] H. Berwe, A. Haas, Chem. Ber. 1987, 120, 1175.
[50] P. Brown, M. F. Mahon, K. C. Molloy, J. Organomet. Chem. 1992, 435, 265.
[51] M. Weidenbruch, K. Schäfers, J. Schlaefke, K. Peters, H. G. von


Schnering, J. Organomet. Chem. 1991, 415, 343.
[52] F. Jäkle, I. Manners, unpublished results.








Synthesis, (Non)Linear Optical and Redox Properties of a
Donor-Substituted Truxenone Derivative


Christoph Lambert,* Gilbert Nöll, Elmar Schmälzlin, Klaus Meerholz, and
Christoph Bräuchle


Abstract: A two-dimensional NLO
chromophore (7) with three donor-sub-
stituted branches and truxenone as the
central coupling unit was synthesised
from tribromotruxenone by Stille coup-
ling with N,N-di(4-methoxyphenyl)-4'-
(tributylstannylethynyl)phenylamine.
UV/visible spectroscopy and hyper-Ray-
leigh scattering measurements prove the
truxenone moiety to be a far stronger
electron acceptor than, for example, a
nitro group. In addition, coupling of


excited states leads to an enhanced
quadratic hyperpolarisability of 7 com-
pared with one-dimensional reference
chromophores. The large redox-poten-
tial separation of about 400 mV of the
three reductive waves in the cyclic


voltammetry also indicates strong elec-
tronic coupling of the truxenone unit.
Semiempirical computations at AM1-CI
level were used to explain the strong
coupling; these calculations also suggest
a quartet high-spin state for the trux-
enone trianion. UV/visible spectroelec-
trochemical investigations of the oxida-
tion and the first reduction of 7 show
that both processes weaken the CT
excitation so as to modulate the NLO
properties.


Keywords: cross coupling ´ cyclic
voltammetry ´ cyclotrimerisation ´
nonlinear optics ´ semiempirical cal-
culations


Introduction


In conventional push ± pull-substituted, nonlinear optic
(NLO) chromophores the quadratic nonlinearity is associated
with a one-dimensional optical charge transfer (CT) along the
molecular axis.[1] In these systems, the magnitude of the first
order hyperpolarisability is directly related to the inverse
square of the absorption CTenergy.[2] Hence, the lower the CT
excitation is, the higher is the hyperpolarisability. This
efficiency ± transparency trade-off makes red-absorbing chro-
mophores practically useless for, for example, frequency-
doubling applications, due to self absorption of light of the
second-harmonic generation (SHG). The search for better,
more efficient and at the same time more transparent NLO
chromophores has lead to the development and investigation
of new, alternative chromophore types during the recent
years.[3] One promising strategy is to extend the charge-


transfer dimension from one to two or even to three
dimensions.[4±7] Compared with conventional dipolar chromo-
phores with second-order nonlinear optical properties, two-
and three-dimensional (2D and 3D) chromophores with C3 ,
D3 or T symmetry[6, 7] (often termed octopolar) have several
advantages: they are inherently more transparent, since the
lack of a dipole moment often results in negligible solvato-
chromism; the coupling of excited states can lead to enhanced
nonlineartities compared with one-dimensional (1D) refer-
ence chromophores at practically no cost of transparency; the
zero dipole moment should enhance the chance of non-
centrosymmetric space groups in crystalline materials, a
necessity for practical applications.[4, 8]


Recently, we have synthesised and investigated 1D and 3D
phosphonium ions with weakly interacting chromophore
branches and we found the above mentioned enhancement
of quadratic nonlinearity.[7d] In the present study, donor
branches were connected with a strongly coupling central
electron-acceptor unit in order to investigate the effect on the
quadratic hyperpolarisability. Wolff et al.[6l] have used 1,3,5-
triazine for this purpose and achieved high nonlinearities with
very transparent chromophores. Other, more coloured exam-
ples are crystal violet[6d,e,h,k] or a donor-substituted triphenyl-
cyclopropenyl cation.[6e]


We chose truxenone (1) as the central connecting moiety
because it should be a good electron acceptor, and its C3h
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symmetry allows the connection of three chromophore
branches. In addition, the planar p-electron system of the
truxenone moiety might lead to strong electronic coupling of
CT excitations involving the attached substituents.


Since the first synthesis of truxenone in 1877 by Gabriel and
Michael,[9] a large number of papers have been devoted to
truxenone syntheses, of which the most straightforward
methods have been achieved by Jonescu.[10] In contrast,
attempts to synthesise substituted derivatives have not been
very fruitful owing to solubility problems of truxenone and its
derivatives, and the concomitant problems of purification.[11]


However, very recently some studies again dealt with the
synthesis of truxenone derivatives, since they might serve as
starting materials for the total synthesis of C60.[12] Most of
these attempts use the truxenone parent compound and
enlarge the carbon skeleton by attack at the C�O double
bond. One very recent synthesis by Plater and Praveen[12e]


starts from o-methylacetophenone followed by a Wirth cyclo-
trimersisation and subsequent multistep transformation to the
truxenone parent compound. It was claimed (though not
proven) that in this way ring-substituted derivatives should be
obtainable.


In the following, we describe a new and quite general
synthetic route to ring-substituted truxenones. The linear and
nonlinear optical properties were investigated by UV/visible
and hyper-Rayleigh scattering (HRS); the redox properties
were studied by cyclic voltammetry. UV/visible spectroelec-
trochemical methods were used to assess the spectral proper-
ties of the charged chromophore species. Comparison is made
with computed values at semiempirical AM1-CI level.


Results and Discussion
Synthesis : Our truxenone synthesis starts from 5-bromoinda-
none (2), which is easily available by known procedures.[13] a


Bromination with bromine in CHCl3 leads to the geminal
dibromo derivative 3 in high yield. Pyrolysis of 3 at
approximately 210 8C gives tribromotruxenone 4 in 20 %
yield (Scheme 1). The generation of HBr was observed during


Scheme 1. Reaction scheme for the formation of 7.


pyrolysis. Compound 4 is even less soluble in common organic
solvents than truxenone itself, but can be recrystallised from
boiling nitrobenzene. In order to connect the bromo deriva-
tive 4 by a Stille cross-coupling reaction with a donor-
substituted tributylstannylacetylene, we synthesised 6 in four
steps by Hagihara cross-coupling from known N,N-di(4-
methoxyphenyl)phenylamine 5 (Scheme 2). Cross coupling


Scheme 2. Reaction scheme for the formation of 6.


of 4 and 6 was accomplished by Pd(PPh3)4 catalysis in
benzonitrile. This solvent is decisive for it allows low but
sufficient solubility of 4 at elevated temperature in order to
promote threefold coupling to 7 in high yield. Other solvents
did not dissolve 4 sufficiently (xylene) or lead to oxidative
homocoupling of the tributylstannylacetylene (nitrobenzene).
The donor-substituted 7 is a dark red solid that readily
dissolves in moderately polar solvents such as CH2Cl2, CHCl3,
THF, toluene and benzene.


Linear and nonlinear optical properties : The UV/visible
spectra of 7 were recorded in CHCl3 (lmax� 509 nm, e�
34 300mÿ1 cmÿ1), CH2Cl2 (lmax� 508 nm) and DMSO (lmax�
500 nm) and differ only marginally (Figure 1). We attribute
the long-wavelength absorption at 509 nm (CHCl3) to a
charge transfer from the diarylamine donors to the central
truxenone acceptor. For symmetry reasons, this excitation is
degenerate (E). AM1-CI(6,3) calculations proved this as-
sumption (see Experimental Section).


Abstract in German: Ein zweidimensionaler NLO-Chromo-
phor (7), der aus donorsubstituierten Seitenarmen und Truxe-
non als zentraler Kupplungseinheit besteht, wurde ausgehend
von Tribromtruxenon und N,N-Di(4-methoxyphenyl)-4'-(tri-
butylstannylethynyl)phenylamin durch Stille-Kupplung syn-
thetisiert. UV-Vis-Spektroskopie sowie Hyper-Rayleigh-Streu-
ungsmessungen ergeben, daû die Truxenoneinheit ein weit
besserer Elektronenacceptor ist als z. B. eine Nitrogruppe.
Zusätzlich führt die Kopplung angeregter Zustände zu einer
Erhöhung der quadratischen Hyperpolarisierbarkeit von 7,
verglichen mit eindimensionalen Referenzchromophoren. Die
groûen Potentialtrennungen von ca. 400 mV der drei Reduk-
tionswellen im Cyclovoltammogramm weisen ebenfalls auf
eine starke elektronische Wechselwirkung im Truxenongerüst
hin. Semiempirische Berechnungen auf AM1-CI-Niveau die-
nen zur Erklärung der starken Kopplung und legen einen
Quartett-Grundzustand für das Truxenon-Trianion nahe. Die
UV-Vis-spektroelektrochemischen Untersuchungen der Oxida-
tion und der ersten Reduktion von 7 zeigen, daû beide Prozesse
die CT-Anregung schwächen, was zur Modulierung der NLO-
Eigenschaften genutzt werden kann.
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The choice of an appropriate 1D reference system for
comparison of linear and nonlinear optical properties is
difficult and to some extent arbitrary since the connecting
moiety, truxenone, is strongly coupling and cannot reasonably
be divided into subunits. Therefore, we have not undertaken
attempts to synthesise 1D reference systems, but rather use
literature values of similar aminotolanes. For example, 4,4'-
(N,N-diphenylamino)nitrotolane (8)[14a] and 4,4'-amino(phe-
nylcarbonyl)nitrotolane (9)[14b] have absorption maxima at
418 nm and at 352 nm in CHCl3, respectively. The bath-
ochromic absorption of 7 shows that the truxenone moiety is a
far stronger electron acceptor than a single carbonyl func-
tionality and even more than a nitro group.


HRS measurements[15] were performed
with CHCl3 solutions of 7 at 1500 nm with
an optical parametric power oscillator (OP-
PO) system.[16] The unpolarised second-har-
monic (750 nm) was detected. The experi-
mental set-up and data evaluation is descri-
bed in ref. [16]. p-Dimethylaminocinnam-
aldehyde was chosen as the reference com-
pound (b1500


zzz � 35� 10ÿ30 esu[14b, 17]). The bB*


convention by Willets et al.[18] is adopted in
the present paper. Although 7 has actually
C3 symmetry owing to twisting of the
diphenylamino groups, we assume D3h sym-
metry for the data evaluation as this is the
approximate symmetry of the localised tran-
sition moments of the chromophore branch-
es. In this case, there are only two nonzero b


tensor elements, bxxx�ÿbxyy, if Kleinman symmetry is valid.[19]


For D3h symmetric molecules, bxxx can be approximated by a
three-level model [Eq. (1) and Scheme 3], in which m01


denotes the transition moment from the ground state to the


bxxx�
1


�h2� m2
01


m12


w2
01


� w4
01


�w2
01 ÿ 4 w2��w2


01 ÿ w2� (1)


first degenerate excited
states, m12 is the transition
moment connecting these
excited states, w01 is the
CT energy and w is the
energy of the incident la-
ser light.[6b]


The HRS measurement of 7 gave bxxx� 355� 10ÿ30 esu at
1500 nm and, by extrapolation with the three-level model
[Eq. (1)], b0


xxx� 169� 10ÿ30 esu (Table 1). Although this value
might be resonantly enhanced to a minor extent, since 7 has a
nonzero extinction coefficient at the SHG (750 nm) of about
100mÿ1cmÿ1, b0 is much higher than that of 8 (28.2�
10ÿ30 esu[14a]) or of 9 (16� 10ÿ30 esu[14b]). This enhancement
cannot solely be explained by the red shift of the absorption
maximum of 7 versus 8 or 9, since from the three-level term of
Equation (1) one can estimate the contribution of the bath-
ochromic absorption (w01) to b only to be roughly 100 %. In
addition, the extinction coefficient of 7 (e� 34 300mÿ1 cmÿ1) is
less than three times as large as most push ± pull-substituted
tolane derivatives.[20] Hence, a possibly enhanced m2


01 (which is
proportional to the extinction coefficient) in Equation (1) can
also not account for the high b value.


Figure 1. UV spectrum of 7 in CHCl3.


Table 1. Experimental (HRS in CHCl3), AM1-TDHF computed (gas phase), and
theoretical (tensor addition) absolute and relative quadratic hyperpolarisabilities.[a]


lmax b0
xxx (HRS) b0


xxx (AM1-TDHF) b0
xxx (theor.) b0


xxx/M (HRS)
[nm] [10ÿ30 esu] [10ÿ30 esu] [10ÿ30 esu mol gÿ1]


7 509 169 (6.04) 28.8 (1.08) (0.49) 0.124
8 418 28.2[b] (1) 27.9 (1) 0.072
9 352 16[c] (0.57) 0.054
10 18.2 (0.65) (0.65)
CV 584 30[d] (1.06) 0.074


[a] Values in parentheses are relative values for each method. The conversion factor
to SI units is 1� 10ÿ30 esu� 3.713� 10ÿ51 cm3 Vÿ2. [b] Ref. [14a]. [c] Ref. [14b].
[d] Ref. [6h].


Scheme 3. Scheme showing tran-
sitions between ground and excit-
ed states.
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Quadratic hyperpolarisabilities calculated by the AM1-
TDHF (time-dependent Hartree-Fock) method are quite
reliable when relative values between similar compounds
without excited state electron-correlation contributions are
compared.[7d, 21] Hence, we computed b0 of 7, 8, and a 1D
model compound 10 with a fluorenone acceptor functionality.
The AM1-computed relative b0 values of 7:8 :10 are
1.08:1:0.65. Assuming negligible interaction between chro-
mophore branches, one can construct the b tensor of a
composite chromophore by tensor addition from the 1D
subchromophores.[7d, 19] By this method, a b0 ratio for 7:10 of
0.75:1 (�0.49:0.65, see Table 1) is expected. The AM1-
computed b0 enhancement of 7 versus 10 (1.08:0.65) by about
110 % relative to the ratio calculated by the tensor addition
method (0.49:0.65) reveals that truxenone cannot directly be
compared with fluorenone, because it is a much better
electron acceptor. The experiment shows that 7 has an even
higher b0


xxx value than the computed relative value with
respect to 8 or 10 : b0(7):b0(8)� 6.04:1. As in the case of tri-
and tetrasubstituted phosphonium ions we attribute this
additional b0


xxx enhancement to a strong transition moment
(m12) coupling the degenerate excited states [Eq. (1)].[7d] The
high b0


xxx value of 7 and the bathochromic shift with respect to
8 and 9 demonstrate the strong electron-withdrawing and
coupling capabilities of truxenone. Compared with, for
example, crystal violet, (CV, b0


xxx� 30� 10ÿ30 esu, lmax�
584 nm in CHCl3),[6h] 7 has a much higher b0


xxx at distinctly
smaller absorption wavelength. All experimental data and
computed values are compiled in Table 1 together with the
experimental b0


xxx divided by the molecular mass. This value
might serve as a relative measure of efficiency.


Redox properties : Cyclic voltammetry measurements were
carried out in CH2Cl2 in order to study the influence of the
central coupling unit on the redox properties of 7. The
voltammogram (Figure 2) shows one pair of reversible waves


Figure 2. Cyclic voltammogram of 7 in CH2Cl2/TBAHFP vs. ferrocene (Fc/
Fc�).


for the oxidation of the triarylamine moieties that comprises
the transfer of three electrons. The separation of peak
potentials is 66 mV; this proves the amine redox centres to


be practically independent of each other. On the reductive
side there are three waves for the reduction of the central
truxenone moiety, the first two are reversible (at a scan rate of
20 mV sÿ1) and the third is quasi reversible at a scan rate of
1000 mV sÿ1. In contrast to the oxidation, a series of the three
reductive processes is separated by about 400 mV (Table 2),
emphasising the strong electronic coupling in the central
unit.[22]


We used AM1-CI calculations to investigate the spin
multiplicities and charge distributions of truxenone radical
anions generated during the reduction of 7.[23] For simplicity,
we only calculated the radical ions of truxenone itself, because
we assume that the reductive behaviour of 7 will be
qualitatively mirrored by its parent compound. The structures
were optimised at UHF or at RHF level, respectively,
according to the most stable spin state found in the CI
calculations. Subsequently, we performed CI single-point
calculations using the UHF (RHF) geometries (Scheme 4).
These computations gave a doublet state for 1ÿ, a triplet for
12ÿ, and a quartet state for 13ÿ.


For better comparison, the calculated Coulson charges were
grouped together for the central C6 unit, the three C6H4 units


Scheme 4. AM1 calculated structures of 1 (RHF), 1ÿ (UHF), 12ÿ (UHF),
and 13ÿ (UHF). Distances in �. The numbers in italics are Coulson charges
and refer to AM1-CI calculations.


Table 2. Half-wave redox potentials and peak-potential differences of 7 in
CH2Cl2/TBAHFP vs. Fc/Fc� at 1000 mV sÿ1; n is the number of electrons
transferred.


n 3 1 1 1
E1/2 [mV] 290[a] ÿ 1310[a] ÿ 1700[a] ÿ 2105[b]


DE [mV] 66 80 84 116


[a] Reversible at 20 mV sÿ1. [b] Irreversible at slower scan rates than
1000 mV sÿ1.







Ring-Substituted Truxenones 2129 ± 2135


Chem. Eur. J. 1998, 4, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2133 $ 17.50+.25/0 2133


and the three CO moieties (Scheme 4). The charge population
and geometrical analysis of the CI results shows that the extra
charge in 1ÿ is largely localised at the central C6 ring, whereas
12ÿ is a triplet ground state (DES±T��2.7 kcal molÿ1) with the
two extra electrons distributed over two carbonyl centres, the
central C6 ring and two C6H4 moieties (Scheme 4). The charge
distribution is reflected, for example, by the longer CÿO
distances of the two carbonyl groups. The asymmetric charge
density results in symmetry reduction to Cs. However, in 13ÿ


three electrons are delocalised over the p-electron system
leading to C3h symmetry. The negative charge is mainly
centred at the three C6H4 groups and at the CO moieties.
Ferromagnetic coupling leads to a quartet ground state and to
two degenerate doublets as the first excited states (DED±Q�
�4.0 kcal molÿ1). This is reasonable as 1,3,5-substituted ben-
zene triradical systems should favour the high-spin state as the
ground state.[24] Recent ESR measurements by Lazana
et al.[25] in glassy MTHF proved the existence of a quartet
state for a reduced truxenone species. These authors ascribe
13ÿ to the quartet state.


The small but significant changes in geometry and the
strong changes of electron-density distribution between the
different radical anions (1ÿ!12ÿ!13ÿ, see Scheme 4) again
emphasise the strong coupling in the truxenone moiety and
explain the quite different observed redox potentials between
7ÿ, 72ÿ and 73ÿ.


UV spectroelectrochemistry : The UV-spectral properties of
73�, 7ÿ and 72ÿ were examined in CH2Cl2 by UV-spectroelec-
trochemical experiments in a thin-layer cell. Upon oxidation
of 7 to 73� a very intense band appears at 775 nm, character-
istic of triarylamine radical cations.[26] At the same time, the
CT band at 508 nm decreases (Figure 3a). A similar effect is
observed during reduction of 7 to 7ÿ (Figure 3b): here again,
the CT band at 508 decreases and new bands at 436 and at
690 nm appear. We assign the former band to a new CT
excitation that is at higher energy compared with neutral 7,
because the acceptor strength of the truxenone moiety is
reduced in 7ÿ. The latter, low-intensity band at 690 nm is very
likely to be a p ± p* excitation localised at the truxenone
moiety. The semiempirical computations of 1ÿ show that the
extra electron in 7ÿ is more or less localised at the central C6


ring of the truxenone system rather than localised in just one
C6H4 ring. This means that reduction of the 7 to 7ÿ influences
the degenerate CT from all three donor-chromophore
branches. Hence, further reduction of 7ÿ to 72ÿ has only
marginal effect on the spectrum in the 300 ± 700 nm region,
but slightly alters the p ± p* excitation within the truxenone
unit: a weak band at 769 arises (not shown). Due to chemical
instability the spectra of the third reduction could not be
recorded.


The UV spectroelectrochemistry shows that both the
oxidation of the remote triarylamine centres as well as the
reduction of the central truxenone moiety weaken the long-
wavelength CT excitations strongly. Since the CT excitations
are responsible for the second-order NLO effects, the latter
can be switched electrochemically. In this way, reversible
modulation of NLO properties at a molecular level might be
achievable.


Figure 3. Spectroelectrochemistry of 7 in CH2Cl2. a) Oxidation (7!73�).
b) First reduction (7!7ÿ). The band at 680 nm of neutral 7 is a higher order
signal as a result of uncorrected diffraction of the spectrometer grid.


Conclusion


The synthesis of truxenone derivative 7 is straightforward and
should allow the preparation of similar systems by Pd0


catalysed cross coupling of various RÿSnBu3, ROH or
R2NH groups to tribromotruxenone.[27] The linear optical
properties (bathochromic shift in the UV/visible spectrum
compared with, e.g., 8), the nonlinear properties (enhance-
ment of quadratic nonlinearity) as well as the redox properties
(very different reduction potentials) nicely demonstrate the
strong electronic coupling of the central truxenone moiety of
7 in the electronic ground state. The extremely large b


enhancement (more than is expected due to the bathochromic
shift) also indicates that there is strong coupling of the
degenerate excited states. The b0


xxx value is a factor 2 ± 4 higher
than for 1D NLO chromophores with diphenylamino donors
(b0 ca. 60� 10ÿ30 esu),[14a] and has a comparable absorption
wavelength although at a cost of about three times the
molecular weight. The quartet state of 13ÿ suggests that
truxenone derivatives such as 7 could be used as high-spin
molecules in organic ferromagnets. Analysis of the UV-
spectroelectrochemical experiments shows that the CT ex-
citations and, consequently, the NLO properties can rever-
sibly be modulated by electrochemical switching. The afore-
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mentioned properties make truxenone a very interesting
molecule for electro-optic and magnetic applications. Further
studies are necessary to assess the properties of truxenone
derivatives with smaller chromophore branches and are
currently in progress.


Experimental Section


2,2,5-Tribromoindanone (3): Bromine (15.7 g, 98.2 mmol) was added
dropwise to a solution of 5-bromoindanone[13] (10 g, 47.4 mmol) in 80 mL
of dry CHCl3. After stirring for 1 h, excess Br2 was removed by bubbling N2


through the solution. The solvent was removed in vacuo; the residue was
recrystallised from MeOH. Yield 14.47 g (83 %) of a yellowish powder.
M.p. 93 8C; 1H NMR (250 MHz, CDCl3): d� 7.82 ± 7.60 (m, 3 H; C6H3), 4.26
(s, 2H; CH2); 13C NMR (63 MHz, CDCl3): d� 191.5, 148.5, 132.7, 132.4,
129.3, 127.7, 128.0, 55.8, 51.9; IR(KBr): nÄ � 1735 cmÿ1 (s, C�O); C9H5Br3O
(368.85): calcd C 29.31, H 1.37; found C 29.52, H 1.63.


4,9,14-Tribromotruxenone (4): A 50 mL roundbottom flask with a long
neck, charged with 3 (2.156 g, 5.845 mmol) was placed in a preheated oil
bath at 210 8C. The reaction was completed after about 45 min when no
further HBr gas was observed. The dark brown residue was treated with
CH2Cl2, filtered and washed with CH2Cl2. The light brown residue was
recrystallised from boiling nitrobenzene. The yellow product was treated
with boiling CHCl3 in order to remove traces of nitrobenzene. Yield 265 mg
(22 %). M.p. >400 8C. The product is not soluble enough to record NMR
spectra at RT. IR(KBr):nÄ � 1712s cmÿ1 (C�O); MS (70 eV, EI, 79Br): m/z
(%): 618 (35) [M�], 590 (5) [M�ÿCO], 511 (45) [M�ÿBrÿCO], 432 (15)
[M�ÿ 2BrÿCO], 404 (20) [M�ÿ 2 Brÿ 2CO], 325 (35) [M�ÿ 3Brÿ
2CO], 297 (55) [M�ÿ 3 Brÿ 3CO], 296 (80) [M�ÿ 3Brÿ 2COÿH];
C27H9Br3O3 (621.08): calcd C 52.22, H 1.46; found C 51.98, H 1.73.


N,N-Di(4-methoxyphenyl)-4''-iodophenylamine : [Bis(trifluoroacetoxy)io-
do]benzene (2.95 g, 6.86 mmol) and iodine (1.74 g, 6.86 mmol) were stirred
in dry CHCl3 (70 mL) under an N2 inert gas atmosphere for 1 h. This
mixture was added dropwise under exclusion of light to a solution of N,N-
di(4-methoxyphenyl)phenylamine (3.89 g, 12.73 mmol) in dry CHCl3


(100 mL). After stirring at 50 8C for 1 h the mixture was washed with aq.
Na2S2O3 and dried over Na2SO4. The solvent was removed in vacuo, and
the residue was dissolved in CH2Cl2 and filtered through a short collum of
silica gel. After removing the solvent in vacuo, the residue was recrystal-
lised from boiling EtOH. Yield: 4.65 g (85 %) colourless crystals; m.p. 114 ±
116 8C; 1H NMR (250 MHz, CDCl3): d� 7.40/6.67 (m, AA', 2 H/m, BB',
2H; IÿC6H4ÿ), 7.03 ± 6.82 (m, AA' ± BB', 8H; MeOÿC6H4ÿ), 3.79 (s, 6H;
MeOÿ); 13C NMR (63 MHz, CDCl3): d� 156.3, 148.7, 140.5, 137.7, 126.7,
122.3, 114.9, 82.0, 55.5; C20H18INO2 (431.27): calcd C 55.70, H 4.21, N, 3.25;
found C 55.56, H 4.13, N 3.12.


N,N-Di(4-methoxyphenyl)-4''-(trimethylsilylethynyl)phenylamine : N,N-
Di(4-methoxyphenyl)-4'-iodophenylamine (473 mg, 1.1 mmol), trimethyl-
siliylacetylene (128 mg, 1.3 mmol, 0.18 mL), PdCl2(PPh3)2 (35 mg, 5 mol %)
and CuI (5 mg, 2,5 mol %) were stirred under an N2 inert gas atmosphere in
dry diethylamine (10 mL) at 60 8C for 1 h. After removing the solvent in
vacuo, the residue was hydrolysed with water, the aqueous phase was
extracted with diethylether and dried over Na2SO4. After removing the
solvent in vacuo the residue was purified by flash chromatography on silica
gel (PE/CH2Cl2 3.5:1.5). Yield 406 mg (92 %) of an orange oil, which was
imediately deprotected.


N,N-Di(4-methoxyphenyl)-4''-(ethynyl)phenylamine : N,N-Di(4-methoxy-
phenyl)-4'-(trimethylsilylethynyl)phenylamine (4.18 g, 10.39 mmol) was
dissolved under an N2 inert gas atmosphere in dry MeOH (ca. 320 mL).
Potassium carbonate (2.073g, 15 mmol) was added and the mixture was
stirred for 18 h. The solvent was removed in vacuo and the residue purified
by flash chromatography on silica gel (PE/CH2Cl2 3:2). Yield 3.03 g (89 %)
of a yellowish oil, which solidified upon standing. M.p. 81 ± 83 8C; 1H NMR
(250 MHz, CDCl3): d� 7.26/6.82 (m, AA', 2 H/m, BB', 2 H; CCÿC6H4ÿN),
7.03 ± 6.82 (m, AA' ± BB', 8 H; MeOÿC6H4ÿ), d� 3.79 (s, 6H; MeOÿ), 2.98
(s, 1H; HCCÿC6H4ÿ); 13C NMR (63 MHz, CDCl3): d� 156.5, 149.3, 140.2,
132.9, 127.22, 119.0, 114.9, 112.8, 84.3, 75.6, 55.5.


N,N-Di(4-methoxyphenyl)-4''-(tributylstannylethynyl)phenylamine (6): nBuLi
(0.90 mL of a 1.6m solution in hexane, 1.43 mmol) was added dropwise to a


solution of di(4-methoxyphenyl)-4'-(ethynyl)phenylamine (414 mg,
1.26 mmol) in dry diethylether under an N2 inert gas atmosphere at
ÿ78 8C. After stirring at ÿ50 8C for 30 min, a grayish preciptate formed
that dissolved upon adding Bu3SnCl (472 mg, 1.45 mmol) at ÿ78 8C. After
30 min, the mixture was allowed to warm up to RT. The mixture was
hydrolised with water and extracted with diethylether. The organic phase
was dried over Na2SO4 and the solvent was removed in vacuo. The product
decomposes on silica gel or alumina and, therefore, was not further
purified. Yield 622 mg (80 %) of a yellowish oil. 1H NMR (250 MHz,
CDCl3): d� 7.26/6.82 (m, AA', 2H/m, BB', 2 H; CCÿC6H4ÿN), 7.07 ± 6.77
(m, AA' ± BB', 8 H; MeOÿC6H4ÿ), 3.78 (s, 6H; MeOÿ), 1.59 (m, 6 H; CH2).
1.37 (m, 6 H; CH2), 1.05 (m, 6H; CaH2), 0.91 (m, 9 H; CH3); 13C NMR
(63 MHz, CDCl3): d� 156.2, 148.4, 140.6, 132.7, 126.8, 119.6, 114.8, 110.7,
91.1, 75.5, 55.5, 28.9, 27.0, 13.6, 11.2.


4,9,14-Tris{4''-[N,N-di(4-methoxyphenyl)amino]phenylethynyl}truxenone
(7): Compound 4 (100 mg, 0.161 mmol), compound 6 (400 mg, 0.65 mmol)
and Pd(PPh3)4 (28 mg, 0.024 mmol 15 mol %) were stirred under an N2


inert gas atmosphere in dry benzonitrile (7 mL) at 90 8C for 2 h. The solvent
was removed in vacuo. The residue was purified by flash chromatography
on silica gel (PE/CH2Cl2 4:1, then pure CH2Cl2 and finally CH2Cl2/MeOH
50:1). The product was dissolved in MeOH/CH2Cl2, the solvent was
removed in vacuo until the product precipitated. Yield 151 mg (81 %) of a
dark red powder. M.p. 198 ± 201 8C; 1H NMR (400 MHz, CDCl3): d� 8.99
(m, unresolved, 3 H; trux), 7.57 (d, J� 7.69, 3H; trux), 7.44 (dd, J� 7.69, J�
1.28, 3H; trux), 7.35/6.87 (m, AA', 6 H/m, BB', 6H; CCÿC6H4ÿN), 7.10 ±
6.65 (m, AA'-BB', 24 H; MeOÿC6H4), 3.82 (s, 18 H; MeOÿ); 13C NMR
(63 MHz, CDCl3): d� 190.2, 156.5, 149.3, 146.4, 141.1, 140.2, 134.4, 130.9,
130.0, 134.1, 131.4, 123.6, 133.0, 127.3, 119.0, 114.9, 113.5, 95.3, 88.9, 55.5;
IR(KBr): nÄ � 2196 (s, CC), 1707 cmÿ1 (s, C�O); HR-MS(NI-LSIMS): m/z :
calcd� 1365.4564; found� 1365.45676; C93H63N3O9 (1366.54).


UV/Vis spectra : Spectra were recorded in spectrograde solvents at 10ÿ5 ±
10ÿ6mÿ1 concentrations. No deviations of Lambert ± Beer�s law were
observed in this range.


HRS measurement : The experimental set-up is described in detail in
ref. [16]. Hyper-Rayleigh scattering measurements were done with sol-
utions of 7 in CHCl3 at number densities between 0.15 ± 4.73� 1018 mLÿ1.
No fluorescence could be detected of CHCl3 solutions of 7. Negative
deviation of the HRS signal of 7 from linearity was observed above 1.18�
1018 mLÿ1 due to self absorption of the SHG. Only those points obeying a
linear correlation and the blank solvent signal were used for the data
evaluation. p-Dimethylaminocinnamaldehyde was used as the reference
under identical experimental conditions. From a plot of SHG intensity vs.
number density relative to the reference compound, the isotropic average
hb2i for 7 was extracted that is correlated to bxxx by hb2i� (8/21)�b2


xxx for
D3h symmetric molecules.[28] The accuracy of the measurements is
estimated to be �15 %. For comparison, disperse red 1 was measured
under identical conditions and gave bxxx� 80� 10ÿ30 esu (lmax� 478 in
CHCl3; b0


xxx� 43� 10ÿ30 esu).[14]


Cyclic voltammetry : Measurements were performed with a conventional
three electrode set-up, with a Pt-disk work electrode and a Ag/AgCl
pseudoreference electrode in 0.1m tetrabutylammoniumhexafluorophos-
phate (TBAHFP) in CH2Cl2 under a nitrogen inert gas atmosphere at RT.
The internal standard was ferrocene (Fc/Fc�); the scan rate was varied
between 20 and 1000 mV sÿ1. The electrochemical stability was checked by
thin-layer multisweep experiments at 20 mV sÿ1.


UV spectroelectrochemistry : Measurements were carried out in CH2Cl2


with a thin-layer cell (100 mm) and a Pt-disk electrode described in ref. [29].
This cell was coupled to a diode array spectometer Polytec X-dap (290 ±
1100 nm).


Semiempirical calculations : Calculations were performed with the AM1
hamiltonian implemented in the MOPAC93[30] program package. Mole-
cules 1, 1ÿ, 12ÿ and 13ÿ were optimised either at RHF or at UHF level as
singlet, doublet, triplet or quartet ground states, according to their spin
multiplicity found in the CI calculations. Compound 7 was optimised in D3


symmetry without methoxy groups at the terminal phenyl groups. For 7, 1ÿ,
12ÿ and 13ÿ CI calculations were performed at UHF (RHF) geometries with
an active orbital space CI(n,m), in which n�number of orbitals and m�
number of doubly occupied orbitals. In the case of an odd number of
electrons, the reference wave function was allowed to be symmetric by use
of the open(n,m) keyword, in which n denotes the number of electrons
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equally distributed over m orbitals. Thus the following parameters were
used: 7: CI(6,3); 1ÿ CI(8,3), open(1,1); 12ÿ CI(8,4), open(2,2); 13ÿ CI(8,2),
open(3,3). A maximum of 121 energy selected microstates is limited by the
MOPAC program. The S ± T and D ± Q splitting energies were taken from
the CI calculations without reoptimisation of the higher energy spin states
because we expect the geometry differences to be minor. The CI wave
function of 1ÿ is dominated by one microstate, whereas the CI wave
functions of 12ÿ and 13ÿ mainly consist of four and three equally
contributing microstates, respectively. No analysis of spin distributions
was possible, since the UHF wave functions of all compounds were
significantly spin contaminated. The population analyses refer to Coulson
charges calculated from the CI wave functions. The quadratic hyper-
polarisabilities of 7, 8 and 10 were calculated by the TDHF routine
implemented in MOPAC93.[21a] The absolute bxxx values are given in Table 1
in bB* convention.[18]
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Hirshfeld Surfaces:
A New Tool for Visualising and Exploring Molecular Crystals
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Abstract: A remarkable new way of
exploring molecular crystals is afforded
by isosurface rendering of smooth, non-
overlapping molecular surfaces arising
from a partitioning of crystal space
based on Hirshfeld�s stockholder parti-
tioning scheme. These surfaces reflect
the proximity of neighbouring atoms
and molecules, and hence intermolecu-


lar interactions, in a novel visual manner
which offers a hitherto unseen picture of
molecular shape in a crystalline environ-
ment. This work reports 3D isosurface


pictures of these molecular surfaces,
which we call Hirshfeld surfaces, as well
as a number of quantitative measures of
molecular size and global shape, applied
to a variety of simple molecular crystals.
Implications for the exploration of crys-
tal packing and crystal engineering are
discussed.


Keywords: crystal engineering ´
crystal packing ´ graphics ´ molec-
ular surfaces ´ solid-state structures


Introduction


The structures of molecular crystals continue to attract
considerable attention for many reasons, among them the
search for materials with desirable physical and chemical
properties, which motivates much of modern crystal engineer-
ing,[1] the modelling of intermolecular interactions,[2] ab initio
crystal structure prediction,[3] and studies of polymorphism.[4]


For all these purposes, molecular and crystal structures
determined by X-ray and/or neutron diffraction are integral
to the research, especially the description and classification of
intermolecular interactions in terms of derived interatomic
distances and other geometric criteria. We have recently
described[5] a scheme for partitioning the volume of a
molecular crystal into smooth, nonoverlapping molecular
entities (and small intermolecular voids) which reflect the
proximity of nearest neighbours, and hence intermolecular
interactions, in a novel visual manner and which offer a
hitherto unseen picture of molecular shape in a crystalline
environment. We now report the first quantitative applica-
tions of this partitioning scheme: 3D isosurface pictures of
these molecular surfaces, which we call Hirshfeld surfaces, as
well as a number of quantitative measures of molecular size
and global shape.


Results and Discussion


The molecular Hirshfeld surfaces are constructed by parti-
tioning space in the crystal into regions where the contribu-
tion from the electron distribution of a sum of spherical atoms
for the molecule (the promolecule) exceeds the contribution
from the corresponding sum over the crystal (the procrystal).
Following Hirshfeld,[6] a weighting function w(r) can be
defined [Eq. (1)], from which it follows that the Hirshfeld


w(r)�
X


a e molecule


1a(r)/
X


a e crystal


1a(r)


� 1promolecule(r)/1procrystal(r) (1)


� 1molecule(r)/1crystal(r)


surface for the particular molecule is defined by w(r)� 0.5,
and the volume occupied by the molecule in the crystal is that
region where w(r)� 0.5. Here, 1a(r) is a spherically averaged
atomic electron density function[7] centered on nucleus a, and
the ratio between promolecule and procrystal electron
densities can be regarded as an approximation to the ratio
between true molecule and crystal electron densities. For
computational purposes the sum over the crystal is truncated
to a cluster of molecules within � 10 � of the molecule of
interest. For a given crystal structure and set of atomic
electron densities, the isosurface defined by w(r)� 0.5 is
unique. Changes in the atomic electron densities (e.g.,
incorporation of a contracted H atom rather than the
ground-state H atom) lead only to very small changes in the
resulting surface.


[*] Associate Prof. M. A. Spackman, Dr. A. S. Mitchell, J. J. McKinnon
Division of Chemistry, University of New England
Armidale NSW 2351 (Australia)
Fax: (� 61) 2-6773-3268
E-mail : mspackma@metz.une.edu.au


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2136 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 112136







2136 ± 2141


Chem. Eur. J. 1998, 4, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2137 $ 17.50+.25/0 2137


The marching cubes algorithm[8] was used to locate and
triangulate the Hirshfeld surfaces for a variety of molecular
crystals for visual display, also enabling rapid computation of
molecular volume (VH), surface area (SH) and packing ratio
(PH�


X
cell


VH/Vcell). Two other descriptors of global shape[9]


were also computed: globularity (G) and asphericity (W).
Globularity[10] is a measure of the degree to which the surface
area differs from that of a sphere of the same volume; G�
(36pV 2


H)1/3/SH, and will be 1.0 for a sphere, and progressively
less than one as the molecular surface becomes more
structured. Asphericity[11] is a measure of anisotropy, and
when applied to the positions of atoms in molecules is defined
by Equation (2), where li are the three principal moments of


W� 1�2{
X


i 6�j


(liÿ lj)2}{
X


i 6�j


li}ÿ2 (2)


inertia of the molecule. We have applied this descriptor to the
Hirshfeld surfaces by allocating each surface point unit mass,
and summing over all points on the surface to determine W. W


assumes a value of zero for an isotropic object (e.g., a sphere,
tetrahedron or octahedron where all principal values are
identical), 1.0 for a prolate object, and 0.25 for an oblate
object. We have found


p
W to be a more useful measure, as it


transforms the range to 0.0 (isotropic), 0.5 (oblate) and 1.0
(prolate). The combination of G and


p
W can divulge shape


information that each alone would not and, although it must
be acknowledged that both are crude global descriptors, along
with surface area and volume they can potentially provide
significant information about the shapes of molecules in
crystals. For integration over the Hirshfeld surfaces, optimum
balance between accuracy and time was achieved with a
resolution of 0.1 au for the marching cubes grid, which
corresponds to a typical distance between surface points of
� 0.08 au. At this resolution (which, for example, represents
51 530 points for urea and 71 430 for benzene) all derived
quantities (Table 1) are within 1 % or less of the converged
result.


Before presenting and discussing detailed examples of
Hirshfeld surfaces and exploring what physical insight they
might reveal, it is worthwhile discussing what they are not.
Unlike other molecular volumes and surfaces (e.g., fused-
sphere van der Waals volumes, solvent-accessible surfaces,
solvent-excluded surfaces[12]), Hirshfeld surfaces are not a


simple function of the molecular geometry; they are only
defined within the crystal,[13] and hence necessarily reflect the
interplay between different atomic sizes and intermolecular
contacts in the crystal: intermolecular interactions. Whether
they do this in a quantitative or qualitative manner remains to
be seen. From Table 1 we also see that Hirshfeld surfaces and
volumes are much larger than conventional onesÐthey
generally fill at least 95 % of the crystal volume, compared
with more conventional packing coefficients of between 0.65
and 0.80.[14] Finally, they obviously pack very tightly in the
crystal but, quite unlike any other partitioning or packing
scheme, they leave small intermolecular voids, which can be
regarded as regions where the crystalline electron density is
not dominated by any single molecule.


Hirshfeld surfaces for acetylene (Figure 1) and benzene
(Figure 2) reflect the weak and largely nondirectional inter-
molecular forces at play in these crystals,[15] and act as a


Figure 1. Tube model of acetylene with Hirshfeld surface at the same
orientation; note the almost completely convex nature of the surface.


Figure 2. Tube model of benzene with Hirshfeld surface at the same
orientation; the indentation in the surface above the ring results from the
close CÿH ´´´ p interaction between nearest neighbours.


benchmark for subsequent comparison. The curvature of the
surfaces varies smoothly, and the edge-to-face CÿH ´´´ p


interaction in benzene shows up as the broad depression in
the surface above the ring plane. Although anisotropy values
are almost identical for the two molecules, G clearly discrim-
inates between the two with acetylene having a much higher


Table 1. Quantitative measures of Hirshfeld surfaces for some molecular
crystals.


Name VH [�3] SH [�2] G
p


W PH


acetylene 53.1 73.5 0.931 0.238 0.939
benzene 113.0 128.7 0.878 0.242 0.959
alloxan 115.3 134.4 0.853 0.283 0.968
uracil 111.7 127.8 0.878 0.269 0.964
urea 69.1 91.1 0.894 0.196 0.946
a-oxalic acid 74.9 99.1 0.867 0.290 0.958
b-oxalic acid 74.9 97.9 0.877 0.236 0.954
a-1,4-dichlorobenzene 148.6 160.4 0.846 0.387 0.969
b-1,4-dichlorobenzene 148.7 160.1 0.848 0.387 0.969
g-1,4-dichlorobenzene 148.0 161.0 0.840 0.384 0.969
phosphorylethanolamine 142.9 157.7 0.841 0.317 0.954
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value (0.931) than benzene (0.878) (in fact the highest of all
those in Table 1), a result of the almost completely convex
nature of the surface in this case. We have observed that water
molecules also display similarly large globularities, and they
too show largely convex surfaces. Packing diagrams of unit
cells for acetylene and benzene (Figure 3) illustrate the


potential for the use of these surfaces to convey crystal
packing arrangements in a rather novel manner, namely, as
packing of vesicles deformed by close contact with their
neighbours, the extent of the deformation depending inti-
mately on the strength of the interaction and the types of
atoms involved. In Figure 3 the depression above the benzene
ring is much more obvious, and the interlocking of neighbour-
ing molecules by the CÿH ´´´ p interaction is evident. The
packing motifs for acetylene and benzene depicted in this
figure are remarkably similar; both can be described rather
simply as pseudo-fcc, and the smaller packing ratio for
acetylene (Table 1) is evident in the slightly greater distance
between molecules along the vertical cell edge.


Alloxan packs in a herringbone pattern similar to that in
benzene, with unusually short O�C ´´´ O intermolecular dis-
tances and an absence of conventional hydrogen bonds,
despite the presence of only C�O and NÿH groups.[16] Its
Hirshfeld surface (Figure 4) is visually quite different from
that of benzene, with slightly larger volume and surface area,
smaller G (hence less spherical and more structured) and


Figure 4. Tube model of alloxan with Hirshfeld surface at the same
orientation; the indentation above the ring, which results from close O ´´´
C�O interactions, is quantitatively different from that in benzene
(Figure 2).


larger
p


W (hence more oblate). In particular, the deeper
indentation in the surface above the molecular plane is quite
different from benzene, and it accommodates the large
bulbous region around O(6) (bottom left of Figure 4). This
is a direct result of the short O�C ´´´ O contact, and the
difference between these two surface features for benzene
and alloxan (and the absence of such a feature in uracil,
below) suggests a means of readily discriminating between
interactions on a visual basis, but also hints at the possibility of
using the Hirshfeld surfaces in a more direct and quantitative
way.


Uracil provides yet another type of surface for a six-
membered ring molecule (Figure 5). Here the Hirshfeld
surface is largely flat above and below the ring plane, with


Figure 5. Tube model of uracil with Hirshfeld surface at the same
orientation; the surface is virtually flat above and below the ring, but has
abrupt faces perpendicular to the molecular plane and characteristic of
strong hydrogen bonds.


no evidence of interactions out of the molecular plane.
Instead we see a surface which is highly deformed perpen-
dicular to the plane, with abrupt flat regions at the extensions
of, and perpendicular to, the NÿH bonds, and regions around
the carbonyl oxygens pinched in on each side of the C�O
bond (contrast the area around the C�O at top right of
Figure 5 with that at bottom left of Figure 4). These features,
which are also evident in a number of structures we discuss
later, appear to characterise strong hydrogen bonds, offering a
ready visual diagnostic for the presence of hydrogen bonding.
The shape of the Hirshfeld surface for uracil suggests strong
intermolecular interactions between molecules in a plane, but
weaker and nondirectional interactions between planes. This
is precisely the packing displayed by uracil,[17] and Figure 6
illustrates this for a planar cluster.


Urea (Figure 7) was chosen as an example of a strongly
hydrogen-bonded system with interactions in the molecular
plane as well as above and below it.[18] As expected from
uracil, there are abrupt changes in curvature on the surface,
leading to nearly flat regions perpendicular to both of the
NÿH bonds, as well as evidence of a pinched nature on four
sides of the C�O bond. From its Hirshfeld surface urea is
clearly revealed as a molecule which packs with strong
interactions in two perpendicular directions; this packing
motif is displayed in the cluster shown in Figure 8, which
highlights the columns of head-to-tail interacting molecules,


Figure 3. Unit cell packing diagrams of Hirshfeld surfaces of acetylene
(left, viewed down the crystal a axis) and benzene (right, viewed down the
crystal b axis); cell edges are also indicated. The two cells are not drawn on
the same scale, but they emphasise the similar packing motifs for these two
crystals.
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Figure 6. A planar cluster of Hirshfeld surfaces for uracil, highlighting the
close packing of molecules in the (001) plane.


Figure 7. Tube model of urea with Hirshfeld surface at the same
orientation; abrupt faces characteristic of hydrogen bonding are evident
near the NÿH bonds, as is pinching in of the surface around the carbonyl
oxygen.


each column directly interacting with adjacent columns
directed antiparallel and rotated by 908. The relatively large
value of G and small value of


p
W suggest a highly regular


shape, in keeping with the highly symmetric packing in the
crystal.


Equipped with the rudimentary appreciation of the nature
of Hirshfeld surfaces gathered so far, we now discuss an
example of polymorphism: anhydrous a- and b-oxalic acid
(Figure 9). Hirshfeld surfaces for these two polymorphs are
dramatically different, showing quite effectively the differ-
ence between packing modes utilised in the two structures.[19]


a-oxalic acid crystallises with a strong three-dimensional
network of hydrogen bonds and close intermolecular contacts,
essentially a pseudo-fcc packing arrangement in Pbca, very
similar to that observed in benzene, and these interactions are
clearly reflected in the Hirshfeld surface. The Hirshfeld
surface for the b polymorph shows evidence of strong OÿH ´´´
O hydrogen bonds to form linear chains (see top and bottom
of the surface in Figure 9), the chains then packing in parallel
and nearly at right angles to one another (Figure 10) in a
manner analogous to urea. Interestingly, from Table 1 the
only significant difference between descriptors for these two


Figure 8. A cluster of Hirshfeld surfaces for urea showing the head-to-tail
packing arrangement in columns along the c axis, and the antiparallel
packing of columns perpendicular to one another.


Figure 9. Tube model of oxalic acid with Hirshfeld surfaces at the same
orientation for molecules in the a and b (right) anhydrous polymorphs;
note the quite different surfaces for molecules in these polymorphs.


Figure 10. A cluster of Hirshfeld surfaces for b-oxalic acid showing the
arrangement in rows along the a axis (left to right), and the packing of rows
almost perpendicular to one another (compare this arrangement with that
in Figure 8).
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polymorphs occurs for the anisotropy, with the a form being
far more anisotropic than the b form (the difference between
the two values is in fact remarkably similar to the difference
between anisotropies for benzene and urea, whose packing
arrangements they echo). With polymorphs such as these it is
tempting to correlate surface descriptors with relative lattice
stabilities. We note that the best estimates of sublimation
enthalpies[20] indicate the a form is more stable than b by
6 kJ molÿ1 but, recognising the crudeness of the present global
descriptors, such small energy differences are unlikely to be
reflected in the Hirshfeld surfaces, even if we could quanti-
tatively relate surface structure to lattice energy.


Crystal structure and intermolecular interactions in the
polymorphic p-dichlorobenzene crystals have long been of
some interest,[21] and are worth attention here because they
are an example of polymorphism without hydrogen bonds,
and in addition they contain short-range Cl ´´ ´ Cl contacts
which have been the focus of recent attention.[22] Hirshfeld
surfaces for the a, b and g crystalline forms (Figure 11) reveal


Figure 11. Tube model of p-dichlorobenzene with Hirshfeld surfaces at the
same orientation for molecules in the a (left), b (center) and g (right)
polymorphs; note the great similarity of surfaces for the a and b forms, and
the obvious indentation above the benzene ring for the g form, character-
istic of CÿH ´´´ p interactions (compare with Figure 2).


the great similarity between molecular shapes for the a and b


forms, and the distinctly different packing evinced by the
surface of the g form. Although subtle differences between a


and b are noticeable in the figure (e.g., the region between
adjacent H and Cl atoms at the top right of both surfaces), the
two molecular surfaces are extremely similar both visually
and from the measures in Table 1, and suggest that these two
polymorphs can be considered as different packing arrange-
ments of flexible vesicles deformed in much the same manner
as one another, and hence readily interchangeable.[23] The g


polymorph is quite obviously different (again, both from the
figure and the table), with an indentation above the benzene
ring which closely resembles that in benzene itself (Figure 2),
suggesting a close intermolecular approach to the C atoms of
the ring. This is indeed the case (CÿH ´´´ C contacts of 2.82,
2.88 and 2.91 �, compared with contacts of 2.79, 2.89 and
2.85 � in benzene), although curiously this feature of the
structure of the g phase appears to have received little
attention. The anisotropic nature of Cl ´´ ´ Cl intermolecular
contacts also appears to correlate with the structure of the
Hirshfeld surface around chlorine atoms. The surface is
clearly flattened along the direction of the CÿCl bond in all
three polymorphs, hinting at the polar flattening described by
Nyburg and Faerman.[24]


Our last example is another strongly hydrogen-bonded
system, the zwitterionic phosphorylethanolamine (PEA),
which contains the phosphate monoester and ethanolamine
groups commonly found in biological systems, and which has
been shown to contain a molecular arrangement similar to the
packing of PEA groups in a phospholipid crystal.[25] The
Hirshfeld surface for PEA (Figure 12) exhibits extremely flat


Figure 12. Tube model of phosphorylethanolamine with Hirshfeld surface
at the same orientation; note the flat ends of the molecular surface, which
result from hydrogen bonding, and the protuberance on the right arising
from the methylene CÿH hydrogen atoms, which form no close intermo-
lecular contacts and face a hydrophobic cavity in the structure.


regions at each end of the molecule corresponding to the
NÿH ´´´ O�P contacts, and these interactions link molecules in
the planar group parallel to (001) (Figure 13). The protrusion


Figure 13. Cluster of Hirshfeld surfaces for phosphorylethanolamine with
tube models of molecules on the right to indicate the relative molecular
orientations within each row. The cluster is part of a sheet of hydrogen-
bonded zwitterions parallel to (001), and the Hirshfeld surfaces highlight
the close packing arrangement which forms the sheet.


on the Hirshfeld surface near the center of the molecule
(Figure 12) corresponds to a methylene group which is not
involved in any close intermolecular contacts, pointing
towards the other methylene group in an adjacent molecule:
hydrophobic regions in neighbouring molecules face one
another rather than one of the highly charged ends of the
molecule.
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Conclusion


This brief presentation of a limited number of crystal structure
types illustrates some of the potential applications of the
Hirshfeld surface to the discussion of packing arrangements
and intermolecular interactions in molecular crystals. How-
ever, we anticipate that the applications of such surfaces will
not be restricted to the 3D isosurfaces and quantitative
measures we have presented here. The Hirshfeld surface is
such a simple concept, yet it implicitly contains information
on relative atomic sizes and intermolecular contacts in
crystals, and offers a novel and potentially rich source of
additional insight into molecular crystals. The 3D isosurfaces
and packing diagrams presented here are unfortunately static;
real-time rotation of these on a screen is really the only way to
properly appreciate their beauty and three-dimensional
nature, and to adequately explore their properties. Through
this simple exercise we have learned that crude global
measures of size and shape (Table 1) are inadequate for
many purposes,[26] and we are currently pursuing a number of
local properties mapped onto the Hirshfeld surface. Among
these will be curvature, which has been shown to play an
important role in condensed matter physics, chemistry and
biology,[27] and properties such as the electrostatic potential,
which when mapped onto molecular electron density surfaces
has been used to predict and explain a number of bulk
properties.[28]
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Abstract: The co-condensation, by annealing from ÿ196 8C to room temperature, of
the high-temperature species AlCl and 3-hexyne (EtC�CEt) with an excess of
toluene leads to the formation of the compound (AlCl ´ EtC�CEt)4. Characterisation
by X-ray analysis revealed the presence of two isomers in the same crystal: a dimeric
1,4-dialumina-2,5-cyclohexadiene and a 1,4,7,10-tetralumina-2,5,8,11-cyclododecate-
traene. Both isomers exhibit aluminium ± olefin p-bonding, with the Al4 entities
present in a tetrahedral arrangement. The bonding in both isomers is discussed on the
basis of ab initio calculations performed for model compounds.


Keywords: ab initio calculations ´
alkenes ´ alkynes ´ aluminum ´ pi
interactions


Introduction


Some years ago we reported the preparation and structure of
the dimeric 1,4-dichloro-2,3,5,6-tetramethyl-1,4-dialumina-2,5-
cyclohexadiene (AlCl ´ MeC�CMe)4 (1), formed from the
high-temperature molecule AlCl and 2-butyne (Figure 1).[1a]


Figure 1. Molecular structure of dimeric 1,4-dichloro-2,3,5,6-tetramethyl-
1,4-dialumina-2,5-cyclohexadiene (1; H atoms omitted for clarity).


As a unique structural feature, Al ± olefin p-bonding was
detected for the first time with the aid of X-ray analysis, in
contrast to earlier spectroscopic results.[2] These interactions
are clearly strong enough to prevent dissociation into mono-
meric dialuminacyclohexadiene units at about 140 8C under
the high-vacuum conditions encountered in the mass spec-
trometer.[1b]


In order to elucidate this unique p-bonding, ab initio
calculations were performed;[1b] they demonstrate that Al ± Al
interactions also contribute significantly to the stabilisation of
these Al4Cl4 ´ (RC�CR)4 systems. The bonding description of
1 as a m3-alkenyl-bridged Al4 tetrahedron may therefore be
similar to the bonding in some long-known transition metal
m3-alkyne clusters such as Ni4X4(RC�CR)3 (X�CO or
CNtBu, R�CF3 or phenyl).[3] In these Ni clusters the alkyne
unit with its C�C axis is oriented orthogonally to one of the
edges of the tetrahedron and these interactions must there-
fore be described as m3 ,h2-? bonding. NMR spectroscopic
investigations show that in contrast to many other transition
metal alkyne complexes, there is no detectable rotation of the
alkyne units in these Ni compounds.[3] To enable us to study
the bonding in 1 by comparison with the Ni clusters and to
understand the decomposition of 1 to hexamethylbenzene, we
have prepared the analogous ethyl-substituted species (AlCl ´
EtC�CEt)4 (2).


Results and Discussion


Preparation and characterisation of 2 : The preparation of 2
from 3-hexyne and the high-temperature molecule AlCl
proceeds in analogous fashion to the formation of 1, that is,
the co-condensation at ÿ196 8C of gaseous AlCl, 3-hexyne
and an excess of toluene. During this annealing process, which
is monitored by NMR spectroscopy, many reactions take
place.[4] After separating the solid residue, colourless crystals
were isolated on cooling to 4 8C. The result of their X-ray
analysis (Table 1) was unexpected, revealing the presence of
two different isomers in the same crystal: 2 b and either 2 a or
2 c (Figure 2). The space group of 2 is C2/c with 12 molecules
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Figure 2. Molecular structures of 2 a, 2c (left; only one isomer is shown),
and 2 b (right) (hydrogen atoms omitted for clarity).


of 2 in the unit cell. The asymmetric unit comprises three half
molecules (i.e. dialuminacyclohexadiene rings) of the three
isomers (2a, 2b, and 2c).


Of the three independent molecules, one (2 b) exhibits the
expected structure observed for 1, that is, two six-membered
Al2C4 rings connected by four Al ± olefin p bonds. In contrast,
the remaining molecules (2 a/2 c) are not dimeric 1,4-dialumi-
na-2,5-cyclohexadienes, but may be described instead as
1,4,7,10-tetralumina-2,5,8,11-cyclododecatetraenes, in which
a twelve-membered Al4C8 ring system is formed, with the 12
atoms following the seam of a tennis ball (Figure 3). Similarly
to 2 b, the Al4Cl4 units may be described as distorted
tetrahedra. Furthermore, in all three isomers (2 b and 2 a/2 c,
Figure 2), there are four 3c 2e-
Al ± olefin p bonds and eight
Al ± C s bonds present, each Al
atom therefore forming one
Al ± Cl s bond, two Al ± C s


bonds, and one Al ± olefin p


bond.
The bond lengths of 2 a, 2 b,


2 c, and 1 are summarised in
Table 2. The similarity of the
structural data of 1 and 2 b is
obvious; thus, the Al ± Al dis-
tances within the same six-membered rings measure 338.0
(2 b) and 337.0 pm (1), with distances of 294.2 ± 308.3 pm (2 b)
and 300.5 pm (1) between the Al atoms of different six-
membered rings. On the other hand, the Al ± Al distances in
the isomers 2 a/2 c are on average shorter, since the geometric
constraints that arose from the dialuminacyclohexadiene units
are no longer present. The remaining interatomic distances
(Al ± Cl, C�C, Al ± C s) in 2 b and 2 a/2 c and the Al ± C p


Abstract in German: Wird die Hochtemperaturspezies AlCl
mit 3-Hexin (EtC�CEt) und Toluol im Überschuû unter
Hochvakuumbedingungen bei ÿ196 8C ausgefroren und das
Cokondensat langsam auf Raumtemperatur erwärmt, so bildet
sich die Verbindung (AlCl ´ EtC�CEt)4. Der Röntgenstruktur-
analyse zufolge liegen in den Kristallen dieser Verbindung zwei
Isomere vor, die als 1,4-Dialumina-2,5-cyclohexadien bzw. als
1,4,7,10-Tetraalumina-2,5,8,11-cyclododecatetraen formuliert
werden können. Beiden Isomeren gemeinsam ist das Vorliegen
von Aluminium ± Olefin-p-Bindungen und die tetraedrische
Anordnung der Al4-Einheiten. Die Bindungssituation in bei-
den Isomeren wird auf der Basis von Ab-initio-Rechnungen
diskutiert.


Table 1. Crystal structure data of 2, 4 and 5.[5]


2 4 5


empirical formula C24H40Al4Cl4 C16H32Al2Cl2O2 C20H40Al2Cl2O2


Mr 578.29 381.28 437.38
size [mm] 0.3� 0.4� 0.9 0.6� 0.7� 0.9
crystal system monoclinic monoclinic triclinic
space group C2/c (No. 15) P2(1)/c (No. 14) P1Å (No. 2)
a [�] 19.471(4) 9.751(2) 10.395(9)
b [�] 29.406(6) 14.616(3) 10.984(11)
c [�] 18.270(4) 7.5907(15) 12.871(9)
a [8] 90.00 90.00 96.21(7)
b [8] 118.84(3) 91.12(3) 107.04(6)
g [8] 90.00 90.00 108.02(7)
V [�3] 9163.3(33) 1081.6(4) 1303.8(20)
Z 12 2 2
1calcd [gcmÿ3] 1.258 1.171 1.114
m [mmÿ1] 0.503 0.385 0.327
F(000) 3648 408 472
index ranges ÿ 17�h� 20; 0� k� 30; ÿ19� l� 0 ÿ 12� h� 12; ÿ18� k� 18; ÿ9� l� 9 ÿ 12� h� 12; ÿ13� k� 13; ÿ15� l� 15
2q range [8] 3.76 ± 44.008 4.18 ± 54.968 8.70 ± 50.008
T [K] 293(2) 200(2) 213
reflns collected 5842 4344 8628
independent reflns 5624 [Rint� 0.0227] 2474 [Rint� 0.0237] 4283 [Rint� 0.0622]
observed reflns 3865 (F> 4s(F)) 2016 (F> 4s(F)) 3283 (F> 4s(F))
scan range 0.888 (w) 1.24 ± 1.408 (w)
x/y 0.0411/12.5272 0.0582/0.3274 0.0978/1.6641
max/min transm. 0.3478/0.3025 0.8720/0.9984
data/restraints/param 5624/0/445 2470/0/104 4283/0/235
GOF on F2 1.023 1.122 1.045
R1/wR 2 0.0365/0.0885 (F> 4s(F)) 0.0391/0.1097 (F> 4s(F)) 0.0725/0.1950 (F> 2s(F))
R1/wR 2 (all data) 0.0772 / 0.1032 0.0529 / 0.1259 0.0915 / 0.2155
largest diff. peak/hole [e�ÿ3] 0.249/ÿ 0.193 0.381/ÿ 0.204 1.065/ÿ 0.476


Figure 3. Al4C8 framework
in 2a and 2c.
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bonds (232.6 ± 242.0 pm in 2 b and 236.0 ± 240.9 pm in 2 a/2 c)
do not differ very much.


This observation seems plausible, since in the crystallisation
of 2 the two isomers are formed in a ratio of 2:1 (2 a/2 c :2 b),
and their energy should therefore be very similar. Preliminary
quantum chemical calculations for the hydrogen-substituted
model compounds confirmed this assumption of nearly equal
energy: the compound with the Al ± C framework analogous
to 2 b is only 12.5 kJ molÿ1 more stable than the H-substituted
isomer with the 2 a/2 c structure.[6]


In addition to the energetic situation of these isomers, the
mechanism for their isomerisation (2 b> 2 a/c) is also of
interest. A rotation of the alkenyl entity across the faces of the
Al4 tetrahedron seems plausible, since a similar mechanism
has been discussed for some transition metal clusters (see
above). This rotation mechanism, in which the Al ± C s and p


bonds are broken and re-form, is presented schematically for
two of the four alkenyl units (Scheme 1). However, no


Scheme 1. Schematic representation of the rotation of two alkenyl units
across two of the faces of the Al4 tetrahedron. This is consistent with the
interconversion of isomer 2b to isomer 2a or 2c.


significant splitting or broadening of the CH3 proton signals
was detected in their variable-temperature 250 MHz NMR
spectra (ÿ80 ± 80 8C); thus, on this basis there is no evidence
of any rotation of the alkenyl unit across the Al3 faces.


A literature search for main-group compounds containing
bonding similar to that in 2 a/2 b revealed the tetrameric
magnesium species 1,8-naphthalenediyl-, o-phenylene- and
diphenylvinylenemagnesium, in which bifunctional organic


ligands are situated on the
faces of a magnesium tetra-
hedron.[9, 10] In contrast to the
p-like bonding in 1 and 2, one
of the C atoms forms a MgÿC
single bond, with the second
C atom involved in a m2-3c 2e
bond to the magnesium cen-
tres. This bonding situation is
illustrated in Scheme 2.


In the three Mg4 com-
pounds so far investigated
each Mg atom is tetrahedral-


ly coordinated to one s-bonded C atom, two m2-bonded C
atoms, and one O atom of a THF molecule. Like the bonding
situation in 2 b and 2 a/2 c and the proposed isomerisation
mechanism described above, the divalent organic ligands can
be oriented on the faces of the Mg4 tetrahedra in different
ways, resulting in molecules with either C2v or S4 symmetry, as
shown in Scheme 3.


Scheme 3. Two different arrangements for the four divalent organic
groups bridging the Mg4 tetrahedron, with correspondingly different
symmetries.[10]


In contrast to 2, only one of these potential structures is
adopted in the solid state for each of the three Mg4 examples.
Their different geometric situations may be one reason for the
differences in their behaviour. However, there are also some
parallels in the bonding in the Mg4 and Al4 compounds, for
example by analogy with the observation of a single NMR
signal for 2 a/2 c and 2 b, the two metal-bonded carbon atoms
of the Mg4 compounds could not be distinguished in solution.
Such similarities between Al4 and Mg4 species are not
unexpected, since [Mg ± thf]2� and [Al ± Cl]2� ions are isolobal.
To summarise, the data presented here may give a first insight
into the diverse isomerisation processes that may also be
possible within the coordination sphere of main group metals.


Reactivity of 1 and 2


a) Reactions with diethyl ether : The reaction of 1 with diethyl
ether afforded the bisdiethyl etherate 4, which was charac-
terised by NMR spectroscopy.[1b] Since compound 1, obtained
from the reaction of AlCl with 2-butyne under donor-free
conditions, reacts with ethers to form the corresponding
etheratesÐas expected, the formation of an Al ± O bond is
energetically favoured over that of an Al ± olefin bondÐit
seemed realistic to synthesise 4 by reaction of 2-butyne with a
metastable solution of AlCl in toluene/diethyl ether.[11] This
reaction yielded colourless crystals with both 2-butyne (4) and
3-hexyne (5). The crystal structure analyses (Table 1) of the
two compounds (Figure 4), at 200 K or 213 K respectively,
revealed the space groups P21/c for 4 and P1Å for 5. Bond
lengths for the two compounds are summarised in Table 3. As
expected, all the structural data presented here for 4 and 5
show similarities to those for a dialuminacyclohexadiene
etherate 3 prepared by Hoberg some years ago.[12]


Table 2. Intramolecular distances [pm] (esd) in 1, 2 a, 2 b and 2 c.


2a 2b 2c 1[1a]


Al ± Cl 211.57(14) / 211.2(2) 211.4(2) / 212.3(2) 212.1(2) / 212.1(2) 210.9
Al ± Al 293.5(2) / 316.9(2) / 321.1(2) / 296.5(3) 294.3(2) / 302.5(2) / 338.0(2) / 308.3(2) 299.2(2) / 318.5(2) / 319.1(2) / 297.5(2) 300.5 / 337.0
Al ± C(s) 198.5(4) / 200.0(4) / 200.7(4) / 198.6(4) 201.0(4) / 200.7(4) / 199.7(4) / 200.3(4) 198.4(4) / 201.7(4) / 201.8(4) / 198.6(4) 199.0
Al ± C(p) 236.1(4) / 236.0(4) / 240.9(4) / 237.2(4) 232.6(4) / 241.8(4) / 233.7(4) / 242.0(4) 237.3(4) / 239.1(4) / 237.8(4) / 236.9(4) 235.5
C�C 138.2(5) / 136.1(5) 136.4(5) / 137.1(5) 136.6(5) / 136.8(5) 136.7


Scheme 2. Schematic represen-
tation of the h2-(s,m2)-bonding
of one of the four organic sub-
stituents situated on the faces of
the Mg4 tetrahedron.
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Figure 4. Molecular structure of 1,4-dichloro-2,3,5,6-tetramethyl-1,4-dia-
lumina-2,5-cyclohexadiene-1,4-bis(diethyl etherate) (4 ; the molecular
structures of the etherates 4 and 5 are nearly identical; hydrogen atoms
are omitted for clarity).


The distances between the Al atoms in 4 and 5 are similar to
those in the cyclohexadiene units of 1 and 2 b. Furthermore,
the Al ± C, Al ± O and C ± C distances in the two etherates 4
and 5 show no significant differences. Although most of the
similarities between 4 and 5 and the donor-free compounds 1
and 2 b are quite plausible, the small difference between the
C�C distances of the ether-stabilised and the donor-free
species is surprising (136.8 and 135.4 pm, respectively),
especially since the Al ± Cl bonds in the two donor-stabilised
species are about 6 pm longer than in the dimeric molecules 1
and 2. On the other hand, the Al ± C s bonds in the
monomeric etherates are shorter than in the dimers. The
decrease in the formal coordination number of the Al atoms
from 5 to 4 (dimer to monomer) may be the reason for the
strengthening of the Al ± C bonds. Moreover, it is interesting
to note that the planarity of the Al2C4 ring systems in 4 and 5
changes to a boatlike structure in the dimeric species on
account of Al ± olefin p-bonding. To sum up, nearly all the
differences in structural data between the monomeric (donor-
stabilised) and dimeric species may be attributed to differ-
ences in the coordination sphere of the Al atoms.


b) Formation of hexamethylbenzene and hexaethylbenzene:
The preferential formation of hexamethylbenzene was ob-
served in the primary reaction mixture of AlCl, 2-butyne and
an aromatic or aliphatic solvent.[4, 18] On the basis of these
experiments, we assumed that the formation of hexamethyl-
benzene as a trimerisation product of the starting compound
2-butyne results from the thermal decomposition of 1. If this
were the case, in the presence of AlCl as a catalytic species, 1
would be formed as an intermediate during the trimerisation
process. To test this hypothesis the pure compounds 1 and 2
were heated in different solvents (benzene and cyclohexane).
However, neither in these experiments nor after addition of
hexamethylbenzene[19] were further hexasubstituted benzene
derivatives obtained. This means the above-mentioned for-
mation of hexamethylbenzene and hexaethylbenzene is only
possible under the specific conditions of the primary reaction
solution. Since small amounts of AlCl3 are present in these
solutions as a consequence of the synthetic method, it seemed


possible that the well-documented AlCl3 catalysis could be the
reason for the observed trimerisation of 2-butyne to hexam-
ethylbenzene (Scheme 4).[23] For this catalytic process a
reaction temperature of between 25 and 30 8C has been
reported.[23] Since we observed the formation of hexaethyl-
benzene even atÿ50 8C, a reaction pathway other than that of


Scheme 4. Reaction sequence for the AlCl3-catalysed trimerisation of 2-
butyne to hexamethybenzene.


AlCl3 catalysis must be responsible in our case. A more
plausible reaction mechanism, based on a mechanism pro-
posed for the reaction of methylborylene (BMe) with alkynes,
is therefore presented in Scheme 5.[13c]


Scheme 5. Proposed reaction pathway for the formation of hexamethyl-
benzene (and 1) from E ± X (E ± X�BMe or AlCl) and 2-butyne.


In this scheme an aluminacyclopropene is the reactive
intermediate from which either 1, through a twofold dimer-
isation, or hexamethylbenzene, through a double addition of
an alkyne moiety followed by rearrangement and elimination
of AlX, can be formed.


The results presented here demonstrate that AlX species
are excellent precursors for unexpected organoaluminium
compounds; for example, addition of an alkyne yields


Table 3. Average intramolecular distances [pm] (esd) in 4 and 5.


Al ± Al Al ± Cl Al ± O Al ± C C�C CR
[a] ± CMe / CR ± CCH2


4 333.5(1) 217.77(9) 191.3(2) 195.9(2) 135.1(3) 152.7(3)
5 332.4(3) 217.7(3) / 217.8(3) 191.8(4) / 191.7(3) 196.2(4) / 196.3(4) / 196.1(4) / 196.4(5) 135.8(6) / 135.2(6) 153.9(6) / 153.6(6) / 153.3(5) / 153.5(5)


[a] CR: carbon atom of the metallacycle.
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molecules containing an Al4C8 framework. These cagelike
compounds, which can be easily broken by donor molecules
into two classically bonded dialuminacyclohexadienes, appear
to be broadly analogous to the closo carboranes (such as B10C2


compounds). However, whereas the stabilisation of carbor-
anes is based on delocalisation through strong multicentre
bonding, in the carbalanes discussed here 2e 3c-bonding in the
AlC2 units is of only minor importance because of the higher
polarity of Al ± C compared with B ± C bonds. Consequently,
only loose cagelike structures are observed in the Al4C8 systems.


Experimental Section


All solvents were dried, distilled (toluene: Na; pentane, heptane, Et2O:
LiAlH4), and degassed before use. All manipulations were carried out
under an atmosphere of nitrogen or argon with Schlenk techniques or a
glove box (M. Braun). 1H and 13C NMR spectra were recorded on a Bruker
AC 250, 27Al NMR spectra on a Bruker AMX 300 spectrometer, and were
referenced to the residual protic impurities of the solvents (1H NMR:
d(C6D5H)� 7.16; d(C7D7H)� 2.09; 13C NMR: d(C6D6)� 128.8; d(C7D8)�
137.7) or to [Al(H2O)6]3� (d� 0; external reference) unless otherwise
stated. Mass spectra were recorded on a Finnigan MAT 711 or on a MS
8230 instrument (electron impact, 70 eV). IR spectra were recorded from
KBr pellets on a Bruker IFS 113v FT-IR spectrometer and Raman spectra
on a DILOR XY 800 instrument (vacuum-sealed glass capillary tubes;
l(excitation)� 514.532 nm). The principles behind the construction of the
co-condensation apparatus and the experiments in general are described in
ref. [1c].


Compound 1: In a typical 2-h co-condensation experiment, about 40 mmol
AlCl was generated and then frozen out with an approximately equimolar
quantity of 2-butyne dissolved in n-heptane (about 100 mL). The contents
of the stainless steel vessel were washed out several times with solvent and
the resulting suspension was allowed to warm to room temperature. After
being left for some days the solution was filtered and the solvent partially
removed in vacuo. On cooling to 4 8C colourless crystals of 1 were formed.
Yield: <1% (based on the maximum possible amount of AlCl produced).
IR (KBr): nÄ [cmÿ1 (rel. int.)]� 2963 (2), 2903 (2), 2839 (1), 1437 (3), 1363
(3), 1137 (1), 996 (1), 913 (2), 677 (8), 535 (6), 516 (10), 470 (4), 427 (9);
Raman (solid; l(excitation) 514 nm): not possible due to fluorescence
effects; 1H NMR (C6D6, 25 8C): d� 1.97 (s, 24 H; CH3); 1H NMR (C6D6,
70 8C): d� 2.00 (s, 24 H; CH3); 13C NMR (C6D6, 25 8C): d� 183.4 (br), 22.4;
27Al NMR (C6D6, 25 8C): d� 106 (w1/2� 4000 Hz); 27Al NMR (C6D6,
70 8C): d� 106 (w1/2� 1560 Hz); 1H NMR (C6D12, 25 8C, TMS): d� 2.14 (s;
24H, CH3); 13C NMR (C6D12, 25 8C, TMS): d� 183.9, 21.8; 27Al NMR
(C6D12, 25 8C): d� 103 (w1/2� 3500 Hz).


Compound 2 : The co-condensation of AlCl with 3-hexyne dissolved in
toluene was carried out as described above. The resulting solution was
warmed slowly up to room temperature, the solvent partially removed in
vacuo, and the solution held at 4 8C, yielding colourless crystals. 1H NMR
(C7D8, 25 8C): d� 2.52 (q, 3J(H,H)� 7.6 Hz, 16 H; CH2), 1.10 (t, 3J� 7.6 Hz,
24H; CH3); 13C NMR (C7D8, 25 8C): d� 194.19, 29.75, 13.68; 27Al NMR
(C7D8, 25 8C): d� 120 (w1/2� 3500 Hz); 1H NMR spectra were recorded
between ÿ80 8C and �80 8C at intervals of 20 8.


Compound 4 : AlCl solution (13 mL, about 7 mmol; toluene/Et2O) was
added at ÿ78 8C to a stirred solution of 2-butyne (about 13 mmol) in n-
pentane (34 mL). A brownish precipitate was formed. The suspension was
warmed up slowly to room temperature and filtered, and the red solution
was concentrated in vacuo. On cooling of the solution to 4 8C large
colourless crystals of 4 were formed; m.p. 120 ± 130 8C (yellow discolor-
ation); Raman (solid): nÄ [cmÿ1 (rel. int.)]� 2979.9 (4), 2969.6 (4), 2936.0
(10), 2894.6(5), 2839.3 (3), 1444.6 (3), 1330.2 (2), 1086.5 (1), 991.6 (1), 890.3
(1), 833.6 (1), 767.1 (1), 504.7 (1), 373.8 (4), 322.5 (1), 229.5 (1), 184.2 (1); 1H
NMR (C6D6, 25 8C): d� 3.62 (q, 3J� 7.0 Hz, 8 H; CH2), 2.18 (s, 12H; CH3),
0.80 (t, 3J� 7.0 Hz, 12H; CH3); 13C NMR (C6D6, 25 8C): d� 164.6 (Al ± C),
67.9 (OCH2CH3), 19.2 (�C ± CH3), 14.1 (OCH2CH3); 27Al NMR (C6D6,
25 8C): d� 117 (w1/2� 3500 Hz); MS (EI, 70 eV, 35 8C) [m/z (rel. int.)]:[12e]


463.9 (77; 1�), 448.9 (11; 1� ÿMe), 409.9 (6), 402.0 (7), 367.0 (38), 347.9 (35),
293.9 (36), 232.0 (57; 4� ÿ2Et2O), 197.0 (36), 170 (40), 74 (54; Et2O�).


Compound 5 : The formation of 5 proceeds in the same way as described for
2. If a nonstoichiometric amount of diethyl ether was present in the tube,
compounds 2 and 5 crystallised alongside one another. The NMR data of 5
were taken from spectra of a mixture of the two compounds. 1H NMR
(C6D6, 25 8C): d� 3.68 (q, 3J� 7.0 Hz, 8 H; CH2), 2.85 (m, 4 H; CH2), 2.34
(m, 4 H; CH2), 1.37 (t, 3J� 7.5 Hz, 12H; CH3), 0.83 (t, 3J� 7.0 Hz, 12H;
CH3); 13C NMR (C6D6, 25 8C): d� 67.8, 26.4, 16.6, 14.1; 27Al NMR (C6D6,
25 8C): 119 (w1/2� 4000 Hz). This broad resonance signal is presumably due
to the presence of both 2 and 5.


Crystal structure analyses : A suitable crystal of compound 2 was sealed in a
glass capillary tube, and oil-coated crystals of compound 4 and 5 were
manipulated onto a glass fibre and transferred under a cold stream of
nitrogen to a Stoe Stadi IV (w scan mode, scan time: variable; 0.5 ± 2.0 s/
step; 2, 4) or to a STOE IPDS (5) diffractometer (MoKa radiation with
graphite monochromator in each case). The structures were solved by
direct methods by means of the program package SHELXS-86 (Sheldrick
1990 : H atom treatment: riding model, fixed isotropic U ; empirical
absorption correction; weighting scheme: wÿ1� s2F2


o� (xP)2� yP ; P�
(F2


o� 2F2
c)/3, and refined by full-matrix least-squares techniques using the


program package SHELXL-92 (Sheldrick 1993).
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Fulvene-Like Cationic Phosphaferrocene Species as Synthetically Valuable
Intermediates: Preparative and Mechanistic Aspects of the Diastereoselective
Formation of a-Phosphanyl-Substituted 2-Ethylphosphaferrocenes


Lutz Brassat, Beate Ganter, and Christian Ganter*


Abstract: Addition of MeMgI to the
sandwich aldehyde 1 proceeds diaster-
eoselectively to yield the alcohol 2 a,
which undergoes protonation and sub-
sequent elimination of water to give the
cationic fulvene-like species (E)-7. Re-
action of (E)-7 with a nucleophile yields
the corresponding substitution product
with retention of configuration. In the
absence of any nucleophile, (E)-7 iso-
merizes to the thermodynamically more


stable species (Z)-7. The rate constant
for this reaction has been determined as
k� 0.037(3) minÿ1 at ÿ40 8C. Treatment
of the cation (Z)-7 with a nucleophile
produces the diastereomeric substitu-
tion product with inversion of configu-


ration at the stereogenic centre in com-
parison with the starting alcohol 2 a. The
phosphine 6 b obtained by reaction of
(Z)-7 with HPCy2 acts as a P,P-chelate
ligand in the complex [6 b ´ Mo(CO)4]
(11), which was characterized by X-ray
structural analysis. The crystal structure
determination confirmed the configura-
tional assignments made on the basis of
NMR spectroscopic data.


Keywords: chelates ´ phosphaferro-
cenes ´ phosphorus heterocycles ´ P
ligands ´ sandwich complexes


Introduction


Ferrocenyldiphosphines play a major role as chiral P,P-
chelate ligands.[1] Most of these ferrocenyl systems contain a
planar as well as a central element of chirality. Recently, we
have shown substituted phosphaferrocenes to be a new class
of chelate ligands with planar chirality that are able to
coordinate through both the phospholyl P atom and a further
donor substituent attached to the phospholyl ring.[2, 3] We have
prepared and characterized several such complexes with P,N-
and P,P-ligands. By analogy with the ferrocene derivatives, we
were interested in introducing an additional stereogenic
centre into this novel type of ligand. This paper describes a
synthetic strategy for the preparation of a-phosphanyl-
substituted 2-ethylphosphaferrocenes with high diastereose-
lectivity. Choice of appropriate reaction conditions allows
control of the relative configuration of the newly created
stereogenic centre. The E ± Z isomerization of a cationic
fulvene-like intermediate was monitored using 31P NMR
spectroscopy, from which the barrier to internal rotation
about the partial C�C double bond was determined.


Results


Diastereoselective addition to the aldehyde 1: 2-Formyl-3,4-
dimethylphosphaferrocene (1) has proved to be a versatile
starting material for the preparation of a number of differ-
ently substituted phosphaferrocene chelate ligands with N-
and P-donor atoms.[2, 3] Furthermore, 1 is readily available in
enantiomerically pure form in multigram quantities[4] and this,
in turn, allows synthesis of the respective ligands as pure
enantiomers. Introduction of the new stereogenic centre could
be achieved by nucleophilic attack on either of the diaster-
eotopic faces of the carbonyl group of 1. Treatment of 1 with
MeMgI (1.5 equiv) in ether at 0 8C afforded the diastereo-
meric alcohols 2 a and 2 b (95:5, Scheme 1), which were
separated by chromatography on alumina. The diastereomers
are easily distinguished by their 31P and 1H NMR spectra
[d(31P)�ÿ91.0 (2 a),ÿ84.6 (2 b)]. In the 1H NMR spectra the


Scheme 1.
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resonances for the methyl group of the side chain appear at
d� 1.27 and 1.45, respectively. If the reaction is carried out at
ÿ25 8C, the ratio of the diastereomers becomes 99:1 (2 a :2 b).
The relative configuration of the alcohols is discussed later.
Interestingly, the reaction of LiAlH4 with 2-acetylphospha-
ferrocene (3) (as reported by Roberts et al.[5]) proceeds
without selectivity to give 2 a and 2 b in a 1:1 ratio (Scheme 2).


Scheme 2.


Nucleophilic substitution of the hydroxyl group of alcohol 2 :
Having established the route to the diastereomerically pure
alcohol 2 a, we next turned our attention to the transformation
of the hydroxyl group into a more valuable phosphanyl
moiety. Hayashi et al. have developed a method for facile
conversion of ferrocenyl alcohols into phosphines by treating
the corresponding acetates with a secondary phosphine,
HPR2.[6] Reaction of the phosphaferrocene alcohol 2 a with
acetyl chloride yielded the acetate 4, which could not be
purified by chromatography as it undergoes elimination
reactions (Scheme 3). Nevertheless, the 31P NMR spectrum
of the crude product showed the presence of a single
diastereomer. Treatment of 4 with diphenylphosphine in
glacial acetic acid under reflux gave the corresponding
derivative 5 in 70 % yield. Its 1H and 31P NMR spectra
revealed the presence of two diastereomers 5 a and 5 b in a
55:45 ratio. Considerable epimerization of the stereogenic
centre was, therefore, observed in the substitution reaction of
4 under these conditions.


A different approach to the diastereomerically pure
phosphanyl compound 5 involved protonation of the OH
group and subsequent elimination of water. This yielded a
cationic intermediate that was treated with a secondary


Scheme 3.


phosphine as the nucleophile. For the analogous ferrocene
compounds, such transformations occur cleanly and with
retention of configuration at the pseudobenzylic C atom.[7]


Roberts et al. have reported the protonation of a diastereo-
meric mixture of the phosphaferrocenyl alcohols 2 a and 2 b in
solution in CF3COOH. Their cationic reaction product could
not be fully investigated owing to problems of decomposition,
and only 31P NMR data were obtained.[5] However, we found
that the cationic species is stable in CH2Cl2 for hours at
ambient temperature. Consequently, it provides an excellent
intermediate for the preparation of substitution products.


Addition of HBF4 (1.2 equiv) to pure phosphaferrocenyl
alcohol 2 a in CH2Cl2 at 0 8C gave a dark red solution. Once
the solution had been stirred for 15 min, HPPh2 (2.0 equiv)
was introduced into the mixture, which immediately became
orange. Following aqueous work-up and chromatographic
purification, the phosphanyl-substituted phosphaferrocene 5 b
was obtained in almost quantitative yield as a single diaster-
eomer. Its 31P NMR spectrum features two doublets at d�
ÿ82.9 and 11.6 [J(P,P)� 26.0 Hz]. Use of HPCy2 in place of
HPPh2 produced the analogous dicyclohexylphosphanyl com-
pound 6 b (Scheme 4). Similarly, with H2O as the nucleophile,


Scheme 4.


the diastereomeric alcohol 2 b is formed quantitatively after
work-up, with no traces of the starting material 2 a detectable
in the 1H and 31P NMR spectra. Furthermore, the same
diastereomerically pure compound 2 b is obtained if the
reaction sequence is performed using an initial mixture of
diastereomers 2 a and 2 b (prepared by reduction of the acetyl
compound 3 by LiAlH4). Scheme 5 depicts our proposed
mechanistic explanation of these findings. By comparison
with the analogous ferrocene compounds,[7b] we propose that
loss of a water molecule from the protonated alcohol occurs


Abstract in German: Die Addition von MeMgI an den
Aldehyd 1 verläuft diastereoselektiv unter Bildung des Alko-
hols 2, der durch Protonierung und Wasserabspaltung in die
kationische, Fulven-analoge Spezies (E)-7 umgewandelt wer-
den kann. Die Reaktion des Kations (E)-7 mit Nucleophilen
ergibt die entsprechenden Substitutionsprodukte unter Reten-
tion. In Abwesenheit nucleophiler Agentien lagert sich das
Kation (E)-7 in die thermodynamisch stabilere Verbindung
(Z)-7 um. Die Geschwindigkeitskonstante für diesen Isome-
risierungsprozeû beträgt k� 0.037(3) minÿ1 bei ÿ40 8C. Durch
Reaktion des Kations (Z)-7 mit Nucleophilen werden nun
Substitutionsprodukte unter Inversion der Konfiguration er-
halten. Das Phosphin 6b, das aus (Z)-7 und HPCy2 gewonnen
wurde, fungiert als P,P-Chelatligand im Komplex [6b ´ Mo-
(CO)4] (11), der durch Kristallstrukturanalyse charakterisiert
wurde. Die Strukturbestimmung bestätigt die Konfigurations-
zuordnungen, die auf der Basis NMR-spektroskopischer Daten
getroffen wurden.
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Scheme 5. Proposed mechanism for the formation of diastereomeric
substitution products.


selectively trans to the CpFe fragment. The diastereomerically
pure alcohol 2 a is thus converted to a fulvene-like cation with
an E arrangement of the phosphorus atom and the methyl
group with respect to the exocyclic CÿC bond. The fate of this
intermediate depends on the reaction conditions. In the
absence of a nucleophilic reagent (that is, when the solution is
simply stirred for 15 min prior to the addition of the
nucleophile as described above) the species (E)-7 isomerizes
to (Z)-7. The driving force for this isomerization is the relief of
the sterically unfavourable interaction between two methyl
groups: one located in the 3-position of the phospholyl ring,
the other on the pseudobenzylic C atom. Addition of a
nucleophile to the fulvene-like C atom exclusively from the
direction opposite to the CpFe moiety leads to a substitution
product with an inverted configuration at the pseudobenzylic
centre compared with the starting material. In contrast, if a
nucleophile is present when (E)-7 is formed, the stereo-
chemical outcome of the substitution reaction depends on
whether or not the isomerization of the cation to (Z)-7 is
faster than the reaction with the nucleophile (c.f. the Curtin ±
Hammett principles[8]). For reactions where the nucleophile
reacts with (E)-7 before isomerization can occur, the sub-
stitution product should be formed with retention of config-
uration at the benzylic centre.


Several experimental facts lend further weight to our
mechanistic proposal.
1) If the cation (E)-7 is formed from the alcohol 2 a in the


presence of a nucleophile, the retention product is indeed
formed in excess. For example, with HPPh2 at 0 8C the
diastereomeric phosphines 5 a and 5 b are obtained in a
ratio of 80:20. The proportion of retention product is


enhanced by lowering the reaction temperature (ÿ78 8C,
90:10; ÿ90 8C, 95:5). With HPCy2 under the same
conditions the dicyclohexylphosphines 6 a and 6 b are
formed with somewhat lower diastereoselectivity (ÿ90 8C,
90:10). The slower reaction rate with HPCy2 may be a
result of the larger cone angle of this phosphine.


2) The isomerization of (E)-7 to (Z)-7 can be monitored by
31P NMR spectroscopy at ÿ40 8C in CD2Cl2. A plot of lnx
(x�mole fraction of (Z)-7) against time indicates a first-
order reaction with a rate constant of kEZ� 0.037(3) minÿ1.
After equilibration, the starting species (E)-7 is no longer
detectable. With the NMR detection limit taken as ca. 1 %,
the equilibrium constant K[(Z)-7/(E)-7] is estimated to be at
least �100.


3) The relative configuration of the
thermodynamically more stable
species (Z)-7 can be determined
by NOE measurements. Irradia-
tion of the resonance attributable
to the phospholyl methyl group 1
produces a NOE for the signal of proton 2, but not for the
methyl group 3 in the fulvene position.


4) Further evidence for the configurational assignments is
provided by the X-ray diffraction study of [6 b ´ Mo(CO)4]
(11), a derivative of (Z)-7 (see Complexation Studies
below).


In the 1H NMR spectrum of (Z)-7 several signals are shifted
downfield with respect to those of the starting alcohol 2 a. In
particular, the phospholyl a proton signal is shifted from d�
3.76 to 6.16, and the signal for the fulvene H appears at d�
6.98. An additional downfield shift of ca. 60 ppm is noted in
the 31P NMR spectrum of (Z)-7. According to the Eyring
equation, the rate constant for the fulvene isomerization of
[kEZ� 0.037(3) minÿ1] corresponds to a free energy of activa-
tion of DG=� 74(4) kJ molÿ1 for internal rotation about the
partial C�C double bond. For the comparable ferrocene deri-
vative 8, Watts[9] reported a value of DG=� 104(3) kJ molÿ1.
Obviously, description of the cation as a fulvene with
enhanced double-bond character is more applicable to the
ferrocene species. However, the situation may depend
strongly on the nature of the substituents on the fulvene
carbon, as demonstrated by the fast E ± Z isomerization of the
p-tolyl-substituted ferrocenyl cation 9 reported by Kagan.[10]


Complexation studies : The phosphanyl-substituted phospha-
ferrocenes 5 b and 6 b were reacted with different metal
fragments in order to examine their potential as P,P-chelating
ligands. When ligand 5 b was refluxed with [(NBD)Mo(CO)4]
in THF for 2 h, the chelate complex [5 b ´ Mo(CO)4] (10) was
isolated in quantitative yield as an orange powder (Scheme 6).
The 31P NMR spectrum of complex 10 shows two doublets
shifted downfield to d�ÿ0.5 and 79.7, with a coupling
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Scheme 6.


constant of J(P,P)� 7.1 Hz. The analogous complex 11 (con-
taining the dicyclohexylphosphanyl-substituted ligand 6 b)
showed similar spectroscopic trends. Orange needles of
complex 11, suitable for X-ray diffraction, were obtained by
recrystallization from diethyl ether/hexane. A PLATON plot
of the structure of 11 is depicted in Figure 1, together with


Figure 1. Molecular structure (PLATON) of complex 11. Hydrogen atoms
have been omitted for clarity. Selected bond lengths [�] and angles [8], with
estimated standard deviations in parentheses: Mo ± P1 2.4654(9), Mo ± P2
2.5735(9), Mo ± C21 1.973(4), Mo ± C22 2.025(4), Mo ± C23 1.988(4), Mo ±
C24 2.050(4); P1-Mo-P2 74.78(3), Mo-P1-C2 115.4(1), Mo-P1-C5 152.0(1),
C2-P1-C5 90.8(2).


selected bond lengths and angles. The structure determination
reveals unambiguously the relative configuration of both the
planar and the central elements of chirality, and thus confirms
the assignment made on the basis of the spectroscopic data
outlined earlier. Apart from the orientation of the two
cyclohexyl groups, the geometric parameters of the structure
are similar to those found for the Mo(CO)4 complex with
PFcCH2PCy2.[3] The MoÿP bond length is shorter for the
better acceptor P1 (2.465(1) �) than for the better donor P2
(2.574(1) �). The bite angle P1-Mo-P2 of 74.78(3)8 reveals a
severe deviation from octahedral coordination about the Mo
centre.


Conclusion


Cationic fulvene-like phosphaferrocene species are easily
accessible from the diastereomerically pure alcohol 2 a by
protonation and elimination of water, and therefore consti-
tute a new class of stable intermediates of great synthetic
potential. The slow but quantitative isomerization of the


initial cation (E)-7 to the thermodynamically more stable (Z)-
7 permits synthesis of products with retention or inversion of
configuration, as either isomer can undergo nucleophilic
attack. Configurational assignments were made on the basis
of NMR data, and were confirmed by the X-ray structure
determination of complex 11. The barrier to internal rotation
about the fulvene CÿC bond in (E)-7 was found to be
considerably lower than for the analogous ferrocene com-
pound. We are currently trying to obtain (Z)- and (E)-7 in
crystalline form and to explore their potential for further
applications.


Experimental Section


All experiments were carried out under dry nitrogen with standard Schlenk
equipment. Compounds 1[11] and 3[12] were prepared as reported in the
literature. NMR spectra were recorded on a Varian Unity 500 (1H,
500 MHz; 13C{1H} 125 MHz; 31P{1H} 202 MHz) or a Bruker WP 80-SY
spectrometer (1H, 80 MHz; 31P{1H} 32 MHz). MS: Finnigan MAT 95 (EI,
70 eV). IR: Perkin ± Elmer 1720 X. Elemental analyses were performed
with a Carlo ± Erba elemental analyzer 1106.


(RP,R)/(SP,S)-1-(3,4-Dimethylphosphaferrocen-2-yl)ethanol (2a): Alde-
hyde 1 (850 mg, 3.27 mmol) in ether (5 mL) was added to a freshly
prepared solution of MeMgI (4.6 mmol) in ether (20 mL) at ÿ30 8C. This
solution was allowed to warm to room temperature and was then gently
refluxed on a water bath for 1 h. Water (20 mL) was added, and the solution
was acidified with dilute HCl. The organic layer was separated and washed
with water and brine, while the aqueous layer was extracted with ether. The
collected organic layers were dried with Na2SO4. The solvent was then
removed to yield a dark orange residue which was purified by column
chromatography (hexane/ether� 2:1) to afford 2 a (885 mg, 3.20 mmol,
98%) as a dark orange oil. 1H NMR (500 MHz,CDCl3): d� 1.27 (d, J�
6.1 Hz, 3 H; CHCH3), 1.75 (br s, 1 H; OH), 2.13 (s, 3 H; CH3), 2.20 (s, 3H;
CH3), 3.76 (d, J� 36.6 Hz, 1 H; PCH), 4.14 (s, 5 H; Cp), 4.44 (dq, J� 6.1 Hz,
J� 1.4 Hz, 1 H; CH); 13C{1H} NMR (125 MHz,CDCl3): d� 12.8 (s, CH3),
15.8 (s, CH3), 24.9 (d, J(PC)� 3.6 Hz; CHCH3), 66.7 (d, J� 13.5 Hz; CH),
70.8 (s, Cp), 74.7 (d, J� 57.9 Hz; CH), 90.7 (d, J� 5.5 Hz; CH3), 95.8 (d, J�
6.7 Hz; CH3), 107.2 (d, J� 59.2 Hz; P�C); 31P{1H} NMR (202 MHz,
CDCl3): d�ÿ91.0 (s); MS: m/z� 276 (M�, 100 %), 258 ([MÿH2O]� ,
80%); C13H17PO56Fe (276.1): calcd C 56.55, H 6.21; found C 55.90, H 6.53;
HRMS calcd 276.03679; found 276.03711.


(RP,S)/(SP,R)-1-(3,4-Dimethylphosphaferrocen-2-yl)ethanol (2b): HBF4


(55 % in ether, 0.1 mL, 0.56 mmol) was added to a solution of 2 a
(110 mg, 0.40 mmol) and (CH3CO)2O (0.05 mL, 0.56 mmol) in CH2Cl2


(10 mL) at 0 8C. The colour of the solution changed from orange to dark
red. After 10 min, water (10 mL) was added and the colour of the solution
changed back to orange. The layers were separated and the organic phase
was washed with water and dried over Na2SO4. Evaporation of the solvent
gave an orange oil, which was eluted with hexane/ether (2:1) to afford 2b
(70 mg, 0.25 mmol, 63 %). 1H NMR (500 MHz, CDCl3): d� 1.45 (d, J�
6.1 Hz, 3 H; CHCH3); 2.16 (s, 3H; CH3); 2.18 (s, 3 H; CH3); 3.43 (m, 1H;
CH); 3.72 (d, J� 36.6 Hz, 1H; P�CH); 4.08 (s, 5H; Cp); 4.20 (br s, 1H;
OH); 31P{1H} NMR (202 MHz, CDCl3) d�ÿ84.6 (s); MS: m/z� 276 (M�,
100 %), 258 ([MÿH2O]� , 80 %); C13H17PO56Fe: calcd 276.03679, found
276.03722 (HRMS).


(RP,R)/(SP,S)-[1-(3,4-Dimethylphosphaferrocen-2-yl)ethyl]diphenylphos-
phine (5a): HBF4 (55 % in ether, 0.1 mL, 0.69 mmol) was added dropwise
to a solution in CH2Cl2 containing 2a (134 mg, 0.49 mmol), (CH3CO)2O
(0.07 mL, 0.69 mmol) and HPPh2 (2.0 equiv) at ÿ90 8C. The mixture was
stirred at 0 8C for 30 min and subsequently for 2 h at room temperature.
Dilute NaOH (10 mL) was added and the organic layer was separated,
washed with water and brine, and then dried over Na2SO4. After removal of
the solvent, the resulting brown oil was purified by chromatography on
Al2O3 (hexane/diethyl ether� 8:1) to yield 5 (223 mg, 0.49 mmol, 99%) as
a mixture of both diastereomers (5a :5 b� 95:5). These isomers were
separated chromatographically on Al2O3 (hexane/diethyl ether� 15:1) to
give 5 a (191 mg, 0.42 mmol, 85%). 1H NMR (500 MHz, CDCl3): d� 1.27
(m, 3 H; CH3); 2.06 (s, 3 H; CH3); 2.15 (s, 3H; CH3); 3.40 (m, 1H; CHPPh2);
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3.68 (d, J� 36.6 Hz, 1H; P�CH); 4.16 (s, 5H; Cp); 6.80-7.50 (m, 10H;
phenyl-H); 13C{1H} NMR (125 MHz, CDCl3): d� 14.2 (dd, J� 9.6, 30.6 Hz;
CHCH3); 17.0 (s, CH3); 21.9 (s, CH3); 33.1 (s, CH3); 72.0 (s, Cp); 75.9 (d, J�
58.0 Hz; a-CH); 92.0 (s, b-C); 95.8 (s, b-C); 104.8 (dd, J� 56.7 Hz, J�
21.4 Hz; a-C); 128.0-134.0 (m, 8 C; C-phenyl); 136.8 (d, J� 15.5 Hz; Cipso);
137.8 (d, J� 12.9 Hz; Cipso); 31P{1H} NMR (202 MHz, CDCl3): d�ÿ76.5 (d,
J� 66.8 Hz; cycl. P); ÿ0.9 (d, J� 66.8 Hz; PPh2); MS: m/z� 444 (M�,
20%); 259 ([MÿPPh2]� , 100 %); 185 ([PPh2]� , 20%); C25H26P2


56Fe: calcd
444.0859, found 444.0840 (HRMS).


(RP,S)/(SP,R)-[1-(3,4-Dimethylphosphaferrocen-2-yl)ethyl]diphenylphos-
phine (5b): HBF4 (1.2 equiv, 55% in ether) was added to a solution of 2a
(150 mg, 0.55 mmol) and (CH3CO)2O (1.2 equiv) in CH2Cl2 (10 mL) at
0 8C. After stirring at 0 8C for 15 min, HPPh2 (2.0 equiv) was added. Further
stirring for 30 min was followed by quenching with diluted NaOH (10 mL).
The organic layer was separated, washed with water and brine, and then
dried over Na2SO4. Removal of the solvent in vacuo produced a brown oil,
which was purified by chromatography on Al2O3 (hexane:ether� 8:1) to
yield 5b (250 mg, 0.55 mmol, 99 %). 1H NMR (500 MHz, CDCl3): d� 1.26
(s, 3 H; CH3); 1.32 (m, 3H; CH3); 1.96 (s, 3H; CH3); 3.00 (m, 1H; CHPPh2);
3.67 (d, J� 36.6 Hz, 1 H; P�CH); 3.98 (s, 5H; Cp); 6.80 ± 7.50 (m, 10H;
phenyl-H); 13C{1H} NMR (125 MHz, CDCl3): d� 12.8 (s, CH3); 14.3 (s,
CH3); 15.9 (dd, J(C,P)� 12.4, 17.7 Hz; CHCH3); 32.1 (dd, J(C,P)� 13.3,
14.0 Hz; CHPPh2); 72.0 (s, Cp); 75.7 (d, J(C,P)� 57.8 Hz; a-CH); 92.0 (d,
J(C,P)� 5.7 Hz; b-C); 94.4 (d, J(C,P)� 6.7 Hz; b-C); 105.0 (dd, J(C,P)� 57,
16 Hz; a-C); 126.2 (s, CH); 127.0 (s, CH); 127.3 (s, CH); 127.4 (s, CH); 127.6
(s, CH); 128.2 (s, CH); 131.8 (d, J(C,P)� 16.0 Hz; CH); 132.2 (d, J(C,P)�
19.3 Hz; CH); 134.8 (d, J(C,P)� 25.8 Hz; Cipso); 136.4 (d, J(C,P)� 24.0 Hz,
Cipso); 31P{1H} NMR (202 MHz, CDCl3): d�ÿ82.9 (d, J(P,P)� 26.0 Hz;
cycl. P); 11.6 (d, J(P,P)� 26.0 Hz; PPh2); MS: m/z� 444 (M�, 20 %); 259
([MÿPPh2]� , 100 %); 185 ([PPh2]� , 20 %); C25H26P2Fe (444.3): calcd C
67.59, H 5.90; found C 67.31, H 5.91.


(RP,R)/(SP,S)-[1-(3,4-Dimethylphosphaferrocen-2-yl)ethyl]dicyclohexyl-
phosphine (6a): A solution of 2a (134 mg, 0.49 mmol) and HPCy2


(2.0 equiv) in CH2Cl2 was treated atÿ90 8C as described in the preparation
of 5 a (see above), to yield a mixture of the diastereomers 6 a and 6b
(90:10). It was not possible to separate them by chromatography. (� )-6a :
1H NMR (500 MHz C6D6): d� 0.90 ± 2.40 (m, 22H; cyclohexyl-H); 1.23 (m,
3H; CH3); 1.95 (s, 3H; CH3); 2.07 (s, 3H; CH3); 2.63 (m, 1H; CH); 3.62 (d,
J� 35.9 Hz, 1H; P�CH); 4.12 (s, 5 H; Cp); 13C{1H} NMR (125 MHz, C6D6):
d� 14.7 (s, CH3); 17.0 (s, CH3); 20.9 (s, CH3); 27.0 (s, CH2); 27.4 (s, CH2);
27.7 (d, J� 10.4 Hz; CH2); 27.9 (d, J� 8.0 Hz; CH2); 28.0 (d, J� 6.8 Hz;
CH2); 28.3 (d, J� 14.3 Hz; CH2); 29.0 (s, CH2); 29.4 (d, J� 21.0; CHPCy2);
30.3 (d, J� 10.1 Hz; CH2); 30.8 (d, J� 7.1 Hz; CH2); 31.9 (d, J� 15.7 Hz;
CH2); 32.3 (d, J� 18.0 Hz; Cipso-cyclohexyl); 34.1 (d, J� 6.0 Hz; CH2); 34.6
(d, J� 20.9 Hz; Cipso-cyclohexyl); 72.5 (s, Cp); 76.1 (d, J� 59.3 Hz; a-CH);
92.6 (s, b-C); 95.4 (d, J� 5.9 Hz; b-C); 107.4 (dd, J� 17.3, 60.4 Hz; a-C);
31P{1H} NMR (202 MHz, C6D6): d�ÿ74.9 (d, J� 44.5 Hz; cycl. P); 10.4 (d,
J� 44.5 Hz; PCy2); MS: m/z� 456 (M�, 20%); 259 ([MÿPCy2]� , 100 %);
C25H38P2


56Fe: calcd 456.179815; found 456.180010 (HRMS).


(RP,S)/(SP,R)-[1-(3,4-Dimethylphosphaferrocen-2-yl)ethyl]dicyclohexyl-
phosphine (6 b): Compound 2a (150 mg, 0.55 mmol) and HPCy2 (2.0 equiv)
were treated as described above for 5 b to give 6 b (246 mg, 0.54 mmol,
98%). The compound is decomposed by CDCl3. 1H NMR (500 MHz,
C6D6): d� 0.95 ± 1.95 (m, 22H; cyclohexyl-H); 1.55 (dd, J� 7.4, 7.0 Hz, 3H;
CHCH3); 1.90 (s, 3H; CH3); 2.25 (s, 3H; CH3); 2.74 (m, 1 H; CHPCy2); 3.63
(d, J� 36.7 Hz, 1H; P�CH); 3.93 (s, 5H; Cp); 13C{1H} NMR (125 MHz,
C6D6): d� 15.3 (d, J� 5.3 Hz; CH3); 16.9 (s, CH3); 18.6 (d, J� 16.2;
CHPCy2); 25.8 (s, CH2); 26.9 (d, J� 4.9 Hz; CH2); 27.2 (d, J� 10.9 Hz;
CH2); 27.5 (d, J� 7.4 Hz; CH2); 28.2 (d, J� 5.3 Hz; CH2); 30.3 (d, J�
10.6 Hz; CH2); 30.5 (d, J� 14.3 Hz; CH2); 30.7 (d, J� 10.7 Hz; CH2);
30.9 (d, J� 4.0 Hz; CH2); 31.9 (s, CH2); 32.3 (d, J� 20.9 Hz; Cipso-
cyclohexyl); 34.6 (d, J� 25.5 Hz; Cipso-cyclohexyl); 72.2 (s, Cp); 75.3 (d,
J� 59.0 Hz; a-CH); 92.5 (d, J� 7.3 Hz; b-C); 96.0 (d, J� 6.0 Hz; b-C);
106.5 (dd, J� 17.1 Hz, J� 60.3 Hz; a-C); 31P{1H} NMR (202 MHz, C6D6):
d�ÿ80.2 (d, J� 6.0 Hz; cycl. P); 10.5 (d, J� 6.0 Hz; PCy2); MS: m/z� 456
(M�, 20 %); 259 ([MÿPCy2]� , 100 %); C25H38P2


56Fe: calcd 456.179815;
found 456.180006 (HRMS).


E ± Z isomerization of cation 7: Alcohol 2 a (ca. 40 mg) was dissolved in
CD2Cl2 in a NMR tube and cooled toÿ78 8C. HBF4 was then added and the
NMR tube was carefully shaken in order to avoid warming. The tube was
quickly inserted into the precooled NMR magnet (32 MHz). At ÿ40 8C the


cation (E)-7 showed a 31P resonance of d�ÿ34.6. Over a period of 1 h, a
second resonance (corresponding to (Z)-7) appeared at d�ÿ34.2, at the
expense of the first signal. After 2 h, the resonance at d�ÿ34.6 had
disappeared completely. (Z)-7: 1H NMR (500 MHz, CD2Cl2): d� 1.76 (s,
3H; 3-CH3); 2.15 (d, J� 6.7 Hz, 3 H; fulvene-CH3); 2.35 (s, 3 H; 4-CH3);
4.99 (s, 5H; Cp); 6.16 (d, J� 35.4 Hz, 1H; P�CH); 6.98 (m, 1H; fulvene-H).


[5b ´ Mo(CO)4] (10): A solution in THF of 5b (216 mg, 0.49 mmol) was
added to (norbornadiene)tetracarbonylmolybdenum (147 mg, 0.49 mmol),
also in THF. The mixture was stirred for 30 min at room temperature and
then refluxed for 2 h. After filtration over Al2O3 the solvent was
evaporated to yield 10 as an orange solid in quantitative yield. Recrystal-
lization from ether/hexane afforded orange needles of 10 (124 mg,
0.19 mmol, 40%). 1H NMR (500 MHz, CDCl3): d� 0.85 (dd, J� 8.0,
16.0 Hz, 3H; CH3); 2.28 (s, 3H; CH3); 2.40 (s, 3 H; CH3); 2.98 (m, 1 H; CH);
3.58 (d, J� 32.0 Hz, 1 H; P�CH); 4.35 (s, 5H; Cp); 6.80 ± 7.70 (m, 10H;
phenyl-H); 13C{1H} NMR (125 MHz, CDCl3): d� 14.9 (d, J� 3.7 Hz; CH3);
16.9 (s, CH3); 23.0 (d, J� 7.8 Hz; CH3); 30.9 (dd, J� 22.1, 23.2 Hz; CH);
65.6 (d, J� 17.8 Hz; a-CH); 73.3 (s, 5C; Cp); 90.4 (d, J� 8.0 Hz; b-C); 92.1
(s, b-C); 104.7 (d, J� 31.5 Hz; a-C); 127.3 (s, CH); 128.1 (s, CH); 128.3 (s,
CH); 129.5 (s, CH); 129.6 (s, CH); 130.6 (s, CH); 134.4 (s, CH); 134.6 (d, J�
26.0 Hz; Cipso); 140.9 (d, J� 31.6 Hz; Cipso); 205.7 (dd, J� 12, 12 Hz; CO);
210.6 (dd, J� 12, 15 Hz; CO); 216.5 (dd, J� 10, 25 Hz; CO); 217.0 (dd, J�
10, 18 Hz; CO); 31P{1H} NMR (202 MHz, CDCl3): d�ÿ0.5 (d, J� 7.1 Hz;
cycl. P); 79.7 (d, J� 7.1 Hz; PPh2); IR (THF): nÄ � 1886 (m), 1904 (s), 2024
(m) cmÿ1; MS: m/z� 654 (M�, 50%); 596 ([Mÿ 2CO]� , 100 %); 568 ([Mÿ
3CO]� , 15%); 540 ([Mÿ 4CO]� , 40%); C29H26P2O4FeMo (652.3): calcd C
53.40, H 4.02; found C 53.13, H 3.84.


[6b ´ Mo(CO)4] (11): (Norbornadiene)tetracarbonylmolybdenum (147 mg,
0.49 mmol) and 6b (218 mg, 0.49 mmol) were allowed to react as described
above in the synthesis of 10 to give 11 (80 mg, 0.12 mmol, 24 %) as orange
crystals suitable for X-ray diffraction. 1H NMR (500 MHz, CDCl3): d�
0.87 ± 2.25 (m, 22 H; cyclohexyl-H); 1.00 (m, 3 H; CH3); 1.74 (s, 3 H; CH3);
1.80 (s, 3H; CH3); 2.12 (m, 1H; CH); 3.00 (d, J� 32.6 Hz, 1H; P�CH); 4.00
(s, 5 H; Cp); 13C{1H} NMR (125 MHz, CDCl3): d� 14.5 (s, CH3); 16.8 (s,
CH3); 23.6 (s, CH3); 26.3 (d, J� 25.7 Hz; CH); 26.7 (s, CH2); 26.9 (s, CH2);
27.1 (s, CH2); 27.5 (s, CH2); 27.6 (d, J� 9.8 Hz; CH2); 27.9 (d, J� 10.6 Hz;
CH2); 28.0 (s, CH2); 28.9 (s, CH2); 29.3 (s, CH2); 30.6 (s, CH2); 37.3 (d, J�
10.0 Hz; Cipso-cyclohexyl); 38.1 (d, J� 12.2 Hz; Cipso-cyclohexyl); 65.0 (d,
J� 21.1 Hz; a-CH); 73.0 (s, Cp); 90.0 (d, J� 11.7 Hz; a-C); 91.6 (s, b-C);
106.2 (d, J� 29.8 Hz; b-C); 209.4 (dd, J� 8.0, 10.0 Hz; CO); 210.5 (dd, J�
12.0, 13.0 Hz; CO); 216.9 (dd, J� 12.0, 18.0 Hz; CO); 217.5 (dd, J� 30.0,
12.0 Hz; CO); 31P{1H} NMR (202 MHz, CDCl3): d� 3.3 (s, cycl. P); 91.2 (s,
PCy2); IR (THF): nÄ � 1880 (m), 1896 (s), 2016 (m) cmÿ1; MS: m/z� 666
(M�, 20%), 638 ([MÿCO]� , 20%), 610 ([Mÿ 2CO]� , 20%); C29H38P2O4-


FeMo (664.4): calcd C 52.43, H 5.7; found C 52.57, H 5.75.


X-ray structural analysis of 11: C29H38FeMoO4P2, M� 664.4 g molÿ1,
monoclinic space group P21/c (no. 14), a� 12.933(3), b� 10.320(3), c�
22.881(6) �, b� 92.61(2)8, V� 3051(2) �3, Z� 4, 1calcd� 1.45 gcmÿ3,
m(MoKa)� 10.10 cmÿ1, F(000)� 1368. ENRAF-Nonius CAD4, w ± 2q scan,
MoKa radiation (0.71073 �), graphite monochromator, 20232 reflections at
298 K with 2� q� 408, crystal size 0.8� 0.2� 0.2 mm3. Structure solution
with Patterson methods. Refinement[13] on Fo with anisotropic thermal
parameters for all non-hydrogen atoms converged at R� 0.048, Rw� 0.046,
GOF� 1.371 for 586 parameters and 5979 independent observations with
I> 2.0s(I). Hydrogen atoms were treated as riding atoms. A final
difference Fourier synthesis showed a residual density of 0.81 e�ÿ3


(0.83 � from Mo). Crystallographic data (excluding structure factors) for
the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-101333. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax:
(� 44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Internal Lewis Acid Coordination as a Powerful Tool To Promote
Highly Stereoselective Alkylation of a-Alkyl-b-Hydroxy Ketones
with Grignard Reagents


Giuseppe Bartoli,* M. Cristina Bellucci, Marcella Bosco, Enrico Marcantoni,
and Letizia Sambri


Abstract: An efficient and highly dia-
stereoselective protocol is described for
the alkylation of b-hydroxy ketones that
contain an a-stereocenter. This method
is based on the preliminary transforma-
tion of the b-hydroxy group into a
titanium alcoholate by means of the
facile transmetalation of the corre-
sponding b-silyloxy derivative with TiCl4


(Method A) or by reaction of the lith-
ium alcoholate with TiCl4 (Method B).


On account of the strong internal coor-
dinating action of the Lewis acid, this
intermediate assumes a rigid half-chair
conformation with the a-alkyl substitu-
ent in a pseudoaxial position. This geo-
metrical arrangement facilitates the at-


tack of the entering carbanion on the
carbonylic function opposite to the a-
substituent. The method uses simple
Grignard reagents as the alkylating
agents and allows the addition of a wide
variety of carbon frameworks to the
carbonyl function, including primary
and secondary alkyl chains, arylic, alky-
nylic, vinylic, and benzylic moieties, with
high efficiency and stereoselectivity.


Keywords: alkylation ´ asymmetric
synthesis ´ chelates ´ 1,3-diols ´
Lewis acids


Introduction


The stereoselective construction of 1,3-diols represents an
important target in organic synthesis because this fragment
appears in the structure of various natural products.[1] At
present, several general protocols for their synthesis are
available in literature. In particular, reductions of O-protected
or unprotected b-hydroxy ketones that contain a stereogenic
center in the a- or b-position have been extensively inves-
tigated.[2] In these reactions a high level of diastereoselectivity
has been obtained by the exploitation of the ability of a
proximal hydroxyl group to control the stereochemical out-
come of organic reactions.[3]


On the contrary, in spite of their importance, no extensive
studies have been reported on the alkylation of b-hydroxy
carbonylic compounds. In fact these methodologies should
represent a new entry to the synthesis of polyoxy natural
products containing tertiary alcohol moieties.[4] Fujisawa
et al.[5] reported that the treatment of b-hydroxy ketones,


which have a stereocenter in the b-position, with MeTiCl3 and
MeTi(OiPr)3 yielded mainly anti-diols, whereas reactions of
the corresponding b-silyloxy ketones with lithium, magnesi-
um, and titanium reagents afforded isomeric mixtures in
which syn-diols were predominant. Anti-diols, as the preva-
lent diastereoisomers, were obtained by Ruano et al.[6] in the
methylation of b-hydroxy ketones with MeLi in the presence
of ZnBr2, while formation of syn-diols was observed when
Me3Al was used as the methylating agent.


Much less attention has been paid to the alkylation of b-
hydroxy ketones that contain an alkyl-substituted stereo-
center in the a-position. In addition to a few old reports[7] on
the reaction of a-alkyl-b-hydroxy ketones with Grignard
reagents, only the alkylation of a-phenyl-b-alkoxy ketones
with RMgX and RLi has been recently reported:[8] the
reaction was found to proceed with high selectivity, but often
in low yields, owing largely to the occurrence of enolization
processes. In addition, there is no definite information given
about the origin of the high stereocontrol observed; whether
the reaction proceeds through a Cram-type[9] chelation
mechanism or through an open-chain pathway (Felkin ±
Anh-type[10]), the same stereoisomer is obtained. However,
on the basis of some experimental evidence, the latter
mechanistic hypothesis appears to be more reasonable.


Furthermore, the formation of b-chelated intermediates in
the reaction of protected l-erythrulose derivatives with
various organometallic reagents has been challenged in a
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report[11] which appeared in the literature during the drafting
of the present work. The authors affirm that the stereo-
chemical results can be explained better in terms of an open-
chain mechanism, despite the fact that b-chelates have often
been invoked to explain the stereochemical outcome of
nucleophilic addition in 1,3-difunctional compounds, such as
b-oxo sulfoxides,[12] b-oxo amides,[13] b-oxygenated alde-
hydes,[14] b-oxophosphine oxides.[15]


Since the actual participation of b-hydroxyl groups in the
nucleophilic addition to carbonylic compounds is still an
object of discussion,[16] we decided to investigate the problem
of 1,2-asymmetric induction in the reaction of b-oxygenated
ketones, which contain an a-stereocenter, with organometallic
species, starting from a simple system, such as 1 (Scheme 1).


Scheme 1. General 1,2-asymmetric induction reaction of b-oxygenated
ketones, that contain an a-stereocenter, with an organometallic species.


We speculated that strong Lewis acids might form Cram-
type chelates with bidentate compounds such as 1, which
would then lead to chelation-controlled products upon treat-
ment with the appropriate alkylating reagent. We report
herein on two very simple methodologies to alkylate 1 which
proceed with high diastereoselectivity and with good-to-high
efficiency.[17] These protocols are based on the use of TiCl4, as
the chelating agent,[18] and on common organometallic
reagents, such as Grignard compounds, to transfer a wide
variety of alkyl frameworks, including primary and secondary
alkyl chains, aromatic, vinylic, benzylic, and alkynyl groups, to
the carbonyl function of 1.


Results and Discussion


The papers published before 1966[7] on the alkylation of
unprotected b-hydroxy ketones reported the prevalent for-
mation of the chelation-controlled diastereoisomer, but did
not give any information about the yield or the level of
stereoselectivity. Therefore, we reexamined the reaction of
some b-hydroxy ketones (1 aa, 1 ba, 1 ca) with different
Grignard reagents.


We found that the reaction of 1 aa with a threefold excess of
EtMgBr in THF at ÿ78 8C (Table 1, entry 1) gave the


corresponding alcohol 2 aab in 34 % yield and in 50 %
diastereoisomeric excess, as calculated from 1H NMR data.[19]


The prevalent formation of the chelation-controlled dia-
stereoisomer can be reasonably explained by the mechanism
depicted in Scheme 2. In the first step, the Grignard reagent


Scheme 2. Chelation control in the reaction of b-hydroxy ketone 1 with
Grignard reagents only.


Abstract in Italian: In questo lavoro viene riportato un
protocollo efficiente noncheÂ altamente diastereoselettivo per
l�alchilazione di b-idrossichetoni contenenti uno stereocentro
in a. Questo metodo si basa sulla trasformazione del gruppo
idrossilico in un titanio-alcolato facilmente ottenibile per
transmetallazione con TiCl4 del corrispondente b-sililossi
derivato (Metodo A) o per reazione di un Li-alcolato con
TiCl4 (Metodo B). Questo intermedio, grazie alla forte azione
di coordinazione interna esercitata dall�acido di Lewis, assume
una conformazione rigida a mezza sedia con il sostituente
alchilico in a nella posizione pseudo-assiale. Questo arrangia-
mento obbliga il carbanione entrante ad attaccare il gruppo
carbonilico dal lato opposto al sostituente in a. Questa
procedura utilizza come agenti alchilanti i semplici reattivi di
Grignard e consente di trasferire al gruppo carbonilico con
elevata efficienza e diastereoselettivitaÁ un�ampia varietaÁ di
gruppi saturi ed insaturi, quali catene alchiliche primarie e
secondarie, residui arilici, alchinilici e vinilici.


Table 1. Alkylation of 1 with different organometallic reagents in the
presence of a Lewis acid.


Entry Starting
material


R1 Lewis
acid


R3M Product Yield
[%][a,b]


de [%][a]


1 1aa Me ± EtMgBr 2aab 34 50
2 1aa Me ± PhMgBr 2aac 50[c] 80
3 1ca Ph ± MeMgCl 2caa 48[d] 70
4 1aa Me ± EtLi 2aab 50 2
5 1aa Me ± PhLi 2aac 70 34
6 1aa Me TiCl4 EtMgBr 2aab 40 60
7 1aa Me TiCl4 PhMgBr 2aac 64 90
8 1aa Me TiCl4 PhCCMgBr 2aac 60 40
9 1ba Et TiCl4 MeMgCl 2baa 48 86
10 1aa Me CeCl3 EtMgBr 2aab 76 4
11 1aa Me ± EtCeCl2 2aab 98 44


[a] Yields and diastereoselectivities [de %] were calculated from the 1H
NMR data of the mixture of diastereoisomers and starting material after
chromatographic purification. [b] In all reactions an appreciable amount of
starting material (10 ± 30%) was recovered, except for the reaction of
cerium derivatives (entries 10 and 11). [c] About 8% of benzyl alcohol was
also recovered. [d] About 6 % of propiophenone was also recovered
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deprotonates the hydroxyl group: on account of the coordi-
nating ability of MgII, the chelated alkoxy derivative 3 can
assume a half-chair arrangement. Of the two possible con-
formers, the one with R1 in the pseudoaxial position (3 A) is
more favorable as the steric interaction between the R1 and R2


groups is minimized.[15b]


If the operating mechanism is chelation-controlled, an
increase in the stereoselectivity may be expected as the
bulkiness of both the incoming nucleophile and the R2 group
increases. Indeed, in the reaction of 1 aa with PhMgBr and 1 ca
with MeMgCl (Table 1, entries 2 and 3), compounds 2 aac and
2 caa were obtained in 80 % and 70 % de, respectively. The
yields are very low again, due to an appreciable amount of
enolization and retroaldolic side reactions.[20]


The attempt to use lithium derivatives was unsuccessful: the
reaction of 1 aa with both EtLi and PhLi gave diols 2 aab and
2 aac, respectively, in better yields but with lower diastereo-
selectivity than with the Grignard reagents.


In order to increase the diastereoselectivity, we repeated
the reactions in the presence of TiCl4.[18] A slight improve-
ment in the diastereoselectivity was observed; however, the
extent of the enolization side reaction remained too high for a
practical synthetic utility of this approach. Moreover, we
noted a random variation of both diastereoselection and
conversion yields, depending on the time of contact between 1
and TiCl4 as well as on the time of addition of Grignard
reagents and on the concentration of the reagents. The data
reported in Table 1, entries 6 ± 9, refer to the best results
obtained.


Recently, we reported that alkylcerium reagents depress
side reactions in the alkylation of b-hydroxy ketones.[21]


Indeed, the use of alkylcerium reagents in the present system
caused a dramatic increase in yields; however, it also led to
unsatisfactory diastereoselectivity (Table 1, entries 10 and 11).
On the other hand, the chelation ability claimed for cerium
compounds[22] has been challenged in the CeCl3-mediated
reduction of a-alkyl-b-ketophosphine oxides; the observed
stereochemical outcome is consistent with a nonchelated
Felkin ± Ahn pathway.[15b]


Undoubtedly, none of the aforementioned reactions can be
of practical interest as the diastereoisomers cannot be sepa-
rated by column chromatography. Moreover, it is extremely
difficult to purify the mixture of diastereomers from large
amounts of starting material. Therefore, it was necessary to
find a new methodology that ensures high conversion yields
and diastereoselectivity in order to avoid separation problems.


Diastereoselective alkylation of b-hydroxy ketones : Denmark
and Almstead reported[23] direct spectroscopic evidence that
alkyl silyl ethers, when treated with TiCl4 in a polar solvent,
can undergo a smooth transmetalation process to alkoxytita-
nium derivatives. Following these suggestions, we tried to
synthesize a Ti derivative, 5 (Scheme 3), by the transmetala-
tion of a b-tert-butyldimethylsilyloxy ketone 4 with TiCl4 in
toluene (Method A). The transmetalation process was moni-
tored as follows: at particular time intervals, samples of the
reaction mixture were poured into diluted aqueous HCl
(5 %), immediately extracted with Et2O, and then analyzed by
TLC and by GC ± MS. Since b-silyloxy derivatives do not


Scheme 3. Formation of titanium-alcoholate 5 by transmetalation of O-
silyl-protected b-hydroxy ketone 4.


undergo deprotection under these acidic conditions, we
considered the appearance of the unprotected ketone 1 as a
proof of the formation of a pentacoordinate titanate[24]


species, such as 5, in the toluene solution.
The transmetalation process was found to be strongly


dependent on the structure of the starting b-silyloxy ketone 4.
For compound 4 aa, the reaction at ÿ60 8C is complete within
2 h, while for ketone 4 ca the reaction at the same temperature
is very sluggish and about 90 % of the starting material was
recovered after 2.5 h. At room temperature, the transmeta-
lation of 4 aa and 4 ca requires a few minutes and 1 h,
respectively, to go to completion.


Therefore the alkylation of b-silyloxy ketones 4 with
Grignard reagents was carried out by performing the trans-
metalation process at room temperature and then cooling the
titanium alcoholate solution atÿ78 8C, before R3MgX in THF
was added. After 1 h the temperature was allowed to rise to
20 8C. The usual workup gave the expected diol 2 in good-to-
high yields and with high diastereoselectivity (Table 2). The


reaction works well both with nonstabilized (PhMgBr) and
stabilized carbanions (PhCH2MgBr). A comparison of en-
tries 1 and 2 with 5 and 6 (Table 2), respectively, underlines
the high flexibility of this methodology: both diastereoisom-
ers of a given diol can be prepared with high purity just by
exchanging the R3 group in the Grignard reagent with the
alkyl group R1 in the b-silyloxy ketone 4. The reaction
requires a large excess of Grignard reagent, the amount of
which depends on the nature of both substrate 4 and the


Table 2. Synthesis of 1,3-diols 2 from b-silyloxy ketones 4 (Method A).


Entry Starting material R1 R3 Product Yield [%][a] de [%][b]


1 4aa Me Et 2aab 70 82[c]


2 4aa Me Ph 2aac 62 92[c]


3 4aa Me PhCH2 2aaf 98 80[c]


4 4aa Me PhC�C 2aah 89 75[c]


5 4ba Et Me 2baa 95 82[c]


6 4ca Ph Me 2caa 92 96


[a] Calculated for the mixture of diastereoisomers after chromatographic
purification. [b] Calculated from 1H NMR data. [c] Small amounts (<5%)
of deprotected starting material were also recovered.
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Grignard reagent itself. A fivefold excess of R3MgX has been
assumed as an optimum procedure, since these conditions
ensure the high conversion of b-silyloxy ketones 4 in all cases.
This waste of organometallic reagent is probably due to the
interaction of R3MgX with all the chlorotitanium species
present in solution as well as with the TBDMS-Cl formed
during the transmetalation process.


It is very likely that when the Grignard reagent in THF is
added, five-coordinate complex 5 immediately rearranges to
the preferred six-coordinate arrangement 6 (Scheme 4).[24]


Scheme 4. Stereocontrol in the alkylation of titanium-alcoholate 5 with
R3MgX, (Method A).


The reaction then proceeds by the direct attack of R3MgX on
6, rather than by the attack of an alkyltitanium derivative
formed upon transmetalation of R3MgX with chlorotitanium
species. Evidence of this hypothesis is reported below.


In order to provide evidence that the formation of a
titanium alcoholate is essential to gain high diastereoselec-
tivity, compound 4 ca was treated with TiCl4 in toluene at
ÿ78 8C for a few minutes only, and then an excess of
CH3MgCl was added at the same temperature. The usual
workup gave b-silyloxy alcohols 7 and 8 in comparable
amounts (90 % total yield). The structures of 7 and 8 were
confirmed by their conversion into the corresponding diols by
treatment with CeCl3 ´ 7 H2O/NaI in CH3CN at room temper-
ature (Scheme 5).[25]


Since the transmetalation process does not occur at low
temperatures, we can assume that the interaction between 4 ca
and TiCl4 gives an open-chain complex, such as 9 (Scheme 6),


Scheme 5. Alkylation of silyloxyketone 4ca with MeMgCl in the presence
of TiCl4 at low temperature.


Scheme 6. Nonchelation control in the TiCl4-mediated alkylation of 4 ca
with MeMgCl.


due to the well-known weak ability of b-silyloxy ketones to
chelate to Lewis acids.[26] With regard to the small difference
in bulkiness between CH2OTBDMS and CH3 groups, it is
reasonable to assume that the structural arrangement of the
complex can be described by an equilibrium between the
almost equally populated conformers 9 A and 9 B. The attack
of MeMgCl on 9 A and 9 B, followed by acidic quenching gave
7 and 8, respectively.


The above results demonstrate that, when the reaction is
forced to proceed through a Felkin ± Ahn-type pathway, there
is an almost complete collapse of the stereoselectivity.


We developed an alternative procedure (Method B,
Scheme 7) for the formation of titanium alcoholate 6 : treat-
ment of 1 with LiH in THF below ÿ30 8C, followed by


Scheme 7. Diastereoselective alkylation of titanium-alcoholate 6 formed
from Li-alcoholate 10 and TiCl4, (Method B).


addition of TiCl4 in toluene atÿ78 8C gave the intermediate 6.
Addition of a Grignard reagent at ÿ78 8C, following the same
procedure adopted for Method A, gave the expected diols 2 in
high yields and with high diastereomeric purity (Table 3). A
comparison between results reported in Table 2 and in Table 3
shows that Methods A and B proceed with comparable
efficiency. However, the latter is superior since it is based
on a simpler and more convenient procedure. For these
reasons, it was applied to a large variety of substrates and
Grignard reagents R3MgX.
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The data reported in Table 2 and 3 illustrate that, in both
methods, stereoselectivity increases as the steric demand of
both the R1 and the R2 substituents increases, due to a
stronger destabilizing effect on conformer 6 B. Moreover, an
improvement in the de % values was observed by increasing
the steric hindrance of R3MgX, in good agreement with the
fact that the stereofacial selection in 6 A has to increase with
bulkier attacking nucleophiles.


In both methods, the reaction always proceeds with good-
to-high efficiency. In fact, the retroaldolic side reaction is
completely suppressed due to the formation of a strong Ti ± O
covalent bond in alcoholate 6. The enolization process occurs
to a very negligible extent when R1 (Me or Et) contains an
acidic proton; the recovered starting material never exceeded
5 %. Moreover, when R1 is a not enolizable group (Ph), a
complete conversion of ketone 1 was observed. The powerful
activation exerted by the Ti-alcoholate through an internal
coordinating action makes the carbonyl group highly reactive
toward nucleophiles. As a consequence of this, the proton-
abstraction process becomes less competitive with respect to
carbonyl attack. In addition, the absence of these side
reactions when an acidic hydrogen is present only in the a-
position can be explained by the fact that in the most stable
conformation of Ti-alcoholate 6 A, this hydrogen occupies an
equatorial position from which the it can be abstracted only
with difficulty due to stereoelectronic factors.[27]


As previously mentioned, the alkylation seems to proceed
by the direct attack of R3MgX on the alcoholate 6. Convincing
evidence of this assumption arises from results obtained in the


alkylations with iPrMgBr. It is well known[28] that isopropyl-
magnesium bromide smoothly rearranges, even at low tem-
peratures, to give n-propylmagnesium bromide in the pres-
ence of small amounts of TiCl4. In the reaction of iPrMgX
with 1 aa and 1 ca (Table 3, entries 3 and 12, respectively) we
only found the incorporation of the a-branched chain in the
final products 2 aae and 2 cae. Therefore, the attack of
iPrMgBr on the carbonyl group has to occur before any
interactions with chlorotitanium species.


Moreover, chlorovinyl and alkynyltitanium derivatives are
not stable, even at low temperatures,[29] and cannot be
successfully employed in synthesis. The success of the reaction
with vinyl and alkynyl frameworks can also be explained in
terms of a direct attack of the Grignard reagent on the
carbonyl group. However, for these unsaturated reagents a
slight modification of the experimental conditions was
necessary to avoid extensive decomposition phenomena[30]


(see the Experimental Section).
Finally, there is a complete lack of diastereoselectivity in


the case of allyl reagents. This may be due to the fact that
many allyl-type organometallic reagents react in most in-
stances with allylic inversion through cyclic transition states of
metallo-ene type,[31] which leads to different reaction inter-
mediates. An analogous behavior has recently been observed
in the allylation of protected erythrulose derivatives.[11]


In conclusion, we attributed the origin of the observed
diastereoselectivity to the formation of a rigid and stable b-
chelated intermediate 6 A in which the a-substituent in
pseudoaxial position produces an high stereofacial discrim-
ination towards the incoming nucleophile.


The lower efficiency observed in the reaction of 1 with
R3MgX alone can be ascribed to the more polar character of
the Mg ± O bond compared to the Ti ± O bond in coordinating
solvents, such as THF. This situation makes the cyclic
structure of the complex more flexible, and thus less stable
and more prone to undergo enolization and/or retroaldolic
reactions. The same explanation accounts for the lower
selectivity observed. Further support of this interpretation
was provided by the results obtained in the reaction of 1 with
Li derivatives (Table 1, entries 3 and 4): the more enhanced
ionic character of the Li ± O bond caused a dramatic decrease
in the stereoselectivity.


The failure in the attempts to form a rigid b-chelate, such as
6, by addition of R3MgX to a 1:1 mixture of TiCl4 and 1 in
toluene can be explained on the basis of recently reported
results on the reduction of b-hydroxy ketones: DiMare[2d]


found evidence that the interaction between TiCl4 and b-
hydroxy ketone 1 ca (Scheme 8) does not give a titanium
alcoholate with elimination of HCl, but rather the complex 11.


Scheme 8. Reaction between TiCl4 and b-hydroxy ketone 1ca.


Table 3. Synthesis of 1,3-diols 2 from 1 (Method B).


Entry Starting
material


R1 R2 R3 Product Yield
[%][a]


de [%][b]


1 1aa Me Me Et 2aab 92[d] 70
2 1aa Me Me Ph 2aac 80[d] 82
3 1aa Me Me iPr 2aae 75[d] 90
4 1aa Me Me PhCH2 2aaf 88[d] 70
5 1aa Me Me vinyl 2aag 75[c,d] 70
6 1aa Me Me allyl 2aai 95[c,d] 0
7 1ba Et Me Me 2baa 95[d] 70
8 1ba Et Me Ph 2bac 85[d] 95
9 1ca Ph Me Me 2caa 98 98
10 1ca Ph Me Et 2cab 98 96
11 1ca Ph Me Bu 2cad 94 96
12 1ca Ph Me iPr 2cae 95 98
13 1ca Ph Me PhCH2 2caf 98 98
14 1ca Ph Me PhC�C 2cah 85[c] 98
15 1cb Ph Et Me 2cba 98 98
16 1cb Ph Et Et 2cbb 92 96
17 1cc Ph Ph Me 2cca 98 98
18 1cc Ph Ph PhCH2 2ccf 98 98
19 1cc Ph Ph vinyl 2ccg 98c 98


[a] Calculated for the mixture of diastereoisomers after chromatographic
purification. [b] Calculated from 1H NMR data. [c] The Grignard reagent
was added atÿ50 8C and the reaction allowed to warm toÿ20 8C. [d] Small
amounts (<5%) of starting material were also recovered.
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As the use of toluene instead of CH2Cl2 as the solvent does
not modify the nature of the interaction between 1 ca and
TiCl4, we can assume the formation of an analogous complex,
even in our system. The addition of a Grignard reagent in
THF to 11 can produce 6, but an alternative direct carbonylic
attack cannot be excluded, as well as enolization phenomena,
since the complex 11 is obviously much less rigid than 6.


Our interpretations do not disagree with previously re-
ported studies on the formation of b-chelates in closely
related systems, such as b-alkoxyaldehydes and b-alkoxy
ketones. Conformational spectroscopic investigations on the
interaction between 2-methyl-3-(benzyloxy)propanals and
TiCl4 and MgBr2 show that a rigid 1:1 complex is formed
with either of these Lewis acids and that the methyl group
occupies a pseudoequatorial position in a flattened half-chair
arrangement.[32] This preferred conformation is allowed by the
absence of 1,2-strain between the a-methyl group and the
aldehydic hydrogen, in order to minimize steric interactions of
the O-benzyl substituent with both the a-methyl group and
the ligands at the chelating metal.


On the other hand, the ability of b-alkoxy ketones to form
stable b-chelates with Lewis acids has been challenged
recently, because in these systems the presence of all the
aforementioned steric strains has a destabilizing effect on
both possible conformations.[8, 11]


There are substantial differences in the steric factors
governing the conformational stability of b-alkoxyaldehydes
and b-alkoxy ketones and our system: the absence of an
O-substituent in the titanium alcoholate 6 means that the
conformational arrangement is governed mainly by the 1,2-
interaction between R1 and R2 groups, with the formation of a
stable and rigid 6 A structure.


On the other hand, a lot of convincing experimental
evidence on the formation of stable b-chelates has been
reported for systems having similar structural features, such as
b-ketophosphine oxides[15b] and b-ketosulfones.[33]


In conclusion, a new efficient protocol for stereoselective
alkylation of b-hydroxy ketones is now available. The present
method is characterized by the following features:


1) The reaction proceeds with high efficiency in the presence
of a coordinating cosolvent, such as THF, whose use is generally
discouraged, owing to its destabilizing effect on chelated
complexes.[15b, 34] The tolerance of THF permits the employ-
ment of simple Grignard compounds as the alkylating agents.


2) A large variety of carbon frameworks can be introduced,
including primary and secondary alkyl chains, arylic, alkynyl-
ic, vinylic, and benzylic moieties, with high efficiency and
selectivity, the only exception is the allyl group.


We applied this methodology to simple systems, such as 1, in
order to exclude other relevant steric interferences. Studies
are in progress to extend this protocol to more complex
systems, as well as to rationalize the abnormal reactivity
showed by allyl Grignard reagents.


Experimental Section


Flash chromatography was performed on Merck silica gel (0.040 ±
0.063 mm). THF was refluxed over sodium until the blue color of
benzophenone ketyl persisted and then distilled into a receiver under


nitrogen atmosphere. 1H NMR spectra were acquired at 300 MHz in CDCl3


and referenced to Me4Si as the internal standard. 13C and DEPT NMR
spectra were acquired at 75 MHz in CDCl3 and referenced to Me4Si as the
internal standard. All reactions were conducted in oven-dried glassware
under an atmosphere of dry argon. Compound 1 aa is commercially
available and it was distilled twice before use. The starting b-hydroxy
ketones 1 ba, 1 ca, 1cb, and 1 cc were synthesized according to standard
procedures.[35]


General workup procedure for alkylation of b-hydroxy ketones 1: All the
reactions were quenched following a standard procedure: aqueous HCl
(10 %) was added to the reaction mixture, which was then extracted with
Et2O, dried over MgSO4, and concentrated in vacuo. The crude product was
purified by flash chromatography on a short silica gel column (petroleum
ether/ethyl acetate 7:3). Yields and de % are reported in the Tables and are
calculated from 1H NMR data. Configurations were assigned by analogy
with the 1H and 13C NMR spectra of known products.


Alkylation of 1 with R3MgBr and R3Li : R3MgBr (6 mmol, 3 equiv, 1.0m
solution in THF) was added to a solution of 1 (2 mmol) in THF at ÿ78 8C.
The reaction mixture was kept at this temperature for 3 h and was then
allowed to warm to 0 8C. The usual work-up gave the mixture of
diastereoisomers and starting material that could not be separated by
chromatography. The same procedure was followed using R3Li instead of
R3MgBr.


Alkylation of 1 aa with EtMgBr in the presence of CeCl3 : Compound 1aa
(2 mmol) was added at 0 8C to a THF suspension of CeCl3 (6 mmol,
3 equiv), prepared according to the standard methodology.[22a] After 1 h,
EtMgBr (6 mmol, 3 equiv, 1.0m solution in THF) was added to the gray
suspension at ÿ78 8C. The reaction mixture was kept at this temperature
for 3 h and was then allowed to warm to 0 8C. The usual work-up gave the
mixture of diastereoisomers.


Alkylation of 1aa with EtCeCl2 : EtLi (6 mmol, 3 equiv, 1.0m solution in
THF) was added at ÿ78 8C to a THF suspension of CeCl3 (6 mmol,
3 equiv), prepared according to standard methodology.[22a] After 1 h, 1aa
(2 mmol) was added to the red suspension at ÿ78 8C. The reaction mixture
was kept at this temperature for 3 h and was then allowed to warm to 0 8C.
The usual work-up gave the mixture of diastereoisomers.


Alkylation of 1aa and 1ba with RMgBr in the presence of TiCl4 : TiCl4


(6 mmol, 3 equiv) was added at ÿ78 8C to a solution of 1 (2 mmol) in
toluene. After 10 min, RMgBr (6 mmol, 3 equiv, 1.0m solution in THF) was
added at ÿ78 8C. The reaction mixture was kept at this temperature for 3 h
and was then allowed to warm to 0 8C. The usual work-up gave a mixture of
diastereoisomers and starting material that could not be separated.


Method A: General procedure : a-Methyl-b-hydroxy ketones 1 aa, 1ba, and
1ca were converted into their TBDMS derivatives 4 aa, 4 ba, and 4 ca by a
standard methodology[36] in 72, 62, and 68% yields, respectively. To a
toluene solution of the a-methyl-b-silyloxy ketone 4 (2 mmol, 1 equiv) was
added TiCl4 (2.6 mmol, 1.3 equiv, 1.0m solution in toluene) at room
temperature. The mixture was stirred until transmetalation was complete,
(10 ± 15 min for 4aa and 4ba, 1 h for 4 ca). The mixture was then cooled to
ÿ78 8C and the appropriate Grignard reagent (5 mmol, 3 equiv) was added
dropwise. After stirring for 1 h atÿ78 8C, the mixture was allowed to warm
to room temperature and then quenched with diluted aqueous HCl. The
usual work-up gave the crude product. Diastereomeric purity, determined
by NMR analysis, and yields are reported in Table 2.


Alkylation of 4ca with MeMgBr at ÿ78 8C in the presence of TiCl4 : TiCl4


(2.6 mmol, 1.3 equiv, 1.0m solution in toluene) was added to a solution of
4ca (2 mmol, 1 equiv) in toluene at ÿ78 8C. After 15 min, MeMgBr
(5 mmol, 3 equiv) was added dropwise. The mixture was stirred for 3 h at
ÿ78 8C and then quenched with diluted aqueous HCl. The usual work-up
gave the crude product as a 1:1 mixture of monosylilated 1,3-diols 7 and 8.
Compounds 7 and 8 were converted into the corresponding 1,3-diols 2caa
and 2 aac by treatment with CeCl3 ´ 7H2O (1 equiv) and NaI ´ 2H2O
(0.1 equiv) in commercial CH3CN for 48 h at room temperature.[25]


Method B: General procedure : LiH (1.3 mmol, 1.3 equiv), was added to a
solution of 1 (1 mmol) in dry toluene at ÿ30 8C. After 10 min the reaction
was cooled to ÿ78 8C and TiCl4 (1.3 mmol, 1m solution in toluene) was
added. The reaction mixture turned orange. After 30 min the appropriate
Grignard reagent was added, the mixture was allowed to warm to room
temperature, and was then quenched. The vinyl and alkynyl reagents were
added at ÿ50 8C in order to increase the rate of reaction, and then the
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mixture was allowed to warm toÿ20 8C to complete the alkylation, since, if
the reaction temperature rises over ÿ20 8C, extensive decomposition
phenomena may occur. The usual work-up gave the mixture of diaster-
eoisomers. Diastereomeric purity, determined by NMR analysis, and yields
are reported in Table 3.


The compounds[37] (2R*,3S*)-2,3-dimethyl-1,3-pentanediol (2aab),
(2R*,3R*)-2-methyl-3-phenyl-1,3-butanediol (2aac), (2R*,3R*)-2,3-di-
methyl-1,3-pentanediol (2 baa), and (2R*,3S*)-2-methyl-3-phenyl-1,3-bu-
tanediol (2caa) were identified by comparison with literature data.[38]


(2R*,3S*)-2,3,4-Trimethyl-1,3-pentanediol (2aae): 1H NMR: d� 3.65 ±
3.80 (m, 2 H, CH2OH), 3.1 (br s, 2H, OH), 1.95 ± 2.05 (m, 1H, CH3CH),
1.75 ± 1.90 (m, 1H, CHMe2), 1.10 (s, 3 H, CH3), 0.95 (d, 3H, CH3, J(H,H)�
6.8 Hz), 0.91 (d, 3 H, CH3, J(H,H)� 6.8 Hz), 0.85 (d, 3 H, CH3, J(H,H)�
7.0 Hz); 13C NMR: d� 77.7 (C), 65.8 (CH2), 39.2 (CH), 34.6 (CH), 19.1
(CH3), 16.9 (CH3), 16.3 (CH3), 12.6 (CH3); elemental analysis calcd for
C8H18O2: C 65.71, H 12.41; found: C 65.64, H 12.43.


(2R*,3S*)-4-Phenyl-2,3-dimethyl-1,3-butanediol (2aaf): 1H NMR: d�
7.15 ± 7.40 (m, 5 H, Ph), 3.75 (dd, 1 H, CH2OH, J(H,H)� 8.6 Hz,
J(H,H)� 11.0 Hz), 3.59 (dd, 1 H, CH2OH, J(H,H)� 4.0 Hz, J(H,H)�
11.0 Hz), 2.79 (dd, 2H, CH2Ph, J(H,H)� 2 Hz), 2.7 (br s, 2H, OH), 1.80 ±
1.95 (m, 1 H, CH), 1.10 (s, 3H, CH3), 0.90 (d, 3H, CH3CH, J(H,H)�
7.1 Hz); 13C NMR: d� 76.2 (C), 65.7 (CH2), 47.3 (CH2), 42.2 (CH), 21.6
(CH3), 13.1 (CH3); elemental analysis calcd for C12H18O2: C 74.19, H 9.34;
found: C 74.24, H 9.36.


(2R*,3S*)-2,3-Dimethyl-4-pentene-1,3-diol (2 aag): 1H NMR: d� 5.80 ±
5.95 (m, 1H, CH�CH2), 5.00 ± 5.40 (m, 2H, CH�CH2), 3.55 ± 3.75 (m,
2H, CH2OH), 2.8 (br s, 1H, OH), 2.7 (br s, 1H, OH), 1.65 ± 1.85 (m, 1H,
CH3CH), 1.25 (s, 3 H, CH3), 0.95 (d, 3 H, CH3, J(H,H)� 6.9 Hz); 13C NMR:
d� 145.1 (CH), 112.3 (CH2), 76.7 (C), 66.0 (CH2), 42.7 (CH), 19.1 (CH3),
23.6 (CH3), 12.1 (CH3); elemental analysis calcd for C7H14O2: C 64.58, H
10.84; found: C 64.70, H 10.69.


(2R*,3R*)-5-Phenyl-2,3-dimethyl-4-pentyne-1,3-diol (2aah): 1H NMR:
d� 7.25 ± 7.50 (m, 5H, Ph), 4.00 ± 4.10 (m, 1 H, CH2OH), 3.75 ± 3.85 (m,
1H, CH2OH), 3.2 (br s, 1 H, OH), 2.5 (br s, 1 H, OH), 2.00 ± 2.15 (m, 1H,
CH3CH), 1.58 (s, 3H, CH3C), 1.13 (d, 3H, CH3CH, J(H,H)� 7.1 Hz); 13C
NMR: d� 122.6 (C), 92.9 (C), 83.7 (C), 71.8 (C), 65.7 (CH2), 44.0 (CH),
26.0 (CH3), 12.2 (CH3); elemental analysis calcd for C13H16O2: C 65.71, H
12.41; found: C 65.64, H 12.43.


(2R*,3R*)-2-Methyl-3-phenyl-1,3-pentanediol (2bac): 1H NMR: d� 7.10 ±
7.45 (m, 5 H, Ph), 3.50 (d, 2H, CH2OH, J(H,H)� 3.8 Hz), 2.5 (br s, 2H,
OH), 1.95 ± 2.05 (m, 2H, CH3CH2), 1.70 ± 1.90 (m, 1 H, CHCH3), 1.16 (d,
3H, CH3, J(H,H)� 7.3 Hz), 0.75 (t, 3 H, CH2CH3, J(H,H)� 7.4 Hz); 13C
NMR: d� 80.6 (C), 66.3 (CH2), 43.4 (CH), 31.6 (CH2), 11.8 (CH3), 7.6
(CH3); elemental analysis calcd for C12H18O2: C 74.19, H 9.34; found: C
73.95, H 9.43.


(2R*,3S*)-2-Methyl-3-phenyl-1,3-pentanediol (2 cab): 1H NMR: d� 7.20 ±
7.45 (m, 5 H, Ph), 3.82 (dd, 1H, CH2OH, J(H,H)� 3.4 Hz, J(H,H)�
11.0 Hz), 3.53 (dd, 1H, CH2OH, J(H,H)� 6.2 Hz, J(H,H)� 11.0 Hz), 2.5
(br s, 2H, OH), 2.05 ± 2.15 (m, 1H, CHCH3), 2.00 (q, 2H, CH3CH2,
J(H,H)� 7.4 Hz), 0.80 (d, 3H, CH3, J(H,H)� 7.2 Hz), 0.76 (t, 3H, CH2CH3,
J(H,H)� 7.4 Hz); 13C NMR: d� 80.7 (C), 65.6 (CH2), 43.1 (CH), 33.0
(CH2), 12.6 (CH3), 7.6 (CH3); elemental analysis calcd for C12H18O2: C
74.19, H 9.34; found: C 74.25, H 9.38.


(2R*,3S*)-2-Methyl-3-phenyl-1,3-heptanediol (2 cad): 1H NMR: d� 7.20 ±
7.40 (m, 5 H, Ph), 3.80 ± 3.90 (m, 1H, CH2OH), 3.45 ± 3.55 (m, 1 H, CH2OH),
3.3 (br s, 2 H, OH), 2.05 ± 2.15 (m, 1H, CHCH3), 1.85 ± 2.00 (m, 2H, CH2),
1.15 ± 1.35 (m, 4 H, 2CH2), 0.84 (t, 3H, CH3, J(H,H)� 7.4 Hz), 0.79 (d, 3H,
CH3, J(H,H)� 7.2 Hz); 13C NMR: d� 80.4 (C), 65.4 (CH2), 43.2 (CH), 40.3
(CH2), 25.3 (CH2), 23.1 (CH2), 14.0 (CH3), 12.6 (CH3); elemental analysis
calcd for C14H22O2: C 75.63, H 9.97; found: C 75.55, H 9.92.


(2R*,3S*)-2,4-Dimethyl-3-phenyl-1,3-pentanediol (2 cae): 1H NMR: d�
7.20 ± 7.45 (m, 5 H, Ph), 3.49 (dd, 1 H, CH2OH, J(H,H)� 3.7 Hz,
J(H,H)� 10.8 Hz), 3.28 (dd, 1H, CH2OH, J(H,H)� 8.2 Hz, J(H,H)�
10.8 Hz), 2.30 ± 2.45 (m, 2H, 2CH), 1.02 (d, 3H, CH3, J(H,H)� 6.6 Hz),
0.81 (d, 3H, CH3, J(H,H)� 7.0 Hz), 0.70 (d, 3H, CH3, J(H,H)� 7.0 Hz); 13C
NMR: d� 82.5 (C), 66.1 (CH2), 40.4 (CH), 33.8 (CH), 17.0 (CH3), 16.1
(CH3), 12.6 (CH3); elemental analysis calcd for C13H20O2: C 74.96, H 9.68;
found: C 75.00, H 9.61.


(2R*,3S*)-2-Methyl-3,4-diphenyl-1,3-butanediol (2caf): 1H NMR: d�
6.80 ± 7.45 (m, 10 H, 2 Ph), 3.84 (dd, 1 H, CH2OH, J(H,H)� 3.3 Hz,
J(H,H)� 11.2 Hz), 3.56 (dd, 1 H, CH2OH, J(H,H)� 6.3 Hz, J(H,H)�
11.2 Hz), 3.31 (d, 2 H, CH2Ph, J(H,H)� 2.2 Hz), 2.4 (br s, 2H, OH),
2.25 ± 2.15 (m, 1 H, CHCH3), 0.89 (d, 3 H, CH3, J(H,H)� 7.2 Hz); 13C
NMR: d� 80.4 (C), 65.4 (CH2), 46.3 (CH2), 43.1 (CH), 12.9 (CH3);
elemental analysis calcd for C17H20O2: C 79.65, H 7.86; found: C 79.58, H
7.91.


(2R*,3S*)-2-Methyl-3,5-diphenyl-4-pentyne-1,3-diol (2 cah): 1H NMR: d�
7.10 ± 7.70 (m, 10H, 2Ph), 4.89 (dd, 1 H, CH2OH, J(H,H)� 3.9 Hz,
J(H,H)� 11.0 Hz), 3.70 (dd, 1 H, CH2OH, J(H,H)� 5.1 Hz, J(H,H)�
11.0 Hz), 3.20 ± 3.35 (m, 1H, CHCH3), 3.6 (br s, 2H, OH), 0.97 (d, 3H,
CH3, J(H,H)� 7.1 Hz); 13C NMR: d� 91.8 (C), 86.0 (C), 76.5 (C), 65.8
(CH2), 46.1 (CH), 11.8 (CH3); elemental analysis calcd for C18H18O2: C
81.17, H 6.81; found: C 81.34, H 6.83.


(2R*,3S*)-2-Ethyl-3-phenyl-1,3-butanediol (2 cba): 1H NMR: d� 7.20 ±
7.50 (m, 5H, Ph), 3.90 ± 4.00 (m, 1 H, CH2OH), 3.65 ± 3.80 (m, 1 H,
CH2OH), 3.50 ± 3.60 (m, 1H, CH), 3.3 (br s, 2H, OH), 1.65 (s, 3H,
CH3C), 1.20 ± 1.30 (m, 2H, CH3CH2), 0.82 (t, 3H, CH3CH2, J(H,H)�
7.3 Hz); 13C NMR: d� 78.7 (C), 61.4 (CH2), 51.0 (CH), 29.6 (CH3), 18.9
(CH2), 12.7 (CH3); elemental analysis calcd for C12H18O2: C 74.19, H 9.34;
found: C 74.31, H 9.31.


(2R*,3S*)-2-Ethyl-3-phenyl-1,3-pentanediol (2 cbb): 1H NMR: d� 7.20 ±
7.40 (m, 5 H, Ph), 4.04 (dd, 1H, CH2OH, J(H,H)� 2.5 Hz, J(H,H)�
11.2 Hz), 3.70 (m, 2 H, CH2OH, J(H,H)� 5.2 Hz, J(H,H)� 11.2 Hz), 3.2
(br s, 1H, OH), 2.6 (bt, 1 H, OH), 1.90 ± 2.15 (m, 2H, CH3CH2), 1.70 ± 1.80
(m, 1 H, CH3CH2CH), 1.20 ± 1.35 (m, 2H, CH3CH2), 0.84 (t, 3H, CH3,
J(H,H)� 7.4 Hz), 0.72 (t, 3H, CH3, J(H,H)� 7.4 Hz); 13C NMR: d� 81.3
(C), 61.4 (CH2), 49.9 (CH), 33.3 (CH2), 18.7 (CH2), 12.6 (CH3), 7.7 (CH3);
elemental analysis calcd for C13H20O2: C 74.96, H 9.68; found: C 74.82, H
9.72.


(2R*,3S*)-2,3-Diphenyl-1,3-butanediol (2 cca): 1H NMR: d� 7.15 ± 7.35 (m,
12H, Ph), 6.80 ± 6.90 (m, 2H, Ph), 4.04 (dd, 1 H, CH2OH, J(H,H)� 7.3 Hz,
J(H,H)� 11.0 Hz), 3.89 (m, 1 H, CH2OH, J(H,H)� 5.6 Hz, J(H,H)�
11.0 Hz), 3.41 (dd, 1H, CH2OH, J(H,H)� 5.0 Hz, J(H,H)� 7.3 Hz), 3.26
(dd, 1 H, CHPh, J(H,H)� 5.6 Hz, J(H,H)� 7.3 Hz), 2.9 (br s, 1 H, OH), 2.4
(br s, 1H, OH), 1.63 (s, 1H, CH3); 13C NMR: d� 77.7 (C), 63.8 (CH2), 57.8
(CH), 28.9 (CH3); elemental analysis calcd for C16H18O2: C 79.31, H 7.49;
found: C 79.45, H 7.47.


(2R*,3S*)-2,3,4-Triphenyl-1,3-butanediol (2ccf): 1H NMR: d� 6.80 ± 7.30
(m, 15H, Ph), 4.09 (dd, 1 H, CH2OH, J(H,H)� 7.3 Hz, J(H,H)� 11.3 Hz),
3.87 (m, 1 H, CH2OH, J(H,H)� 5.0 Hz, J(H,H)� 11.3 Hz), 3.41 (dd, 1H,
CHPh, J(H,H)� 5.0 Hz, J(H,H)� 7.3 Hz), 3.32 and 3.28 (AB system, 2H,
CH2Ph, J(H,H)� 13.2 Hz), 3.0 (br s, 1 H, OH), 2.9 (br s, 1H, OH); 13C
NMR: d� 80.2 (C), 64.2 (CH2), 57.5 (CH), 46.9 (CH); elemental analysis
calcd for C22H22O2: C 82.99, H 6.96; found: C 82.80, H 6.99.


(2R*,3S*)-2,3-Diphenyl-4-pentene-1,3-diol (2ccg): 1H NMR: d� 7.00 ± 7.35
(m, 10H, Ph), 6.39 (dd, 1H, CH�CH2, J(H,H)� 17.1 Hz, J(H,H)�
10.5 Hz), 5.42 (dd, 1 H, CH�CH2, J(H,H)� 17.1 Hz, J(H,H)� 1.1 Hz),
5.19 (dd, 1 H, CH�CH2, J(H,H)� 10.5 Hz, J(H,H)� 1.1 Hz), 3.95 ± 4.10 (m,
2H, CH2OH, ABX system, JAB� 5.6 Hz, JAX� JBX� 11.3 Hz), 3.24 (bt, 1H,
CHPh, J(H,H)� 5.6 Hz), 2.0 (br s, 2H, OH); 13C NMR: d� 113.2 (CH2),
79.7 (C), 64.1 (CH2), 56.9 (CH); elemental analysis calcd for C17H18O2: C
80.28, H 7.13; found: C 80.42, H 7.15.


The reaction of 1aa with allyl Grignard gave a 1:1 mixture of diastereo-
meric (2R*,3S*)- and (2R*,3S*)-2,3-dimethylhex-5-ene-1,3-diols (2aai). As
a consequence, we were not able to reach an unequivocal assignment of the
various peaks. Therefore, we only report shifts for pairs of signals. Since
most of the 1H NMR signals are overlapped, only selected data are
reported. 1H NMR: d� 1.24 and 1.16 (s, 3H, CH3COH), 0.95 and 0.85 (d,
3H, CH3CH, J(H,H)� 7.1 Hz); 13C NMR: d� 133.8 and 133.5 (CH), 118.8
and 118.6 (CH2), 75.8 and 75.4 (C), 65.8 and 65.7 (CH2), 46.0 and 42.0
(CH2), 43.1 and 41.8 (CH), 26.4 and 21.9 (CH3), 12.6 and 12.4 (CH3).
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Regio- and Stereoselective Nucleophilic Substitutions of Chiral Allylic
Alcohol Rhenium Complexes
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Abstract: In the presence of a small
amount of a Lewis acid, the nucleophilic
substitution by alcohols, thiols, allyltri-
methylsilane, or triphenylphosphane of
the hydroxy group in allylic alcohols
complexed to a chiral rhenium salt
affords the corresponding ethers, thio-
ethers, 1,5-dienes, and phosphonium
salts in high yield. Similarly, complexed


allyl halides are prepared on treatment
with thionyl chloride or phosphorus
tribromide. The efficiency of the reac-
tion strongly depends on the Lewis acid
and the leaving group. The high regio-


selectivity of this reaction was unambig-
uously determined by means of a deu-
terated ligand or with substituted allylic
alcohols. The reaction of the separate
diastereoisomeric rhenium complexes
derived from 3-buten-2-ol established
that this substitution is stereospecific
with overall retention of configuration.


Keywords: allyl complexes ´ ligand
effects ´ nucleophilic additions ´
reaction mechanisms ´ rhenium


Introduction


The complexes of various transition metals, such as Pd, Pt,
Mo, Rh, Ru, Ni, Co, W, and Fe, have been used to perform
allylic substitution reactions.[1, 2] For most of these complexes,
the regio- and stereoselectivity are strongly dependent upon the
nature of the metal, the ligands, and the nucleophiles. Extensive
studies have been carried out, particularly with p-allyl
complexes of palladium, which are used in organic synthesis
both as stoichiometric reagents and as catalysts.[2] Further-
more, complexes with mainly chiral nonracemic ligands have
been successfully employed in asymmetric syntheses.[3]


Another possible approach to asymmetric synthesis in-
volves chirality at the metal center. Faller et al. have studied
chiral molybdenum complexes in detail : nucleophilic addition
gave interesting results in terms of regioselectivity, stereo-
selectivity, and asymmetric synthesis.[4] Hitherto, very few p-
allyl rhenium complexes have been reported. Starting from a
neutral rhenium complex, Sutton et al. have recently isolated


a p-allyl derivative and studied its reactivity with various
nucleophiles.[5] Gladysz et al. have prepared the chiral rhe-
nium complex [(h5-C5H5)Re(NO)(PPh3)(CH3)] in which the
chirality is centered at the metal atom,[6] and have extensively
studied the properties of such complexes.[7] The corresponding
rhenium salt, on complexation to an alkene, could act as a
protecting group for the double bond, activate a bound
substrate, or be useful in enantioselective transformations.
Starting from the same intermediate, we have recently
prepared several chiral rhenium complexes of unsaturated
alcohols and performed a variety of transformations on the
appending functionalities (e. g. oxidation of alcohol, Wittig
reaction, reduction)[8] which indicates that such a complex can
act as an efficient protecting group for the carbon ± carbon
double bond. Herein we report that these cationic rhenium
complexes also activate allylic substitutions on the ligand and
therefore promote nucleophilic substitutions under acidic
conditions. Furthermore, we use simple models to demon-
strate that such chiral rhenium complexes offer very interest-
ing new possibilities for regio- and stereocontrolled allylic
substitution under mild conditions, and we propose a mech-
anism for these transformations.[9]


Results


Synthesis of allylic alcohol rhenium complexes : The allylic
complex 1[8] was prepared as previously reported. A similar
experimental procedure was used to synthesize the allyl
[D2]alcohol complex 1' and the 3-buten-2-ol complex 2 with a
yield of 79 and 82 %, respectively (Scheme 1).[10] The two
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Scheme 1. Synthesis of allylic alcohol rhenium complexes 1, 1'', and 2.


diastereomers of the 3-buten-2-ol complex 2 a,b were easily
separated by chromatography. The structure of each diaster-
eomer (RSS,SRR)[11] 2 a and (RSR,SRS) 2 b, determined by
NMR and IR spectroscopy, was unambiguously confirmed by
X-ray spectroscopy (Figures 1 and 2).


Figure 1. Crystal structure of (RSS,SRR) diastereomer 2a.


Figure 2. Crystal structure of (RSR,SRS) diastereomer 2 b.


Attempts to complex the crotyl alcohol by a similar
approach only led to traces of the desired product 3 a,b. This
result can be attributed to the steric hindrance induced by the
methyl group on the g-carbon and is consistent with results
obtained with 1,2-disubstituted alkenes[7] or other allylic
alcohols, such as the buten-2,3-diol.[8] In order to obtain
complexes 3 a,b, we chemoselectively reduced the previously
reported crotonaldehyde complex.[7b] A low yield (10%) was
obtained with diisobutylaluminum hydride (DIBAL-H) as the
reducing agent, while the reaction at low temperature with the
Luche reagent (CeCl3 ± NaBH4)[12] led to the crotyl alcohol
complex in a 51 % yield. The two conformational isomers 3 a
and 3 b were observed in a 51/49 ratio (Scheme 2).


Scheme 2. Synthesis of the crotyl alcohol rhenium complexes 3a,b.


For such rhenium complexes of trans disubstituted ole-
fins,[6, 7, 13] it is generally accepted that the two substituents
occupy the a and c positions to minimize the steric hindrance
(Figure 3). The conformers 3 a and 3 b were unambiguously
identified by their 13C NMR spectra: a singlet at d� 22.9 for
the methyl group is characteristic of the isomer with this
substituent syn with respect to the NO ligand (3 a). A J(C,P)
coupling constant of 2.7 Hz for the signal at d� 21.4 is
characteristic of the isomer with the methyl group syn with
respect to the PPh3 ligand.


Abstract in French: La substitution nucleÂophile a eÂteÂ eÂtudieÂe
sur des complexes chiraux du rheÂnium posseÂdant des alcools
allyliques comme ligands. En preÂsence d�une petite quantiteÂ
d�acide de Lewis, l�addition d�alcools, de thiols, d�allyltrimeÂ-


Âthylsilane ou de tripheÂnylphosphine sur ces complexes conduit
aux eÂthers, thioeÂthers, 1,5-dieÁne et sel de phosphonium
correspondants. Les halogeÂnures d�allyles complexeÂs sont aussi
preÂpareÂs par reÂaction du chlorure de thionyle ou du tribromure
de phosphore. Ces syntheÁses sont deÂpendantes de la nature de
l�acide de Lewis et du groupe partant qui peut eÃtre un
hydroxyle, un aceÂtate ou un alkoxy. La grande reÂgioseÂlectiviteÂ
de ces substitutions est montreÂe sur des composeÂs marqueÂs au
deuteÂrium ou substitueÂs (alcool crotylique et 3-buteÁn-2-ol).
Cette reÂaction est aussi steÂreÂospeÂcifique : chaque diasteÂreÂoiso-
meÁre du 3-buteÁne-2-ol complexeÂ conduit en preÂsence d�alcool
propargylique aÁ un seul diasteÂreÂoisomeÁre de l�eÂther complexeÂ
correspondant avec reÂtention globale de configuration.
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Figure 3. Rotamers of crotyl complexes 3 a and 3 b.


Nucleophilic substitutions of complexed allylic alcohols : We
will now present clear evidence that this complexation
activates the allylic function and acts simultaneously as a
protection of the carbon ± carbon double bond. The addition
of a substoichiometric amount (20 %) of HBF4 ´ Et2O to a
dichloromethane solution of the chiral cationic rhenium
complex 1[6] and a primary or secondary alcohol 4 a ± e led
to the corresponding complexed unsaturated ether 5 a ± e in
very good yields (76 ± 87 %) (Scheme 3). In the case of


Scheme 3. Nucleophilic substitutions of complexed allylic alcohol 1 with
alcohols to give the corresponding complexed unsaturated ethers.


unsaturated nucleophiles, it is noteworthy that the unsym-
metrical unsaturated ethers 5 a ± c are formed with selective
coordination of the carbon ± carbon double bond, without any
shift of the organometallic unit. Complex 1 reacted with
3-butyn-2-ol 4 c to afford complex 5 c as a mixture of two


diastereomers in a 45/55 ratio. It should be noted that the free
allylic alcohol did not lead to the corresponding ether in the
presence of HBF4 ´ Et2O, and our attempts to complex the
allylic ethers directly were also unsuccessful. Consequently,
our approach is a simple method to synthesize complexed
allylic ethers by activation of the allylic position.


The substitution of the hydroxy group has been extended to
several other nucleophiles. The reaction of 1 with allylthiol,
butanethiol, and thiophenol led to the corresponding com-
plexed thioethers 6 a ± c in 82, 86, and 88 % yield, respectively.


The formation of thioethers (and not of ethers) is the first
indication that the mechanism must involve a nucleophilic
attack of the reagent on the ligand of complex 1. The NMR
data provide evidence that there was no shift in the bonding to
the sulfur atom: we have thus prepared the first allylic
thioethers complexed through a carbon ± carbon double bond,
since the direct complexation of thioethers leads to com-
pounds complexed at the sulfur atom.[14] The phosphonium
salt 7, which is a potential substrate for Wittig reactions, was
formed by the reaction of complex 1 with triphenylphosphine
in the presence of one equivalent of HBF4 ´ Et2O (60% yield).
A carbon ± carbon bond has also been formed by the reaction
of compound 1 with allyltrimethylsilane, which yields the 1,5-
hexadiene complex 8 in a 74 % yield. The allyl acetate
complex 9 was similarly prepared in a 63 % yield by reaction
of complex 1 with acetic acid in the presence of a catalytic
amount of HBF4 ´ Et2O (Scheme 4).[15]


We have thus formed C ± O, C ± C, C ± S, and C ± P bonds
but we failed in our attempts to prepare complexed allylic
amines, probably because HBF4 ´ Et2O reacts with the amine
and not with the less basic alcohol. The reaction of these
complexes with silyl enol ethers was also unsuccessful, as the
acid generally decomposed the latter.


Other reactions can be performed on complexed allylic
alcohols which lead to compounds that could not be obtained
by direct complexation of the corresponding ligands. This is
the case with allylic halides: the reaction of complex 1 with
thionyl chloride (Scheme 5) in dichloromethane at room
temperature gave the allyl chloride complex 10 a in a 79 %
yield. The reaction with phosphorus tribromide gave the
complexed allylic bromide in 80 % yield. Complex 10 b was
purified by crystallization, as the complex is unstable on silica
gel. Thus, compounds 10 a and 10 b are the first examples of
allylic halides coordinated to this organometallic unit.


Scheme 5. The reaction of complex 1 with thionyl chloride and with
phosphorus tribromide.


Scheme 4. Further nucleophilic substi-
tutions of complexed allylic alcohol 1.
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Mechanistic studies : Detailed mechanistic studies were per-
formed to elucidate the effect of the acid and the leaving
group and to establish the regio- and stereoselectivity of this
reaction. The nucleophilic substitution is dependent on the
nature of the acid, and the formation of compounds 5 a ± e can
be best achieved by the use of substoichiometric amounts of
HBF4 ´ Et2O; BF3 ´ Et2O proved to be similarly effective, while
SnCl4 led to lower yield of the desired product. No reaction
was observed with protic acids, such as camphorsulfonic acid
or Amberlyst 15. Titanium tetrachloride acted as a chlorination
reagent and the complexed allylic chloride 10 a was obtained.


We also found that different leaving groups can be used. For
example, the acetate complex 9 reacted with allyl alcohol in
the presence of a small amount of HBF4 ´ Et2O to afford
complex 5 e in a 86 % yield. Similarly, reaction of butyl ether
complex 5 d and allyl alcohol gave 5 e in the presence of
HBF4 ´ Et2O (95% yield) or BF3 ´ Et2O (87 % yield). However,
when the sulfide complex 6 b was used, no nucleophilic
substitution was observed, either in the presence of allyl
alcohol or allyl thiol (Scheme 6). This result can be correlated
with the poor leaving group properties of thiols.


Scheme 6. The effect of different leaving groups on the reaction with 4e.


The regioselectivity of these substitution reactions was
clearly established by the use of isotopically labeled allyl
alcohol (complex 1'') as well as with the crotyl alcohol 3 or
3-buten-2-ol complex 2. Complex 1'' participated in nucleo-
philic substitution reactions with allyl alcohol, thiophenol,
triphenylphosphane, allyltrimethylsilane, and acetic acid. In
each case, only the products 5 e'', 6 c'', 7 '', 8'', and 9'', respectively,
were formed which bear the two deuterium atoms on the sp3


carbon; no allylic rearrangement product was detected by
NMR spectroscopy (Scheme 7). The 1,1-dideutero-allyl chloride
complex 10 a'' was similarly obtained with SOCl2. Since none
of the corresponding isomeric complexes 11 was detected at
high field in the NMR spectra, these results demonstrate the
very high regioselectivity (�96 %) of these reactions.


The nucleophilic substitution is also highly regioselective
with the crotyl alcohol complexes 3 a,b. In the presence of
thiophenol and small amounts of HBF4 ´ Et2O, compounds


Scheme 7. The regioselectivity of the substitution reaction was established
by the use of isotopically labeled allyl alcohol 1''.


3 a,b gave three isomers of the crotyl thioether complex 12,
which could not be separated. They were obtained in a 54/38/8
ratio and in 88 % yield (Scheme 8). Under similar conditions,
the reaction of 3 a,b with the nucleophile allyltrimethylsilane
gave three isomers of the 1,5-heptadiene complex 13 in a 40/
35/25 ratio. On the basis of the J(P,H) and J(P,C) coupling


Scheme 8. Regioselective reaction of the crotyl alcohol complexes 3a,b
with thiophenol and with allyltrimethylsilane.


constants observed in the 1H and 13C NMR spectra, we
tentatively assign the structure to two compounds with the
methyl group syn with respect to NO ligand and only one with
the methyl group syn with respect to the PPh3 ligand.
Although the stereochemistry of the three isomers has not
been unambiguously assigned for both reactions, only crotyl
derivatives have been identified: all attempts to detect the
NMR signals characteristic of the vinylic hydrogens of
complexes which could have been formed by an allylic
transposition were unsuccessful.


The high regioselectivity of the substitution was also
confirmed starting from the 3-buten-2-ol complexes 2 a and
2 b as a mixture of the two diastereomers. Reaction with
methanol, thiophenol, or allyltrimethylsilane as nucleophile
gave the corresponding complexed ether 14, thioether 15, or
diene 16 in 74, 80, or 85 % yield, respectively. Thus, starting
from the complexed secondary alcohols 2 a,b, all the nucle-
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ophiles added to the most substituted carbon atom and no
products from an allylic rearrangement were observed.
Furthermore, in each case, the two diastereomeric products
were formed in a 45:55 ratio, identical to the diastereomer
ratios of the starting complexes 2 a,b (Scheme 9). The stereo-
specificity of the substitution was confirmed by the reaction of


Scheme 9. Regioselective substitution reactions of the 3-buten-2-ol com-
plexes 2 a and 2 b.


2 a with thiophenol or allyltrimethylsilane which gave 15 a and
16 a, respectively, as single diastereomers, and, by the reaction
of complex 2 b with thiophenol which afforded only the
diastereomer 15 b. The stereospecificity was finally unambig-
uously established by the exclusive formation of complexes
17 a or 17 b in the reaction of the separate diastereomers 2 a
and 2 b with propargylic alcohol (Scheme 10). The absolute


Scheme 10. Stereospecific reaction of the separate diastereomers 2a and
2b with propargylic alcohol.


structures of both derivatives 17 a and 17 b were established by
X-ray analysis, which proved that this reaction occurred with
an overall retention of configuration (Figures 4 and 5).
Therefore, substitution reactions with these chiral rhenium
complexes are highly regioselective and stereospecific.


Figure 4. Crystal structure of (RSS,SRR) diastereomer 17 a.


Figure 5. Crystal structure of (RSR,SRS) diastereomer 17 b.


Discussions


It is generally accepted that allylic substitution on transition
metal complexes usually occurs via p-allyl complex inter-
mediates.[2±4] In most cases, the major product is the one which
is produced by nucleophilic attack on the less substituted
carbon atom, but nucleophilic substitutions can also occur at
the more substituted carbon atom.[3] The high regioselectivity
observed with the complexed deutero allylic alcohol 1' or
crotyl alcohols 3 a,b together with the regio- and stereo-
specifity of the nucleophilic substitution with complexed
3-buten-2-ol 2 a,b provide important evidence concerning the
mechanism of the reaction.


In a preliminary communication,[9] we envisaged for these
rhenium complexes a reaction occurring by a SN2-type mech-
anism rather than by a p-allylic complex, since that pathway
could directly explain the lack of allylic rearrangement. How-
ever, this hypothesis can now be excluded since the substitu-







Chiral Allylic Alcohol Rhenium Complexes 2162 ± 2172


Chem. Eur. J. 1998, 4, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2167 $ 17.50+.25/0 2167


tion with the complexes 2 a,b occurs with overall retention of
configuration. Thus, type X p-allyl intermediates, with chirality
at the metal center, have to be considered (Scheme 11).[16]


Scheme 11. Possible p-allyl intermediates in the nucleophilic substitution
reactions.


The regioselectivity observed in these reactions excludes
any control by the substituents of the corresponding p-allyl
systems:
1) In the case of the intermediate derived from 1'', the


terminal atoms have either a CH2 or a CD2 system and
reactions only occur at the CD2 center.


2) For the derivatives of the butenol complexes 2 a,b, addition
only occurred at the more substituted carbon atom , while
for the products from the closely related crotyl derivatives
3 a,b, these additions occurred at the less substituted
carbon atom.


This clearly indicates that, as already observed in similar
molybdenum complexes,[4] the process is controlled by the
chirality at the metal center and by the steric and electronic
effects of PPh3 and NO ligands. The conformational proper-
ties of the starting complexes and the p-allyl intermediates
must also be considered.


Gladysz et al. have demonstrated conformational prefer-
ences of the p ligands in alkenyl complexes: the unsubstituted
part of the double bond is on the same side as the bulky
triphenylphosphane ligand.[7b, c] The 1H NMR spectrum of
complex 1 is in good agreement with this structure: for
instance the coupling constants with the phosphorus atom
(J(P,H)� 11.2 and 6.6 Hz and J(C,P)� 5.7 Hz) were only
observed with the methylene group. Similar data were
obtained for the two diastereomers 2 a and 2 b. The afore-
mentioned regioselectivity could then be explained for 1'', 2 a,
and 2 b by the bicationic p-allyl-type intermediate X provided
that: i) there is no rotation of the ligand during the proto-
nation step and the departure of the leaving group, ii) there is
no isomerization of the p-allyl ligand in this intermediate, and
iii) the regioselectivity is controlled by the differences in the
steric and electronic effects between the PPh3 and NO ligands
(Scheme 11, path a and not b). After protonation of the
hydroxyl group, the departure of H2O probably occurs anti
from the rhenium center to produce the intermediates X. The
nucleophile would then add to this allylic cation on the same,
less encumbered side and also from the face opposite to the


rhenium center and syn from the NO ligand. Such a reaction
pathway could also explain the stereoselectivity with the
overall retention of configuration observed in the substitution
starting from complexes 2 a and 2 b. It is important to point out
that previous studies on closely related molybdenum com-
plexes give good support for such a mechanism and indicates
that the NO ligand plays a key role in this process.[4] Although
the very high regioselectivity of the nucleophilic substitution
with crotyl complexes has been proved, the determination of
the reaction pathway for these compounds is complicated by
the presence of rotamers for both the starting complexes (3 a
and 3 b) and the final products (12 and 13). Further studies are
still necessary in order to establish the scope and limitations of
these substitutions in the case of such 1,2-disubstituted
alkenes and to obtain a complete analysis of the reaction
pathway.


Conclusion


To conclude, the allylic function of these rhenium complexes
is strongly activated towards nucleophilic substitution under
acidic conditions. A very high regioselectivity has been
observed with labeled allylic and crotylic alcohol complexes.
The reaction of the 3-buten-2-ol complexes has provided
evidence of the regio- and stereospecifity of this nucleophilic
substitution. A mechanism involving a p-allyl bicationic
complex has been proposed. Extension of these reactions
and further applications in synthesis are under investigation.


Experimental Section


General : All manipulations were performed under an atmosphere of dry
nitrogen. Dichloromethane was distilled from P4O10. HBF4 ´ Et2O was
purchased from Aldrich and used as received. All other starting materials
were obtained commercially and used as such or were purified by standard
methods.
1H and 13C NMR spectra were recorded on a Bruker ARX 400 spectrom-
eter, and the chemical shifts are reported relative to tetramethylsilane (1H)
or to the solvent (13C, d� 77.7 in CDCl3, d� 62.8 in CD3NO2). High-
resolution mass spectra were recorded on a MS/MS ZabSpec TOF VG
analytical spectrometer with a FAB positive ionization with Cs� by the
CRMPO (Centre Regional de Mesures Physiques de l�Ouest).


Preparation of complexed allylic alcohols: General procedure : [(h5-
C5H5)Re(NO)(CH3)(PPh3)][6] (100 mg, 0.179 mmol) and anhydrous
CH2Cl2 (10 mL) were cooled to ÿ78 8C and HBF4 ´ OEt2 (85 %, 32 mL,
0.179 mmol) was added with stirring. After 30 min, a large excess of the
appropriate alcohol (2 mL) was added. The reaction mixture was kept for
1 h at ÿ78 8C and was then allowed to warm to room temperature slowly.
The mixture was stirred overnight and the solvent was then removed by
rotary evaporation. The resulting residue was chromatographed on a silica
gel column (dichloromethane/acetone 4:1(v/v)) to give compound 1'' or
2a,b as yellow-brown oils.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCD2OH)]�[BF4]ÿ (1''): 2-[D2]propen-
1-ol was used as the alcohol. Yield: 79 %; 1H NMR (400 MHz, CD3CN):
d� 7.56 ± 7.68 (m, 9H; PPh3), 7.41 ± 7.50 (m, 6 H; PPh3), 5.80 (d, J(P,H)�
0.8 Hz, 1 H; C5H5), 4.48 (ddd, J� 11.8, 10.0 Hz, J(P,H)� 2.1 Hz, 1H;�CH),
2.57 (ddd, J� 11.4, 3.9 Hz, J(P,H)� 10.4 Hz, 1H; H2C�), 2.13 (ddd, J� 10.7,
3.9 Hz, J(P,H)� 6.7 Hz, 1 H; H2C�); 13C{1H} NMR (100 MHz, CD3CN):
d� 134.2 (d, J(C,P)� 9.9 Hz; o-Ph), 133.0 (d, J(C,P)� 2.7 Hz; p-Ph), 131.4
(d, J(C,P)� 59.1 Hz; i-Ph), 130.4 (d, J(C,P)� 11.1 Hz; m-Ph), 98.3 (d,
J(C,P)� 0.8 Hz; C5H5), 50.5 (d, J(C,P)� 1.0 Hz; �CH), 36.5 (d, J(C,P)�
5.7 Hz; �CH2); 31P{1H} NMR (121 MHz, CDCl3): d� 11.1; IR (neat):







FULL PAPER J.-C. Guillemin et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2168 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 112168


nÄNO� 1725 (vs) cmÿ1; HRMS calcd for (C26H24D2NO2PRe)�: 602.1353,
found: 602.1351.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH(CH3)OH)]�[BF4]ÿ (2a,b): 3-But-
en-2-ol was used as the alcohol. Yield: 82 %. Two diastereomers were
observed in a 54:46 ratio. Separation was effected by chromatography
(silica gel (13 g) for 150 mg of the two diastereomers, dichloromethane/
acetone 4:1 (v/v)).


Minor diastereomer (RSS,SRR) 2a : 1H NMR (400 MHz, CD3COCD3): d�
7.61 ± 7.78 (m, 15 H; PPh3), 6.18 (s, 5H; C5H5), 4.66 ± 4.74 (m, 1H; �CH),
4.42 ± 4.47 (m, 1H; CH), 4.36 (d, J� 4.6 Hz, 1 H; OH), 2.77 (ddd, J� 10.2,
4.1 Hz, J(P,H)� 10.2 Hz, 1H; �CH2), 2.11 (ddd, J� 11.2, 4.1 Hz, J(P,H)�
7.6 Hz, 1H;�CH2), 1.54 (d, J� 6.1 Hz, 3 H; CH3); 13C{1H} NMR (100 MHz,
CD3COCD3): d� 133.2 (d, J(C,P)� 9.9 Hz; o-Ph), 131.8 (d, J(C,P)�
2.7 Hz; p-Ph), 130.3 (d, J(C,P)� 59.5 Hz; i-Ph), 129.2 (d, J(C,P)�
11.1 Hz; m-Ph), 97.2 (d, J(C,P)� 0.8 Hz; C5H5), 70.2 (s; CH), 57.5 (d,
J(C,P)� 1.5 Hz; �CH), 32.7 (d, J(C,P)� 6.1 Hz; CH2�), 26.6 (s; CH3);
31P{1H} NMR (121 MHz, CDCl3): d� 11.3 (s); IR (neat): nÄNO� 1727
(vs) cmÿ1; elemental analysis calcd for C27H28BF4NO2PRe ´ CH2Cl2: C
45.01, H 4.20; found: C 44.79, H 4.23.


Major diastereomer (RSR,SRS) 2 b : 1H NMR (400 MHz, CD3COCD3): d�
7.51 ± 7.71 (m, 15 H; PPh3), 6.11 (s, 5H; C5H5), 4.56 ± 4.67 (m, 1H; �CH),
4.37 (d, J� 4.1 Hz, 1H; OH), 3.87 ± 4.87 (m, 1H; CH), 2.82 (ddd, J� 10.7,
4.1 Hz, J(P,H)� 10.7 Hz, 1 H; �CH2), 2.01 (ddd, J� 10.7, 4.1 Hz, J(P,H)�
6.6 Hz, 1H;�CH2), 1.49 (d, J� 6.1 Hz, 3H; CH3); 13C{1H} NMR (100 MHz,
CD3COCD3): d� 133.2 (d, J(C,P)� 10.3 Hz; o-Ph), 131.8 (d, J(C,P)�
2.7 Hz; p-Ph), 130.3 (d, J(C,P)� 58.7 Hz; i-Ph), 129.3 (d, J(C,P)�
11.1 Hz; m-Ph), 97.4 (d, J(C,P)� 0.8 Hz; C5H5), 71.0 (s; CH), 54.9 (d,
J(C,P)� 1.5 Hz; �CH), 33.4 (d, J(C,P)� 6.1 Hz; CH2�), 24.9 (s; CH3);
31P{1H} NMR (121 MHz, CDCl3): d� 10.9 (s); IR (neat): nÄNO� 1722
(vs) cmÿ1; HRMS calcd for (C27H28NO2P187Re)� (mixture of the two
diastereomers): 616.1415, found: 616.1418; analysis calcd for C27H28BF4-
NO2PRe ´ H2O: C 42.71, H 3.84; found: C 42.79, H 3.91.


Preparation of the crotylic alcohol complex 3 a,b : The crotonaldehyde
complex (100 mg, 0.143 mmol), CH2Cl2 (2 mL), and methanol (4 mL) were
cooled toÿ50 8C and cerium(iii) chloride (53 mg, 1.5 equiv) was added with
stirring. After 5 min, NaBH4 (8 mg, 1.5 equiv) was added. The reaction
mixture was stirred for 20 min, allowed to warm to room temperature, and
then hydrolyzed. The organic compounds were extracted three times with
CH2Cl2. The organic phases were dried and solvents were removed in
vacuo. The resulting residue was chromatographed (silica gel, dichloro-
methane/acetone 4:1 (v/v)) to afford compound 3 as an oil.
[(h5-C5H5)Re(NO)(PPh3)(CH3CH�CHCH2OH)]�[BF4]ÿ (3): Yield: 51%,
two rotamers 3 a and 3b in a 51:49 ratio; 1H NMR (400 MHz, CD3COCD3):
d� 7.57 ± 7.67 (m, 18H; PPh3), 7.42 ± 7.53 (m, 12H; PPh3), 6.16 (s, 5H;
C5H5), 6.13 (s, 5H; C5H5), 4.57 ± 4.64 (m, 1 H; �CH), 4.48 ± 4.57 (m, 1H;
�CH), 4.29 ± 4.37 (m, 1 H; OH), 4.43 ± 4.34 (m, 2 H; CH2), 3.81 ± 3.89 (m,
2H; one of CH2 and OH), 3.08 ± 3.24 (m, 2 H;�CH and one of CH2), 2.18
(m, 1 H;�CH), 2.11 (d, J� 6.1 Hz, 3H; CH3), 1.33 (d, J� 6.1 Hz, 3H; CH3);
13C{1H} NMR (100 MHz, CD3COCD3): d� 133.2 (d, J(C,P)� 10.3 Hz; o-
Ph), 133.1 (d, J(C,P)� 10.3 Hz; o-Ph), 131.8 (d, J(C,P)� 2.7 Hz; p-Ph),
131.75 (d, J(C,P)� 2.7 Hz; p-Ph), 129.9 (d, J(C,P)� 55.3 Hz; i-Ph), 129.2 (d,
J(C,P)� 10.7 Hz; m-Ph), 129.1 (d, J(C,P)� 11.1 Hz; m-Ph), 97.6 (d,
J(C,P)� 0.7 Hz; C5H5), 96.9 (d, J(C,P)� 0.8 Hz; C5H5), 66.9 (s; CH), 63.0
(d, J(C,P)� 3.1 Hz; �CH), 61.5 (d, J(C,P)� 5.7 Hz; �CH), 53.5 (s; �CH),
51.9 (d, J(C,P)� 5.3 Hz;�CH), 45.3 (s; CH), 21.4 (d, J(C,P)� 2.7 Hz; CH3),
22.9 (s; CH3); 31P{1H} NMR (121 MHz, CD3COCD3): d� 8.7 (s), 8.6 (s); IR
(neat): nÄ NO 1722 (vs) cmÿ1; HRMS calcd for (C27H28NO2P187Re)�: 616.1416,
found: 616.1427.


General procedure for nucleophilic substitutions : [(h5-C5H5)Re(NO)-
(PPh3)(H2C�CHCH2OH)]�[BF4]ÿ (1, 60 mg, 0.087 mmol) was diluted in
anhydrous CH2Cl2 (4 mL) at room temperature. The nucleophile (2 equiv)
and then HBF4 ´ Et2O (2.5 mL, 0.017 mmol) were added. After 30 min, the
reaction mixture was hydrolyzed and the organic phase was separated and
dried over MgSO4. Solvents were removed by rotary evaporation. The
resulting residue was chromatographed on a 3 cm silica gel column
(dichloromethane/acetone 4:1 (v/v)) to afford compounds 5 a ± e, 6a ± c, 7, 8,
and 9 as oils.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH2OCH2C�CCH3)]�[BF4]ÿ (5a):
2-Butyn-1-ol was used as the nucleophile. Yield: 80%; 1H NMR (CDCl3,
400 MHz): d� 7.52 ± 7.61 (m, 9H; PPh3), 7.33 ± 7.52 (m, 6 H; PPh3), 5.82 (s,


5H; C5H5), 4.55 ± 4.65 (m, 1 H;�CH), 4.36 (dd, J� 11.2, 4.1 Hz, 1H; one of
CH2C�), 4.08 ± 4.19 (m, 2 H; CH2C�), 3.90 (dd, J� 11.2, 6.6 Hz, 1 H; one of
CH2C�), 2.50 (ddd, J� 11.2, 4.1 Hz, J(P,H)� 11.2 Hz, 1 H; one of H2C�),
2.39 (ddd, J� 10.2, 4.1 Hz, J(P,H)� 6.6 Hz, 1 H; one of H2C�), 1.84 (t, J�
2.2 Hz, 3 H; CH3); 13C{1H} NMR (CDCl3, 100 MHz): d� 133.2 (d, J(C,P)�
10.3 Hz; o-Ph), 132.2 (d, J(C,P)� 2.7 Hz; p-Ph), 129.9 (d, J(C,P)� 61.4 Hz;
i-Ph), 129.6 (d, J(C,P)� 11.1 Hz; m-Ph), 97.2 (s; C5H5), 82.9 (s; C�C), 74.9
(s; C�C), 73.4 (s; CH2O), 58.5 (s; CH2O), 47.6 (s;�CH), 36.2 (d, J(C,P)�
5.7 Hz;�CH2), 3.6 (s; CH3); 31P{1H} NMR (CDCl3, 121 MHz): d� 10.8; IR
(neat): nÄNO� 1725 (vs) cmÿ1; elemental analyis calcd for C30H30BF4-
NO2PRe: C 48.66, H 4.08; found: C 48.64, H 4.18.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH2OCH2C�CH)]�[BF4]ÿ (5b): Pro-
pargylic alcohol was used as the nucleophile. Yield: 87%; 1H NMR
(400 MHz, CDCl3): d� 7.52 ± 7.61 (m, 9 H; PPh3), 7.33 ± 7.42 (m, 6 H; PPh3),
5.82 (s, 5H; C5H5), 4.52 ± 4.63 (m, 1 H;�CH), 4.30 (dd, J� 11.2, 4.1 Hz, 1H;
one of CH2C�), 4.14 ± 4.24 (m, 2H; CH2C�), 3.97 (dd, J� 11.2, 6.1 Hz, 1H;
one of CH2C�), 2.49 (ddd, J� 10.7, 3.6 Hz, J(P,H)� 10.7 Hz, 1H; H2C�),
2.44 (t, J� 2.0 Hz, 1H; CH�C), 2.39 (ddd, J� 10.2, 3.6 Hz, J(P,H)� 6.6 Hz,
1H; H2C�); 13C{1H} NMR (100 MHz, CDCl3): d� 133.9 (d, J(C,P)�
9.9 Hz; o-Ph), 132.9 (d, J(C,P)� 2.3 Hz; p-Ph), 130.6 (d, J(C,P)�
56.1 Hz; i-Ph), 130.3 (d, J(C,P)� 11.1 Hz; m-Ph), 97.8 (s; C5H5), 80.1 (s;
C�CH), 75.6 (s;�CH), 74.3 (s; CH2O), 58.5 (s; CH2O), 47.6 (s;�CH), 36.9
(d, J(C,P)� 6.1 Hz;�CH2); 31P{1H} NMR (121 MHz, CDCl3): d� 10.8; IR
(neat): nÄNO� 1738 (vs) cmÿ1; elemental analysis calcd for C29H28BF4-
NO2PRe: C 47.94, H 3.88; found: C 48.01, H 3.91.
[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH2OCH(CH3)C�CH)]�[BF4]ÿ (5c):
3-Butyn-2-ol was used as the nucleophile. Yield: 82 %; Two isomers in a
55:45 ratio. 1H NMR (400 MHz, CDCl3): d� 7.52 ± 7.61 (m, 18H; PPh3),
7.32 ± 7.42 (m, 12 H; PPh3), 5.82 (s, 5H; C5H5), 5.81 (s, 5H; C5H5), 4.48 ± 4.68
(m, 3 H; �CH and CH2O), 4.38 (dd, J� 11.2, 5.3 Hz, 1H; one of CH2O),
4.26 (qd, J� 6.6, 2.0 Hz, 1 H; OCH), 4.16 (m, 2H; one of CH2O and OCH),
3.62 (dd, J� 10.7, 6.6 Hz, 1 H; one of CH2O), 2.53 ± 2.61 (m, 1H; one of
CH2�), 2.46 (d, J� 2.0 Hz, 1 H;�CH), 2.41 ± 2.49 (m, 2 H; CH2�), 2.38 (d,
J� 2.0 Hz, 1 H;�CH), 2.31 ± 2.37 (m, 1 H; CH2�), 1.44 (d, J� 6.6 Hz, 3H;
CH3), 1.43 (d, J� 6.6 Hz, 3H; CH3); 13C{1H} NMR (100 MHz, CDCl3): d�
133.9 (d, J(C,P)� 10.3 Hz; o-Ph), 133.8 (d, J(C,P)� 10.3 Hz; o-Ph), 132.9
(d, J(C,P)� 2.6 Hz; p-Ph), 132.8 (d, J(C,P)� 2.6 Hz; p-Ph), 130.6 (d,
J(C,P)� 59.1 Hz; i-Ph), 130.3 (d, J(C,P)� 11.1 Hz; m-Ph), 130.2 (d,
J(C,P)� 11.1 Hz; m-Ph), 97.9 (s; C5H5), 97.8 (s; C5H5), 84.1 (s; C�CH),
83.9 (s; C�CH), 74.3 (s; C�CH), 74.2 (s; C�CH), 73.4 (s; CH2O), 72.7 (s;
CH2O), 66.1 (s; CH), 65.4 (s; CH), 48.4 (s; �CH), 48.2 (s; �CH), 37.3 (d,
J(C,P)� 6.1 Hz;�CH2), 36.6 (d, J(C,P)� 6.1 Hz;�CH2), 22.8 (s; CH3), 22.7
(s; CH3); 31P{1H} NMR (121 MHz, CDCl3): d� 11.0, 10.9; IR (neat): nÄNO�
1725 (vs) cmÿ1; elemental analysis calcd for C30H30BF4NO2PRe: C 48.66, H
4.08; found: C 48.69, H 4.21.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH2OBu)]�[BF4]ÿ (5d): n-Butanol
was used as the nucleophile. Yield: 81%; 1H NMR (400 MHz, CDCl3):
d� 7.53 ± 7.60 (m, 9 H; PPh3), 7.32 ± 7.42 (m, 6H; PPh3), 5.80 (s, 5 H; C5H5),
4.53 ± 4.64 (m, 1 H;�CH), 4.29 (dd, J� 11.4, 3.7 Hz, 1H; one of CH2O), 3.89
(dd, J� 11.4, 6.3 Hz, 1H; one of CH2O), 3.46 ± 3.53 (m, 1H; one of CH2O),
3.34 ± 3.42 (m, 1 H; one of CH2O), 2.51 (ddd, J� 11.4, 3.9 Hz, J(P,H)�
11.4 Hz, 1H; one of H2C�), 2.36 (ddd, J� 10.4, 3.9 Hz, J(P,H)� 7.4 Hz, 1H;
one of H2C�), 1.47 ± 1.63 (m, 2H; CH2), 1.30 ± 1.41 (m, 2 H; CH2), 0.92 (t,
J� 7.3 Hz, 3H; CH3); 13C{1H} NMR (100 MHz, CDCl3): d� 133.9 (d,
J(C,P)� 10.3 Hz; o-Ph), 132.8 (d, J(C,P)� 2.7 Hz; p-Ph), 130.7 (d,
J(C,P)� 58.8 Hz; i-Ph), 130.3 (d, J(C,P)� 11.5 Hz; m-Ph), 97.7 (s; C5H5),
74.9 (s; CH2O), 71.4 (s; CH2O), 49.6 (s; �CH), 36.8 (d, J(C,P)� 5.7 Hz;
�CH2), 32.6 (s; CH2), 20.0 (s; CH2), 14.6 (s; CH3); 31P{1H} NMR (121 MHz,
CDCl3): d� 11.1; IR (neat): nÄNO� 1725 (vs) cmÿ1; elemental analysis calcd
for C30H34BF4NO2PRe: C 48.39, H 4.61; found: C 48.34, H 4.56.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH2OCH2CH�CH2)]�[BF4]ÿ (5e):
Allyl alcohol was used as the nucleophile. Yield: 76%; 1H NMR
(400 MHz, CDCl3): d� 7.53 ± 7.60 (m, 9 H; PPh3), 7.32 ± 7.41 (m, 6H;
PPh3), 5.84 ± 5.94 (m, 1 H;�CH), 5.81 (d, J(P,H)� 0.6 Hz, 5H; C5H5), 5.25
(ddt, J� 17.2, 1.6, 1.6 Hz, 1H; �CH2), 5.19 (m, J� 10.3 Hz, 1 H; �CH2),
4.60 ± 4.69 (m, 1H;�CH), 4.33 (dd, J� 11.6, 3.5 Hz, 1 H; CH2O), 4.05 (ddt,
J� 12.4, 5.6, 1.3 Hz, 1H; one of CH2O), 3.96 (ddt, J� 12.4, 5.9, 1.3 Hz, 1H;
one of CH2O), 3.93 (dd, J� 11.6, 6.3 Hz, 1 H; one of CH2O), 2.53 (ddd, J�
11.6, 3.9 Hz, J(P,H)� 10.3 Hz, 1 H; one of H2C�), 2.38 (ddd, J� 10.6,
3.9 Hz, J(P,H)� 6.6 Hz, 1H; one of H2C�); 13C{1H} NMR (100 MHz,
CDCl3): d� 135.3 (s; �CH), 133.9 (d, J(C,P)� 9.8 Hz; o-Ph), 132.8 (d,
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J(C,P)� 2.7 Hz; p-Ph), 130.7 (d, J(C,P)� 59.1 Hz; i-Ph), 130.3 (d, J(C,P)�
11.1 Hz; m-Ph), 118.1 (s; H2C�), 97.7 (s; C5H5), 74.3 (s; CH2O), 72.5 (s;
CH2O), 49.0 (s; �CH), 36.6 (d, J(C,P)� 6.1 Hz; �CH2); 31P{1H} NMR
(121 MHz, CDCl3): d� 10.9; IR (neat): nÄNO� 1725 (vs) cmÿ1; HRMS calcd
for (C29H30NO2PRe)�: 642.1573, found: 642.1598; elemental analysis calcd
for C29H30BF4NO2PRe: C 47.81, H 4.15; found: C 47.41, H 4.13.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH2SCH2CH�CH2)]�[BF4]ÿ (6a):
Allyl thiol was used as the nucleophile. Yield: 82%; 1H NMR (400 MHz,
CDCl3): d� 7.53 ± 7.63 (m, 9 H; PPh3), 7.31 ± 7.40 (m, 6 H; PPh3), 5.83 (s, 5H;
C5H5), 5.68 ± 5.82 (m, 1H;�CH), 5.02 ± 5.12 (m, 2 H;�CH2), 4.48 ± 4.61 (m,
1H;�CH), 3.25 (d, J� 6.6 Hz, 2 H; CH2S), 3.07 (dd, J� 13.2, 5.5 Hz, 1H;
one of CH2S), 2.90 (dd, J� 13.2, 8.6 Hz, 1H; CH2S), 2.60 ± 2.69 (m, 1H;
H2C�), 2.35 (ddd, J� 11.2, 4.1 Hz, J(P,H)� 11.2 Hz, 1 H; one of H2C�);
13C{1H} NMR (100 MHz, CDCl3): d� 134.9 (s; CH�), 133.9 (d, J(C,P)�
9.9 Hz; o-Ph), 133.0 (d, J(C,P)� 2.7 Hz; p-Ph), 130.5 (d, J(C,P)� 59.1 Hz;
i-Ph), 130.4 (d, J(C,P)� 11.1 Hz; m-Ph), 118.4 (s; H2C�), 97.9 (s; C5H5),
48.5 (s; �CH), 39.4 (d, J(C,P)� 5.7 Hz; �CH2), 39.0 (s; CH2S), 35.3 (s;
CH2S); 31P{1H} NMR (121 MHz, CDCl3): d� 10.2; IR (neat): nÄNO� 1719
(vs) cmÿ1; HRMS calcd for (C29H30NOSPRe)�: 658.1343, found: 658.1358.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH2SBu)]�[BF4]ÿ (6 b): n-Butane-
thiol was used as the nucleophile. Yield: 86%; 1H NMR (400 MHz,
CDCl3): d� 7.53 ± 7.62 (m, 9 H; PPh3), 7.32 ± 7.42 (m, 6 H; PPh3), 5.83 (s, 5H;
C5H5), 4.48 ± 4.63 (m, 1H; �CH), 3.12 (dd, J� 13.2, 5.1 Hz, 1 H; one of
CH2S), 2.96 (dd, J� 13.2, 8.1 Hz, 1 H; one of CH2S), 2.64 (ddd, J� 10.2,
4.1 Hz, J(P,H)� 6.1 Hz, 1H; one of H2C�), 2.59 (t, J� 7.6 Hz, 2 H; CH2S),
2.33 (ddd, J� 10.7, 4.1 Hz, J(P,H)� 10.7 Hz, 1H; one of H2C�), 1.45 ± 1.55
(m, 2H; CH2), 1.31 ± 1.43 (m, 2H; CH2), 0.88 (t, J� 7.6 Hz, 3 H; CH3);
13C{1H} NMR (100 MHz, CDCl3): d� 133.9 (d, J(C,P)� 9.9 Hz; o-Ph),
132.9 (d, J(C,P)� 2.7 Hz; p-Ph), 130.5 (d, J(C,P)� 58.7 Hz; i-Ph), 130.4 (d,
J(C,P)� 11.1 Hz; m-Ph), 97.9 (s; C5H5), 48.7 (s;�CH), 40.5 (s; CH2S), 39.2
(d, J(C,P)� 6.1 Hz;�CH2), 32.5 (s; CH2), 32.2 (s; CH2), 22.5 (s; CH2S), 14.4
(s; CH3); 31P{1H} NMR (121 MHz, CDCl3): d� 10.2; IR (neat): nÄNO� 1738
(vs) cmÿ1; HRMS calcd for (C30H34NOSPRe)�: 674.1656, found: 674.1654.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH2SPh)]�[BF4]ÿ (6c): Thiophenol
was used as the nucleophile. Yield: 88%; 1H NMR (400 MHz, CDCl3):
d� 7.15 ± 7.60 (m, 20 H; PPh3 and SPh), 5.79 (s, 5 H; C5H5), 4.47 ± 4.60 (m,
1H;�CH), 3.44 (dd, J� 13.7, 6.1 Hz, 1 H; CH2S), 3.34 (dd, J� 13.7, 8.1 Hz,
1H; CH2S), 2.46 (ddd, J� 10.2, 4.6 Hz, J(P,H)� 6.1 Hz, 1H; H2C�), 2.11
(ddd, J� 10.7, 4.6 Hz, J(P,H)� 10.7 Hz, 1H; H2C�); 13C{1H} NMR
(100 MHz, CDCl3): d� 135.6 (s; SPh), 133.8 (d, J(C,P)� 10.3 Hz; o-Ph),
133.0 (d, J(C,P)� 2.7 Hz; p-Ph), 131.9 (s; SPh), 130.4 (d, J(C,P)� 59.1 Hz;
i-Ph), 130.3 (d, J(C,P)� 11.4 Hz; m-Ph), 129.9 (s; SPh), 127.8 (s; SPh), 97.9
(s; C5H5), 47.2 (s; �CH), 43.8 (s; CH2S), 38.8 (d, J(C,P)� 5.7 Hz; �CH2);
31P{1H} NMR (121 MHz, CDCl3): d� 10.2; IR (neat): nÄNO� 1719 (vs) cmÿ1;
HRMS calcd for (C34H30NOSPRe)�: 694.1343, found: 694.1329.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH2CH2CH�CH2)]�[BF4]ÿ (7): Allyl-
trimethylsilane was used as the nucleophile. Yield: 76 %; 1H NMR
(400 MHz, CDCl3): d� 7.53 ± 7.62 (m, 9 H; PPh3), 7.31 ± 7.40 (m, 6H;
PPh3), 5.77 ± 5.88 (m, 1 H;�CH), 5.78 (s, 5 H; C5H5), 5.07 (br d, J� 15.8 Hz,
1H; one of�CH2), 5.02 (br d, J� 10.2 Hz, 1H; one of�CH2), 4.43 ± 4.55 (m,
1H; �CH), 2.46 ± 2.54 (m, 1 H; one of H2C�), 2.42 (ddd, J� 12.9, 4.7 Hz,
J(P,H)� 12.9 Hz, 1H; one of H2C�), 2.20 ± 2.37 (m, 2H; CH2), 1.99 ± 2.18
(m, 2 H; CH2); 13C{1H} NMR (100 MHz, CDCl3): d� 138.1 (s;�CH), 133.8
(d, J(C,P)� 9.9 Hz; o-Ph), 132.9 (d, J(C,P)� 2.3 Hz; p-Ph), 130.7 (d,
J(C,P)� 59.1 Hz; i-Ph), 130.3 (d, J(C,P)� 11.1 Hz; m-Ph), 116.5 (s; H2C�),
97.5 (s; C5H5), 51.9 (s;�CH), 39.4 (d, J(C,P)� 5.3 Hz;�CH2), 38.3 (s; CH2),
37.6 (s; CH2); 31P{1H} NMR (121 MHz, CDCl3): d� 10.7; IR (neat): nÄNO�
1718 (vs) cmÿ1; elemental analysis calcd for C29H30BF4NOPRe: C 48.88, H
4.24; found: C 48.91, H 4.29.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH2PPh3)]2�2[BF4]ÿ (8): Triphenyl-
phosphane was used as the nucleophile and 13 mL de HBF4 ´ Et2O (1 equiv)
was added Yield: 60%; 1H NMR (400 MHz, CDCl3): d� 7.52 ± 7.78 (m,
24H; PPh3), 7.25 ± 7.36 (m, 6 H; PPh3), 5.87 (s, 5 H; C5H5), 4.89 (m, J�
12 Hz, J(P,H)� 12 Hz, 1 H; one of CH2P), 4.15 ± 4.28 (m, 1 H;�CH), 2.81 ±
2.93 (m, 1 H; one of �CH2), 2.53 (ddd, J� 12.2, 12.2, 2.5 Hz, J(P,H)�
14.7 Hz, 1 H; one of CH2P), 1.43 (ddd, J� 10.2, 4.1 Hz, J(P,H)� 10.2 Hz,
1H; one of H2C�); 13C{1H} NMR (100 MHz, CD3NO2): d� 136.8 (d,
J(C,P)� 3.1 Hz; PPh3), 135.4 (d, J(C,P)� 9.9 Hz; PPh3), 134.6 (d, J(C,P)�
9.9 Hz; PPh3), 133.8 (d, J(C,P)� 2.7 Hz; PPh3), 131.8 (d, J(C,P)� 12.9 Hz;
PPh3), 131.2 (d, J(C,P)� 59.9 Hz; PPh3), 131.0 (d, J(C,P)� 11.4 Hz; PPh3),


118.7 (dd, J(C,P)� 85.1, 1.5 Hz; PPh3), 99.7 (s; C5H5), 40.2 (d, J(C,P)�
4.6 Hz; �CH2), 34.2 (s; �CH), 33.9 (d, J(C,P)� 42.3 Hz; CH2P).31P{1H}
NMR (121 MHz, CDCl3): d� 25.6, 9.0; HRMS calcd for [MÿPPh3]�


((C26H25NOPRe)�): 585.1232, found: 585.1232.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH2OCOCH3)]�[BF4]ÿ (9): Acetic
acid was used as the nucleophile. Yield: 63%. The NMR, IR, and mass
spectra have already been reported.[8b]


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCD2OCH2CH�CH2)]�[BF4]ÿ (5e''):
Allyl alcohol was used as the nucleophile. Yield: 78%; 1H NMR
(400 MHz, CDCl3): d� 7.52 ± 7.60 (m, 9 H; PPh3), 7.32 ± 7.42 (m, 6H;
PPh3), 5.83 ± 5.94 (m, J� 17.2, 10.4 Hz, 1H; �CH), 5.81 (5H; C5H5), 5.24
(ddt, J� 17.2, 1.6, 1.6 Hz, 1H; one of�CH2), 5.18 (m, J� 10.4 Hz, 1H; one
of �CH2), 4.61 (ddd, J� 11.8, 10.2 Hz, J(P,H)� 2.0 Hz, 1H; �CH), 4.05
(ddt, J� 12.5, 5.6, 1.4 Hz, 1H; one of CH2O), 3.97 (ddt, J� 12.5, 6.0, 1.3 Hz,
1H; one of CH2O), 2.53 (ddd, J� 11.7, 3.9 Hz, J(P,H)� 10.2 Hz, 1 H; one of
H2C�), 2.35 (ddd, J� 11.1, 3.9 Hz, J(P,H)� 7.1 Hz, 1H; one of H2C�);
13C{1H} NMR (100 MHz, CDCl3): d� 134.6 (s; �CH), 133.2 (d, J(C,P)�
10.3 Hz; o-Ph), 132.2 (d, J(C,P)� 2.7 Hz; p-Ph), 129.9 (d, J(C,P)� 59.1 Hz;
i-Ph), 129.6 (d, J(C,P)� 11.1 Hz; m-Ph), 117.4 (s; H2C�), 97.1 (s; C5H5), 71.7
(s; CH2O), 48.1 (s; �CH), 36.0 (d, J(C,P)� 6.1 Hz; �CH2); 31P{1H} NMR
(121 MHz, CDCl3): d� 10.9; IR (neat): nÄNO� 1725 (vs) cmÿ1; HRMS calcd
for (C29H28D2NO2PRe)�: 642.1666, found: 642.1643.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCD2SPh)]�[BF4]ÿ (6 c''): Thiophenol
was used as the nucleophile. Yield: 63%; 1H NMR (400 MHz, CDCl3):
d� 7.51 ± 7.59 (m, 9H; PPh3), 7.15 ± 7.38 (m, 11 H; PPh3 and SPh), 5.78 (s,
5H; C5H5), 4.52 (m, J� 10 Hz, J(P,H)� 2.0 Hz, 1 H;�CH), 2.44 (ddd, J�
10.7, 4.6 Hz, J(P,H)� 6.6 Hz, 1H; one of H2C�), 2.09 (ddd, J� 11.2, 4.6 Hz,
J(P,H)� 11.2 Hz, 1H; one of H2C�); 13C{1H} NMR (100 MHz, CDCl3): d�
135.6 (s; SPh), 133.8 (d, J(C,P)� 9.9 Hz; o-Ph), 132.9 (d, J(C,P)� 2.7 Hz; p-
Ph), 131.9 (s; SPh), 130.4 (d, J(C,P)� 59.1 Hz; i-Ph), 130.3 (d, J(C,P)�
11.4 Hz; m-Ph), 129.9 (s; SPh), 127.8 (s; SPh), 97.9 (s; C5H5), 46.9 (s;�CH),
38.7 (d, J(C,P)� 5.7 Hz;�CH2); 31P{1H} NMR (121 MHz, CDCl3): d� 10.1.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCD2PPh3)]2�2[BF4]ÿ (7''): Triphenyl-
phosphane was used as the nucleophile and HBF4 ´ Et2O (13 mL (1 equiv))
was added. Yield: 58 %; 1H NMR (400 MHz, CD3NO2): d� 7.57 ± 7.97 (m,
24H; PPh3), 7.42 ± 7.52 (m, 6H; PPh3), 5.98 (s, 5H; C5H5), 4.30 ± 4.38 (m,
1H; �CH), 2.46 ± 2.55 (m, 1H; one of �CH2), 1.96 ± 2.06 (m, 1 H; one of
�CH2); 13C{1H} NMR (100 MHz, CD3NO2): d� 136.9 (d, J(C,P)� 3.1 Hz;
PPh3), 135.4 (d, J(C,P)� 9.9 Hz; PPh3), 134.6 (d, J(C,P)� 9.9 Hz; PPh3),
133.9 (d, J(C,P)� 2.7 Hz; PPh3), 131.9 (d, J(C,P)� 12.6 Hz; PPh3), 131.2 (d,
J(C,P)� 59.9 Hz; PPh3), 131.0 (d, J(C,P)� 11.1 Hz; PPh3), 118.6 (d,
J(C,P)� 85.1 Hz; PPh3), 99.8 (s; C5H5), 40.3 (d, J(C,P)� 6.5 Hz; �CH2),
34.1 (s;�CH); 31P{1H} NMR (121 MHz, CD3NO2): d� 25.2, 9.5; IR (neat):
nÄNO� 1730 (vs).


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCD2CH2CH�CH2)]�[BF4]ÿ (8''): Al-
lyltrimethylsilane was used as the nucleophile. Yield: 81%; 1H NMR
(400 MHz, CDCl3): d� 7.52 ± 7.62 (m, 9 H; PPh3), 7.30 ± 7.40 (m, 6 H; PPh3),
5.77 ± 5.88 (m, 1H;�CH), 5.78 (s, 5 H; C5H5), 5.06 (dd, J� 16.8, 1.5 Hz, 1H;
one of �CH2), 5.00 (dd, J� 10.2, 1.5 Hz, 1 H; one of �CH2), 4.47 (m, J�
10 Hz, J(P,H)� 1.5 Hz, 1H; �CH), 2.48 (ddd, J� 9.7, 4.1 Hz, J(P,H)�
6.1 Hz, 1 H; one of H2C�), 2.42 (ddd, J� 11.2, 4.1 Hz, J(P,H)� 11.2 Hz,
1H; one of H2C�), 2.20 ± 2.34 (m, 2H; CH2); 13C{1H} NMR (100 MHz,
CDCl3): d� 138.1 (s; �CH), 133.8 (d, J(C,P)� 9.9 Hz; o-Ph), 132.9 (d,
J(C,P)� 2.7 Hz; p-Ph), 130.7 (d, J(C,P)� 58.7 Hz; i-Ph), 130.3 (d, J(C,P)�
11.1 Hz; m-Ph), 116.4 (s; H2C�), 97.5 (s; C5H5), 51.6 (s; �CH), 39.4 (d,
J(C,P)� 5.7 Hz; �CH2), 37.4 (s; CH2); 31P{1H} NMR (121 MHz, CDCl3):
d� 10.7.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCD2OCOCH3)]�[BF4]ÿ (9''): Acetic
acid was used as the nucleophile. Yield: 61 %; 1H NMR (400 MHz,
CD3NO2): d� 7.60 ± 7.72 (m, 9H; PPh3), 7.52 ± 7.58 (m, 6 H; PPh3), 5.98 (s,
5H; C5H5), 4.49 (m, J � 11 Hz, J(P,H)� 2.0 Hz, 1 H;�CH), 2.69 (ddd, J�
11.2, 4.6 Hz, J(P,H)� 10.2 Hz, 1 H; one of H2C�), 2.36 (ddd, J� 11.2,
4.6 Hz, J(P,H)� 7.1 Hz, 1 H; one of H2C�), 2.06 (s, 3 H; CH3); 13C{1H} NMR
(100 MHz, CD3NO2): d� 172.3 (s; CO), 134.8 (d, J(C,P)� 10.3 Hz; o-Ph),
133.7 (d, J(C,P)� 2.7 Hz; p-Ph), 131.5 (d, J(C,P)� 59.9 Hz; i-Ph), 130.9 (d,
J(C,P)� 11.1 Hz; m-Ph), 99.2 (s; C5H5), 44.1 (s; �CH), 37.7 (d, J(C,P)�
6.1 Hz;�CH2), 21.1 (s; CH3); 31P{1H} NMR (121 MHz, CDCl3): d� 10.3; IR
(neat): nÄ � 1735 (NO, vs), 1730 (CO, vs) cmÿ1.


Nucleophilic substitutions starting from the crotylic alcohol complex
(3a,b): The experimental procedure was similar to that reported above for







FULL PAPER J.-C. Guillemin et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2170 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 112170


the allylic alcohol complex 1 and used [(h5-C5H5)Re(NO)(PPh3)-
(CH3HC�CHCH2OH)]�[BF4]ÿ (3 a,b, 25 mg, 3.56� 10ÿ2 mmol).


[(h5-C5H5)Re(NO)(PPh3)(CH3HC�CHCH2SPh)]�[BF4]ÿ (12): Thiophe-
nol was used as the nucleophile. Yield: 88%; three isomers in a 54:38:8
ratio were obtained. 1H NMR (CDCl3, 400 MHz): d� 7.11 ± 7.72 (m; 3 PPh3


and 3 SPh), 5.87 (s, 5H; C5H5), 5.86 (s, 5H; C5H5), 5.74 (s, 5 H; C5H5), 4.27 ±
4.36 (m, 1 H; �CH), 3.96 ± 4.04 (m, 1 H; �CH), 3.48 (dd, J� 13.7, 4.6 Hz,
1H; one of CH2S), 3.19 ± 3.27 (m, 2H; CH2S), 2.55 ± 2.72 (m, 1H; one of
CH2S), 2.38 (dd, J� 12.7 Hz, J(P,H)� 2.6 Hz, 1H; HC�), 2.24 (d, J�
11.7 Hz, 1H; HC�), 1.80 (d, J� 6.1 Hz, 3 H; CH3), 1.62 (d, J� 6.6 Hz,
3H; CH3), 1.24 (d, J� 6.1 Hz, 3 H; CH3); 13C{1H} NMR (CDCl3, 100 MHz):
d� 134.7 ± 127.2 (SPH and PPh3), 97.6 (s; C5H5), 97.1 (s; C5H5), 97.10 (s;
C5H5), 56.0 (d, J(C,P)� 5.7 Hz;�CH), 54.3 (d, J(C,P)� 5.3 Hz;�CH), 50.0
(s; CH2S), 47.5 (s; CH2S), 44.1 (s; �CH), 42.1 (d, J(C,P)� 1.8 Hz; �CH),
23.5 (s; CH3), 22.3 (s, J(C,P)� 2.6 Hz; CH3), 22.2 (s; CH3); 31P{1H} NMR
(121 MHz, CDCl3): d� 12.4, 6.9, 6.7; HRMS calcd for (C33H33NOSPRe)�:
708.1500, found: 708.1499.


[(h5-C5H5)Re(NO)(PPh3)(CH3H2C�CHCH2CH2CH�CH2)]�[BF4]ÿ (13):
Allyltrimethylsilane was used as the nucleophile. Yield: 77 %; three
isomers in a 39:37:24 ratio were obtained. 1H NMR (CDCl3, 400 MHz):
d� 7.20 ± 7.72 (m, 45H; PPh3), 5.86 (s, 5 H; C5H5), 5.84 (s, 5H; C5H5), 5.73 (s,
5H; C5H5), 5.74 ± 5.87 (m, 2H;�CH), 5.30 ± 5.43 (m, 1 H;�CH), 4.99 ± 5.11
(m, 4H; �CH2), 4.74 ± 4.85 (m, 2H; �CH2), 4.36 ± 4.44 (m, 1 H; HC�),
4.26 ± 4.35 (m, 1 H; HC�), 2.89 ± 3.12 (m, 4H; HC� and CH2), 2.02 ± 2.47
(m, 8H; HC� and CH2), 1.81 ± 2.02 (m, 4H; CH2), 2.10 (d, J� 6.1 Hz, 3H;
CH3), 1.35 (d, J� 6.6 Hz, 3H; CH3), 1.28 (d, J� 6.6 Hz, 3 H; CH3); 13C{1H}
NMR (CDCl3, 100 MHz): d� 137.4 (s; �CH), 136.9 (s; �CH), 136.1 (s;
�CH), 128.4 ± 133.4 (PPh3), 117.2 (s; H2C�), 116.0 (s; H2C�), 115.8 (s;
H2C�), 97.4 (s; C5H5), 97.3 (s; C5H5), 97.1 (s; C5H5), 66.4 (s;�CH), 61.1 (d,
J(C,P)� 5.3 Hz;�CH), 54.6 (d, J(C,P)� 4.9 Hz;�CH), 54.2 (s;�CH), 49.8
(s;�CH), 48.2 (s; CH2), 41.4 (s;�CH), 40.1 (s; CH2), 38.3 (s; CH2), 37.2 (s;
CH2), 37.1 (s; CH2), 34.7 (s; CH2), 24.1 (s; CH3), 22.5 (d, J(C,P)� 2.3 Hz;
CH3), 20.8 (s; CH3); 31P{1H} NMR (121 MHz, CDCl3): d� 12.4, 7.6, 7.5;
HRMS calcd for (C30H32NOPRe)�: 640.1779, found: 640.1779.


Nucleophilic substitutions starting from the 3-buten-2-ol complex (2a,b):
The experimental procedure was similar to that reported above for the
allylic alcohol complex 1 and used [(h5-C5H5)Re(NO)(PPh3)-
(H2C�CHCH(CH3)OH)]�[BF4]ÿ (2 a,b, 60 mg, 0.854 mmol).


Nucleophilic substitutions starting from the racemate 2 a,b:


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH(CH3)OMe)]�[BF4]ÿ (14): Metha-
nol was used as the nucleophile. Yield: 74 %; two diastereomers in a 60:40
ratio were obtained. Major diastereomer : 1H NMR (400 MHz, CDCl3): d�
7.52 ± 7.59 (m, 9H; PPh3), 7.33 ± 7.42 (m, 6 H; PPh3), 5.79 (s, 5 H; C5H5),
4.39 ± 4.54 (m, 1H;�CH), 3.57 ± 3.68 (m, 1H; CH), 3.27 (s, 3 H; CH3O), 2.73
(ddd, J� 10.7, 4.1 Hz, J(P,H)� 10.7 Hz, 1 H; one of H2C�), 1.94 (ddd, J�
10.7, 4.1 Hz, J(P,H)� 7.1 Hz, 1 H; one of H2C�), 1.45 (d, J� 6.1 Hz, 3H;
CH3); 13C{1H} NMR (100 MHz, CDCl3): d� 133.3 (d, J(C,P)� 9.9 Hz; o-
Ph), 132.1 (d, J(C,P)� 3.0 Hz; p-Ph), 130.0 (d, J(C,P)� 58.4 Hz; i-Ph),
129.5 (d, J(C,P)� 11.1 Hz; m-Ph), 96.9 (s; C5H5), 79.2 (s; CH), 55.3 (s;
OCH3), 54.1 (s; �CH), 33.3 (d, J(C,P)� 6.1 Hz; �CH2), 22.8 (s; CH3);
31P{1H} NMR (121 MHz, CDCl3): d� 11.4. Minor diastereomer : 1H NMR
(400 MHz, CDCl3): d� 7.52 ± 7.59 (m, 9 H; PPh3), 7.33 ± 7.42 (m, 6 H; PPh3),
5.80 (s, 5 H; C5H5), 4.39 ± 4.54 (m, 1 H;�CH), 3.57 ± 3.68 (m, 1H; CH), 3.31
(s, 3H; CH3O), 2.44 (ddd, J� 10.7, 4.1 Hz, J(P,H)� 10.7 Hz, 1 H; one of
H2C�), 2.21 (ddd, J� 10.7, 4.1 Hz, J(P,H)� 7.6 Hz, 1 H; one of H2C�), 1.39
(d, J� 6.1 Hz, 3 H; CH3); 13C{1H} NMR (100 MHz, CDCl3): d� 133.3 (d,
J(C,P)� 9.9 Hz; o-Ph), 132.2 (d, J(C,P)� 2.7 Hz; p-Ph), 130.0 (d, J(C,P)�
58.4 Hz; i-Ph), 129.6 (d, J(C,P)� 11.1 Hz; m-Ph), 97.0 (s; C5H5), 79.8 (s;
CH), 56.3 (s; OCH3), 55.7 (s;�CH), 34.1 (d, J(C,P)� 5.7 Hz;�CH2), 22.4 (s,
CH3); 31P{1H} NMR (121 MHz, CDCl3): d� 11.1; IR (neat): nÄNO� 1729
(vs) cmÿ1; HRMS calcd for (C28H30NO2P187Re)�: 630.1572, found: 630.1573.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH(CH3)SPh)]�[BF4]ÿ (15): Thio-
phenol was used as the nucleophile. Yield: 80%; two diastereomers in a
55:45 ratio were obtained. See below for the 1H, 13C, and 31P NMR data of
each diastereomer; IR (neat): nÄNO� 1720 (vs) cmÿ1; HRMS calcd for
(C33H32NOSP187Re)�: 708.1500, found: 708.1504.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH(CH3)CH2CH�CH2)]�[BF4]ÿ (16):
Allyltrimethylsilane was used as the nucleophile. Yield: 85 %; two
diastereomers in a 56:44 ratio were obtained. Major diastereomer :
1H NMR (400 MHz, CDCl3): d� 7.52 ± 7.62 (m, 9H; PPh3), 7.30 ± 7.40 (m,


6H; PPh3), 5.78 (s, 5 H; C5H5), 5.66 ± 5.88 (m, 1H; �CH), 5.00 (br d, J�
17.0 Hz, 1H; one of�CH2), 4.98 (br d, J� 9.7 Hz, 1 H; one of�CH2), 4.22 ±
4.32 (m, 1H;�CH), 2.33 ± 2.48 (m, 2 H; H2C�), 2.27 (br d, J� 6.6 Hz, 1H;
one of CH2), 2.25 (br d, J� 6.6 Hz, 1H; one of CH2), 1.32 ± 1.42 (m, 1H;
CH), 1.20 (d, J� 6.5 Hz, 3 H; CH3); 13C{1H} NMR (100 MHz, CDCl3): d�
136.1 (s,�CH), 133.2 (d, J(C,P)� 10.9 Hz; o-Ph), 132.3 (d, J(C,P)� 2.3 Hz;
p-Ph), 129.9 (d, J(C,P)� 58.4; i-Ph), 129.6 (d, J(C,P)� 11.1 Hz; m-Ph),
117.0 (s;�CH2), 96.9 (s; C5H5), 58.1 (s;�CH), 46.2 (s; CH2), 42.1 (s; CH2),
37.2 (d, J(C,P)� 5.7 Hz; �CH2), 21.4 (s; CH3); 31P{1H} NMR (121 MHz,
CDCl3): d� 10.6. Minor diastereomer : 1H NMR (400 MHz, CDCl3): d�
7.52 ± 7.62 (m, 9H; PPh3), 7.30 ± 7.40 (m, 6 H; PPh3), 5.79 (s, 5 H; C5H5),
5.66 ± 5.88 (m, 1 H; �CH), 5.12 (br d, J� 16.3 Hz, 1H; one of �CH2), 5.08
(br d, J� 9.5 Hz, 1 H; one of �CH2), 4.33 ± 4.42 (m, 1 H; �CH), 2.33 ± 2.48
(m, 4H; H2C� and CH2), 1.42 ± 1.50 (m, 1 H; CH), 1.17 (d, J� 6.6 Hz, 3H;
CH3); 13C{1H} NMR (100 MHz, CDCl3): d� 136.2 (s; �CH), 133.2 (d,
J(C,P)� 10.9 Hz; o-Ph), 132.3 (d, J(C,P)� 2.3 Hz; p-Ph), 129.8 (d,
J(C,P)� 58.4 Hz; i-Ph), 129.7 (d, J(C,P)� 11.1 Hz; m-Ph), 117.10 (s;
�CH2), 96.9 (s; C5H5), 57.7 (s;�CH), 42.7 (s; CH2), 41.9 (s; CH2), 36.2 (d,
J(C,P)� 5.7 Hz; �CH2), 24.8 (s; CH3); 31P{1H} NMR (121 MHz, CDCl3):
d� 10.9; IR (neat): nÄNO� 1718 (vs) cmÿ1; HRMS calcd for
(C30H32NOP187Re)�: 640.1779, found: 640.1772.


Nucleophilic substitutions starting from the (RSS,SRR) 3-buten-2-ol
complex diastereomer 2a :


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH(CH3)SPh)]�[BF4]ÿ (15a): Thio-
phenol was used as the nucleophile. Yield: 83 %; 1H NMR (400 MHz,
CDCl3): d� 7.56 ± 7.63 (m, 9H; Ph), 7.34 ± 7.43 (m, 8H; Ph), 7.25 ± 7.32 (m,
4H; Ph), 5.88 (s, 5H; C5H5), 4.36 ± 4.45 (m, J� 9.6 Hz, 1 H;�CH), 2.97 (dq,
J� 9.6, 6.6 Hz, 1 H; CH), 2.70 (ddd, J� 9.7, 4.6 Hz, J(P,H)� 7.1 Hz, 1H;
one of H2C�), 2.27 (ddd, J� 11.2, 4.6 Hz, J(P,H)� 11.2 Hz, 1 H; one of
H2C�), 1.43 (d, J� 6.6 Hz, 3H; CH3); 13C{1H} NMR (100 MHz, CDCl3):
d� 134.6 (s; SPh), 134.0 (s; SPh), 133.9 (d, J(C,P)� 9.9 Hz; o-Ph), 133.0 (d,
J(C,P)� 2.7 Hz, p-Ph); 130.4 (d, J(C,P)� 11.1 Hz, m-Ph), 130.2 (d,
J(C,P)� 58.7 Hz; i-Ph), 129.7 (s; SPh), 128.5 (s; SPh), 98.3 (s; C5H5), 53.8
(s; CH), 53.2 (s; CH), 37.8 (d, J(C,P)� 6.1 Hz;�CH2), 27.6 (s; CH3); 31P{1H}
NMR (121 MHz, CDCl3): d� 9.7; HRMS calcd for (C33H32NOSP187Re)�:
708.1500, found: 708.1500.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH(CH3)CH2CH�CH2)]�[BF4]ÿ (16a):
Allyltrimethylsilane was used as the nucleophile. Yield: 73 %; 1H NMR
(400 MHz, CDCl3): d� 7.56 ± 7.62 (m, 9 H; PPh3), 7.32 ± 7.49 (m, 6 H; PPh3),
5.80 ± 5.91 (m, 1 H;�CH), 5.80 (s; 5H, C5H5), 5.13 (d, J� 15.8 Hz, 1H; one
of�CH2), 5.10 (d, J� 8.1 Hz, 1H; one of�CH2), 4.34 ± 4.44 (m, 1H;�CH),
2.35 ± 2.47 (m, 3H; one of H2C� and CH2), 2.14 ± 2.23 (m, 1H; one of
H2C�), 1.42 ± 1.52 (m, 1 H; CH), 1.18 (d, J� 6.7 Hz, 3H; CH3); 13C{1H}
NMR (100 MHz, CDCl3): d� 136.9 (s;�CH), 133.9 (d, J(C,P)� 9.9 Hz; o-
Ph), 132.9 (d, J(C,P)� 2.7 Hz; p-Ph), 130.5 (d, J(C,P)� 59.1 Hz; i-Ph),
130.3 (d, J(C,P)� 11.1 Hz; m-Ph), 117.9 (s; H2C�), 97.6 (s; C5H5), 58.6 (s;
�CH), 42.8 (s; CH2), 42.7 (s; CH), 37.1 (d, J(C,P)� 5.7 Hz;�CH2), 25.5 (s;
CH3); 31P{1H} NMR (121 MHz, CDCl3): d� 10.5; HRMS calcd for
(C30H32NOP187Re)�: 640.1780, found: 640.1775.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH(CH3)OCH2C�CH)]�[BF4]ÿ (RSS,-
SRR) (17 a): Propargylic alcohol was used as the nucleophile. Yield: 81%;
1H NMR (400 MHz, CD3COCD3): d� 7.62 ± 7.68 (m, 9H; PPh3), 7.53 ± 7.59
(m, 6H; PPh3), 6.11 (s, 5 H; C5H5), 4.55 ± 4.64 (m, 1H;�CH), 4.41 ± 4.49 (m,
J� 6.1 Hz, 1H; CH), 4.33 (dd, J� 15.8, 2.5 Hz, 1 H; one of CH2O), 4.21 (dd,
J� 15.8, 2.5 Hz, 1H; one of CH2O), 2.70 (ddd, J� 14.2, 4.1 Hz, J(P,H)�
11.7 Hz, 1 H; one of H2C�), 2.05 (t, J� 2.5 Hz, 1H; HC�), 1.99 (ddd, J�
10.7, 4.1 Hz, J(P,H)� 7.6 Hz, 1 H; one of H2C�), 1.47 (d, J� 6.1 Hz, 3H;
CH3); 13C{1H} NMR (100 MHz, CD3NO2): d� 134.7 (d, J(C,P)� 9.9 Hz; o-
Ph), 133.4 (d, J(C,P)� 2.7 Hz; p-Ph), 131.8 (d, J(C,P)� 58.8 Hz; i-Ph),
130.5 (d, J(C,P)� 11.1 Hz; m-Ph), 98.7 (s; C5H5), 81.7 (s; C�C), 79.0 (s;
C�C), 75.4 (s; CH2O), 57.0 (s; CH), 55.7 (s;�CH), 33.9 (d, J(C,P)� 6.5 Hz;
�CH2), 23.1 (s; CH3); 31P{1H} NMR (121 MHz, CD3COCD3): d� 12.8;
elemental analysis calcd for C30H30BF4NO2PRe: C 48.66, H 4.08; found: C
48.46, H 4.09.


Nucleophilic substitutions starting from the (RSR,SRS) 3-buten-2-ol
complex diastereomer 2b :


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH(CH3)SPh)]�[BF4]ÿ (15 b): Thio-
phenol was used as the nucleophile. Yield: 75 %; 1H NMR (400 MHz,
CDCl3): d� 7.50 ± 7.62 (m, 10H; Ph), 7.38 ± 7.44 (m, 3H; Ph), 7.17 ± 7.27 (m,
7H; Ph), 5.78 (s, 5H; C5H5), 4.33 ± 4.53 (m, J� 10.2 Hz, 1 H; �CH), 2.78
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(dq, J� 10.2, 6.6 Hz, 1H; CH), 2.02 ± 2.08 (m, J� 4.6 Hz, 1H; one of
H2C�), 1.70 (ddd, J�11.7, 4.6 Hz, J(P,H)� 11.7 Hz, 1 H; one of H2C�), 1.56
(d, J� 6.6 Hz, 3H; CH3); 13C{1H} NMR (100 MHz, CDCl3): d� 136.2 (s;
SPh), 134.2 (s; SPh), 133.7 (d, J(C,P)� 9.9 Hz; o-Ph), 132.9 (d, J(C,P)�
2.7 Hz; p-Ph), 130.3 (d, J(C,P)� 11.5 Hz; m-Ph), 130.2 (d, J(C,P)� 59.5 Hz;
i-Ph), 129.8 (s; SPh), 129.1 (s; SPh), 97.8 (s; C5H5), 54.9 (s; CH), 53.9 (s;
CH), 36.4 (d, J(C,P)� 5.3 Hz; �CH2), 22.8 (s; CH3); 31P{1H} NMR
(121 MHz, CDCl3): d� 10.1.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH(CH3)OCH2C�CH)]�[BF4]ÿ (RSR,-
SRS) (17b): Propargylic alcohol was used as the nucleophile. Yield: 81%;
1H NMR (400 MHz, CDCl3): d� 7.53 ± 7.60 (m, 9H; PPh3), 7.33 ± 7.42 (m,
6H; PPh3), 5.81 (s, 5 H; C5H5), 4.23 ± 4.32 (m, 1 H;�CH), 4.20 (d, J� 2.6 Hz,
1H; one of CH2O), 4.19 (d, J� 2.6 Hz, 1 H; one of CH2O), 3.72 (dq, J� 6.6,
6.1 Hz, 1 H; CH), 2.69 (ddd, J� 11.2, 4.6 Hz, J(P,H)� 11.2 Hz, 1H; one of
H2C�), 2.35 (t, J� 2.6 Hz, 1H; HC�), 2.17 (ddd, J� 10.7, 4.6 Hz, J(P,H)�
7.1 Hz, 1 H; one of H2C�), 1.50 (d, J� 6.6 Hz, 3 H; CH3); 13C{1H} NMR
(100 MHz, CDCl3): d� 133.9 (d, J(C,P)� 10.3 Hz; o-Ph), 132.9 (d,
J(C,P)� 2.7 Hz; p-Ph), 130.3 (d, J(C,P)� 11.1 Hz; m-Ph), 97.9 (s; C5H5),
80.6 (s; C�C), 78.4 (s; C�C), 75.2 (s; CH2O), 55.7 (s; CH), 52.2 (s;�CH),
35.4 (d, J(C,P)� 6.1 Hz; �CH2), 23.4 (s; CH3); 31P{1H} NMR (121 MHz,
CDCl3): d� 11.0; elemental analysis calcd for C30H30BF4NO2PRe: C 48.66,
H 4.08; found: C 48.51, H 4.06.


Preparation of allyl halides complexes (10 a,b): General procedure : [(h5-
C5H5)Re(NO)(PPh3)(H2C�CHCH2OH)]�[BF4]ÿ (1, 60 mg, 0.087 mmol)
was diluted in CH2Cl2 (3 mL) and the halogenation reagent (3 equiv) was
added at room temperature. The reaction mixture was stirred for 4 h and
then hydrolyzed. The organic compounds were extracted three times with
CH2Cl2. The combined organic phases were dried and solvents were
removed in vacuo. The resulting residue was chromatographed on a silica
gel column or precipitated. The halogenated complex was isolated as a
yellow powder.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH2Cl)]�[BF4]ÿ (10 a): Thionyl chlor-
ide was used as the halogenation reagent. The resulting residue was
chromatographed on a 3 cm silica gel column (dichloromethane/acetone
4:1 (v/v)). Yield: 79%; 1H NMR (400 MHz, CD3CN): d� 7.52 ± 7.69 (m,
9H; PPh3), 7.36 ± 7.48 (m, 6 H; PPh3), 5.85 (s; C5H5), 4.39 ± 4.52 (m, 1H;
�CH), 4.27 (dd, J� 10.7, 4.6 Hz, 1 H; one of CH2Cl), 3.66 (dd, J� 10.7,
9.7 Hz, 1H; one of CH2Cl), 2.45 (ddd, J� 9.7, 4.6 Hz, J(P,H)� 6.6 Hz, 1H;
one of H2C�), 2.24 (ddd, J� 10.7, 4.6 Hz, J(P,H)� 10.7 Hz, 1 H; one of
H2C�); 13C{1H} NMR (100 MHz, CD3CN): d� 134.9 (d, J(C,P)� 9.9 Hz; o-
Ph), 133.9 (d, J(C,P)� 3.0 Hz; p-Ph), 131.5 (d, J(C,P)� 59.1 Hz; i-Ph),
131.2 (d, J(C,P)� 11.1 Hz; m-Ph), 99.6 (s: C5H5), 52.1 (s; CH2Cl), 45.9 (d,
J(C,P)� 1.1 Hz; �CH), 38.4 (d, J(C,P)� 6.5 Hz; �CH2); 31P{1H} NMR
(121 MHz, CD3CN): d� 11.3; IR (neat): nÄNO� 1724 (vs) cmÿ1; elemental
analysis calcd for C26H25BF4ClNOPRe: C 44.18, H 3.56; found: C 44.26, H
3.72.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCD2Cl)]�[BF4]ÿ (10a''): Thionyl chlor-
ide was used as the halogenation reagent. The resulting residue was
chromatographed on a 3 cm silica gel column (dichloromethane/acetone
4:1 (v/v)). Yield: 69%; 1H NMR (400 MHz, CD3CN): d� 7.52 ± 7.67 (m,
9H; PPh3), 7.38 ± 7.46 (m, 6H; PPh3), 5.84 (s; C5H5), 4.44 (t, J� 9.6 Hz, 1H;
�CH), 2.45 (ddd, J� 10.7, 4.6 Hz, J(P,H)� 10.7 Hz, 1H; one of H2C�), 2.24
(ddd, J� 9.7, 4.6 Hz, J(P,H)� 6.6 Hz, 1 H; one of H2C�); 13C{1H} NMR
(100 MHz, CD3CN): d� 134.2 (d, J(C,P)� 10.3 Hz; o-Ph), 133.2 (d,
J(C,P)� 2.7 Hz; p-Ph), 130.9 (d, J(C,P)� 59.9 Hz; i-Ph), 130.6 (d,
J(C,P)� 11.1 Hz; m-Ph), 99.0 (s; C5H5), 45.2 (s; �CH), 37.8 (d, J(C,P)�
6.5 Hz; �CH2); 31P{1H} NMR (121 MHz, CD3CN): d� 11.3; IR (neat):
nÄNO� 1724 (vs) cmÿ1; HRMS calcd for (C26H23D2ClNOPRe)�: 622.1041,
found: 622.1033.


[(h5-C5H5)Re(NO)(PPh3)(H2C�CHCH2Br)]�[BF4]ÿ (10 b): Phosphorus
tribromide was used as the halogenation reagent. The resulting residue
was precipitated in a dichloromethane/hexane mixture. Yield: 80 %;
1H NMR (400 MHz, CDCl3): d� 7.54 ± 7.64 (m, 9H; PPh3), 7.33 ± 7.44 (m,
6H; PPh3), 6.02 (s; C5H5), 4.65 ± 4.81 (m, 1H;�CH), 3.92 ± 4.03 (m, 1H; one
of CH2Br), 3.68 ± 3.79 (m, 1 H; one of CH2Br), 2.70 ± 2.80 (m, 1 H; one of
H2C�), 2.28 ± 2.40 (m, 1H; one of H2C�); 13C{1H} NMR (100 MHz, CDCl3):
d� 133.9 (d, J(C,P)� 9.9 Hz; o-Ph), 133.1 (d, J(C,P)� 2.7 Hz; p-Ph), 130.5
(d, J(C,P)� 11.1 Hz; m-Ph), 130.0 (d, J(C,P)� 59.5 Hz; i-Ph), 99.6 (s;
C5H5), 47.2 (s; CH2Br), 39.9 (s; �CH), 39.8 (d, J(C,P)� 5.1 Hz; �CH2);


31P{1H} NMR (121 MHz, CDCl3): d� 10.0; IR (neat): nÄNO� 1722 (vs) cmÿ1;
HRMS calcd for (C26H25BrNOPRe)�: 664.0398, found: 664.0390.


X-ray structure determinations of 2 a, 2b, 17 a, and 17b : All X-ray
structural analyses were recorded on an Enraf ± Nonius CAD4 diffrac-
tometer with MoKa radiation at T� 294 K. The structures were solved by
direct methods with the SIR-92 program. All the calculations were
performed on a Silicon Graphics Indy computer with the MOLEN package
(Enraf ± Nonius, 1990). Atomic scattering factors were taken from the
International Tables for X-ray Crystallography (1974).[17]


Crystal structure analysis of 2a : RePC27H30O2NBF4 ´ H2O: Crystal dimen-
sions: 0.15� 0.26� 0.29 mm, Mr� 720.52, monoclinic, P21/n, a� 17.148(7),
b� 10.367(9), c� 16.394(10) �, b� 110.04(5)8, V� 2738(3) �ÿ3, Z� 4,
1calcd� 1.748 Mgmÿ3, 2qmax� 508, l(MoKa)� 0.70926 �, m� 46.10 cmÿ1,
F(000)� 1416, 3635 reflections were independent (Rint� 0.012) with I>
3s(I). The whole structure was refined by full-matrix least-square
techniques (use of F magnitude; x, y, z, bij for Re, P, C, B, O, and N atoms,
x, y, z, B for F atoms, and x, y, z fixed for H atoms; 319 variables and 3635
observations; w� 1/s(Fo)2� [s2(I)� (0.04 F 2


o )2]ÿ1/2) with the resulting R�
0.045, Rw� 0.038, and Sw� 3.22 (residual D1� 1.20 e�ÿ3).


Crystal structure analysis of 2 b: RePC27H30O2NBF4 ´ CH2Cl2: Crystal
dimensions: 0.22� 0.24� 0.27 mm, Mr� 786.43, monoclinic, P21/n, a�
12.131(6), b� 22.599(4), c� 11.375(3) �, b� 103.76(3)8, V� 3029(2) �ÿ3,
Z� 4, 1calcd� 1.725 Mgmÿ3, 2qmax� 508, l(MoKa)� 0.70926 �, m�
43.46 cmÿ1, F(000)� 1540, 3377 reflections were independent (Rint�
0.017) with I> 3s(I). The whole structure was refined by full-matrix
least-square techniques (use of F magnitude; x, y, z, bij for Re, P, C, B, O,
and N atoms, x, y, z, B for F and Cl atoms, and x, y, z fixed for H atoms; 327
variables and 3377 observations; w� 1/s(Fo)2� [s2(I)� (0.04 F 2


o )2]ÿ1/2) with
the resulting R� 0.063, Rw� 0.055, and Sw� 3.45 (residual D1� 1.40 e �ÿ3).


Crystal structure analysis of 17 a : RePC30H30O2NBF4: Crystal dimensions:
0.15� 0.24� 0.33 mm, Mr� 740.56, monoclinic, P21/n, a� 17.467(3), b�
10.580(8), c� 17.335(3) �, b� 113.76(1)8, V� 2934(2) �ÿ3, Z� 4, 1calcd�
1.677 Mg mÿ3, 2 qmax� 508, l(MoKa)� 0.70926 �, m� 43.03 cmÿ1, F(000)�
1456, 3132 reflections were independent (Rint� 0.014) with I> 4s(I). The
whole structure was refined by full-matrix least-square techniques (use of F
magnitude; x, y, z, bij for Re, P, C, B, O, and N atoms, x, y, z, B for F atoms,
and x, y, z fixed for H atoms; 353 variables and 3132 observations; w� 1/
s(Fo)2� [s2(I)� (0.04 F 2


o )2]ÿ1/2) with the resulting R� 0.043, Rw� 0.036, and
Sw� 1.45 (residual D1� 0.85 e�ÿ3).


Crystal structure analysis of 17 b : RePC30H30O2NBF4: Crystal dimensions:
0.24� 0.32� 0.35 mm, Mr� 740.56, monoclinic, P21/n, a� 17.515(7), b�
10.496(4), c� 17.211(3) �, b� 112.91(3)8, V� 2914(2) �ÿ3, Z� 4, 1calcd�
1.688 Mg mÿ3, 2 qmax� 508, l(MoKa)� 0.70926 �, m� 43.32 cmÿ1, F(000)�
1456, 3952 reflections were independent (Rint� 0.011) with I> 3s(I). The
whole structure was refined by full-matrix least-square techniques (use of F
magnitude; x, y, z, bij for Re, P, C, B, O, and N atoms, x, y, z, B for F atoms,
and x, y, z fixed for H atoms; 353 variables and 3952 observations; w� 1/
s(Fo)2� [s2(I)� (0.04 F 2


o )2]ÿ1/2) with the resulting R� 0.039, Rw� 0.035, and
Sw� 0.67 (residual D1� 0.96 e �ÿ3).


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited at the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-101 334.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).
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Abstract: The preparation and charac-
terization of the new binucleating li-
gand, 1,2,4,5-tetrakis(2-hydroxy-2-meth-
ylpropanamido)benzene, H8[3], and its
CoIII and VV(O) complexes [PPh4]2-
[CoIII(k4-3-k4)CoIII] , [PPh4]2[4], and
[Et4N]2[VV(O)(k4-3-k4)VV(O)], [Et4N]2-
[5], are described. Both complexes have
been characterized by X-ray crystallog-
raphy, 1H NMR, IR, and UV/Vis spec-
troscopy, and by electrochemical and
microanalytical analyses. The electro-
chemical properties of [4]2ÿ and [5]2ÿ are
remarkably similar, each exhibiting two
one-electron oxidation processes of sim-
ilar E8'; since the VV(O) sites in [5]2ÿ are
d0, ligand-localized oxidation is impli-
cated for both compounds. A deep blue


vanadium species obtained upon one-
electron oxidation of [5]2ÿ, [5I]ÿ , has a
total spin, ST, of 1/2, and its EPR
spectrum exhibits a single g� 2 signal
at 4 K. These results are consistent with
the oxidized vanadium complex, [5I]ÿ , as
containing the ligand cation radical 3I,
that is [5I]ÿ is best formulated as
[VV(O)(k4-3I-k4)VV(O)]ÿ . Isolation and
characterization of the dark purple co-
balt species, obtained upon one-electron
oxidation of [4]2ÿ, [4I]ÿ , also revealed
the presence of the organic radical 3I.


Magnetic susceptibility data for [4]2ÿ


revealed that exchange coupling (the
Hamiltonian convention �J Si ´ Sj is used
throughout) between the two axial S� 1
CoIII centers was very weak (that is
JCoIIIÿCoIII� 0 cmÿ1). In contrast, for [4I]ÿ ,
the ground spin state of ST� 3/2 and the
observed EPR spectrum and magnetic
susceptibility data can be rationalized by
the relatively strong antiferromagnetic
coupling between each rhombic S� 1
CoIII ion and an S� 1/2 ligand cation
radical (JCo


III
±3


I� 75 cmÿ1). Such a ferri-
magnetic system serves to align the CoIII


spin centers in a common direction, an
important step towards building ferro-
magnetic or ferrimagnetic network sol-
ids.


Keywords: cobalt ´ EPR spectro-
scopy ´ magnetic properties ´ radical
ions ´ vanadium


Introduction


The design of magnetic materials with building blocks
comprising multimetallic coordination compounds is attract-
ing attention, fueled in part by the assumption that useful
magnetic materials can be obtained.[1±7] Theoretical treat-
ments have provided design principles, linking features of the
molecular and electronic structures so that the sign and/or


magnitude of the exchange interactions can be predicted.[7±9]


Recently, we proposed a design principle,[10, 11] in which the
electronic structure of one magnetic ion, Ma, of an interacting
pair, Ma ± Mb, can be shaped by strong ligand s-donor
properties; this control of the electronic structure at Ma


allows one to predict the sign of the exchange interactions
with any Mb ion. For the CoIII complex [1]ÿ (Scheme 1), the
unusual S� 1 electronic configuration is generated by the
influence of the diamido-N-dialkoxido ligand system. This
complex serves as the Ma unit in the multinuclear D3 ion, [2]ÿ


(Scheme 1), in which CoII is the Mb ion. From the unusual
orbital configuration at CoIII, local control[10, 11] can be
attained over the sign of the CoIII ± CoII exchange interaction
in [2]ÿ , wherein CoIII and CoII are ferromagnetically coupled
(the Hamiltonian convention used was �J Si ´ Sj) with
JCoIIIÿCoII�ÿ 25 cmÿ1.[10, 11]


In order to extend the presumed local control of magnetic
coupling occurring in [2]ÿ to expanded arrays of multimetallic
ions, we set out to synthesize a dimeric analogue of [1ÿ]. The
binucleating ligand system [3]8ÿ preserves the strongly s-
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donating ligand framework found in [1]ÿ , holds in a planar
array two primary magnetic ions, Ma , and has the potential to
link additional magnetic ions, Mb, in extended arrays. For
example, bimetallic Ma complexes of [3]8ÿ would appear to be
candidates for forming linear arrays based upon tetrahedral or
planar four-coordinate Mb ions, or hexagonal sheets, or helical
structures based upon D3 Mb ions.[10] If
high Tc magnetic materials are to be
obtained, a magnetic pathway must be
present to link all the component Ma


metal ions. Moreover, if such an ap-
proach is to successfully yield a crystal-
line material, it is important that the
binding of the secondary ions, Mb, is
weak enough under the formation con-
ditions to allow crystal growth to pro-
ceed under equilibrium control.[12] Such
a condition is favored by the compara-
tively weak binding of Mb ions by
alkoxide donor atoms as in [2]ÿ .[11]


The purpose of this contribution is to present full details of
the design and properties of a candidate magnetic linking unit,
the di-CoIII complex of [3]8ÿ, that is [4]2ÿ, which has two S� 1


CoIII ions coordinated in a planar environment; [PPh4]2[4] is
the first reported example of a coordination complex con-
taining more than one planar cobalt(iii) center. Upon one-
electron oxidation of [4]2ÿ to [4I]ÿ , a significant magnetic
exchange pathway is found for the two CoIII ions. It will be
shown that [4I]ÿ is a ferrimagnetic complex, in which a ligand
radical is coupled antiferromagnetically with the two CoIII


ions, thereby aligning the two CoIII spin systems in a common
direction. Exchange-coupled metal ± radical spin systems


provide a powerful method for generating
interesting magnetic materials.[13, 14] This
approach has been somewhat limited in
the past due to the comparative rarity of
stable radical systems. We characterize
herein the first example of a new class of
stable metal ± radical spin systems through
a comparison of the chemical, physical,
and magnetic properties of [4]2ÿ and [4I]ÿ


with their d0 ± d0 bis(VV) analogues, [5]2ÿ


and [5I] ÿ .


Results and Discussion


Ligand synthesis : The binucleating ligand, 1,2,4,5-tetrakis(2-
hydroxy-2-methylpropanamido)benzene, H8[3], was synthe-
sized in a straightforward manner (Scheme 2). Overall yields
of H8[3] were good, >60 % based on the starting tetraami-
nobenzene, and a favorable feature of the synthesis was that
the intermediate 1,2,4,5-tetrakis(2-acetyloxy-2-methylpropan-


amido)benzene formed in high yield and did not need to be
extensively purified for the hydrolysis step leading to H8[3].
The ligand [3]8ÿ binds two CoII or VIV(O) centers to give,


following air oxidation, the dimeric complexes,
[4]2ÿ and [5]2ÿ, respectively. [3]8ÿ is an idealized
representation of the ligand without any metal
centers. It is unlikely that such a highly charged
species would be stable or soluble during the
metallation process. We suspect that the insertion
of the metal ions into a partially deprotonated
ligand acts to enhance the deprotonation of the
ligand framework, as the metal is chelated by the
ligand, and [4]2ÿ or [5]2ÿ is produced.


X-ray crystal structure of [PPh4]2[4] ´ 2 H2O : The
result of the X-ray structural determination of [4]2ÿ


is shown in Figure 1. Crystallographic data are given in
Table 1, while selected bond lengths and angles are presented
in Table 2. A single CoIII center comprises the repeating unit
of the crystal, as the dianion is located at a crystallographic
center of symmetry. The four donor atoms of the chelate ring
lie almost exactly in a plane (largest deviation 0.010 �) and
the CoIII center sits essentially in the plane of the four donor
atoms (deviation from the least squares plane 0.013 �). Thus,
the two metal centers are in planar four-coordinate environ-


Scheme 1.


Scheme 2.
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Figure 1. ORTEP diagram of the dianion in [PPh4]2[4] ´ 2 H2O; thermal
probability ellipsoids are drawn to encompass 50 % of the total electron
density.


ments. The Co ± Co intramolecular nonbonded distance is
7.69 �. The water molecules observed in the crystal are
hydrogen bonded to amide oxygen atoms and there is no close
contact of any water oxygen atom to the CoIII centers.


Crystals of [PPh4]2[4] ´ 2 H2O have been characterized by
other techniques to establish the purity of the bulk material.
After vacuum drying at 80 ± 100 8C for several hours, the
dehydrated form is obtained as an analytically pure material.
The dimer gives assignable, paramagnetically shifted 1H NMR
signals in CD3CN (d vs. TMS): CH3 d� 9.9, ArH d�ÿ0.8.


X-ray crystal structure of [Et4N]2[5]: The diamagnetic bis-
[VV(O)] dimer, [5]2ÿ, with d0 metal ions was obtained for the
purposes of comparing its chemical, physical, and magnetic
properties with those of [4]2ÿ. The results of an X-ray
structural determination are depicted in Figure 2; crystallo-
graphic data are given in Table 1, while selected bond lengths


Figure 2. ORTEP diagram of the dianion in [Et4N]2[5]; thermal proba-
bility ellipsoids are drawn to encompass 50% of the total electron density.


and angles are given in Table 3. The vanadyl groups are
oriented in a trans fashion and there is a molecular inversion
center. The VV ± O(3) bond length is 1.600 (3) �, which is
similar to those found for other square-pyramidal complexes,
[V(O)(acac)2] (1.57 �) (acac� acetylacetonate), [V(O)-
(bzac)2] (1.61 �)[15] (bzac� benzoylacetone), and [VV(O)(k4-


Table 1. Crystal and data-collection parameters for [4]2ÿ and [5]2ÿ


[PPh4]2[4] ´ 2 H2O [Et4N]2[5]


formula C35H35CoN2O5P C19H33N3O5V
Mr 653.59 434.43
crystal system triclinic monoclinic
space group P1Å P21/c
a [�] 10.937(2) 9.530(3)
b [�] 11.274(3) 21.880(3)
c [�] 13.192(2) 11.334(2)
a [8] 104.85(1) 90
b [8] 97.82(1) 113.77(2)
g [8] 87.74(2) 90
V [�3] 1557.8(5) 2162.8(8)
Z 1 4
1calcd [g cmÿ3] 1.393 1.33
m (Moka) [mmÿ1] 6.71 5.20
crystal size [mm] 0.40� 0.35� 0.20 0.26� 0.21� 0.14
T [8C] 20(2) 18(1)
2qmax [8] 50 51
h, k, l range ÿ 14/14, ÿ14/14, 0/17 ÿ 10/11,ÿ 26/0,ÿ 13/0
reflns collected 7886 4606
unique reflns 6699 4237
observed (I> 2sI) 5265 2839
abs correction 0.93 ± 0.98 0.96 ± 0.99
transmission
parameters refined 404 385
R1�S kFo jÿ 0.040 0.041
jFc k /S jFo j
(observed reflns)
wR2 0.104 0.113


Table 2. Selected bond lengths [�] and angles [8] for [PPh4]2[4] ´ 2H2O


Co ± O1 1.795(2) C3 ± C4 1.532(4)
Co ± O2 1.798(2) C3 ± C10 1.526(5)
Co ± N1 1.817(2) C3 ± C11 1.516(5)
Co ± N2 1.825(2) C3 ± O2 1.423(4)
C1 ± C2 1.5329(4) C4 ± N2 1.354(4)
C1 ± N1 1.354(4) C4 ± O4 1.214(4)
C1 ± O3 1.225(4) C5 ± C6 1.415(4)
C2 ± O1 1.423(4) C5 ± N2 1.419(3)
C2 ± C8 1.537(5) C6 ± C7 1.385(4)
C2 ± C9 1.519(5) C6 ± N1 1.415(4)
O1 ± Co ± O2 97.4(1) N1 ± Co ± O1 88.5(1)
N1 ± Co ± N2 85.7(1) N1 ± Co ± O2 173.9(1)
N2 ± Co ± O1 174.3(1) N2 ± Co ± O2 88.3(1)


C3 ± C10 1.526(5)


Table 3. Bond lengths [�] and angles [8] for [Et4N]2[5]


V ± O3 1.600(3) C5 ± O5 1.224(4)
V ± O1 1.797(2) C5 ± N2 1.344(4)
V ± O2 1.809(2) C6 ± C7 1.504(5)
V ± N1 2.003(2) C6 ± C8 1.515(5)
V ± N2 2.010(2) C6 ± O2 1.434(4)
C1 ± C2 1.536(4) C9 ± C10 1.400(4)
C1 ± N1 1.352(4) C9 ± C11 1.393(4)
C1 ± O4 1.226(4) C9 ± N1 1.415(3)
C2 ± C3 1.513(6) C10 ± C11#1[a] 1.391(4)
C2 ± C4 1.512(5) N2 ± C10 1.411(3)
C2 ± O4 1.420(4) C11-C10#1[a] 1.391(4)
C5 ± C6 1.536(4) O3 ± V ± O1 108.84(14)
O3 ± V ± O2 108.20(13) O3 ± V ± N2 102.97(12)
O1 ± V ± O2 106.27(11) O1 ± V ± N2 143.65(12)
O3 ± V ± N1 105.06(12) O2 ± V ± N2 79.24(9)
O1 ± V ± N1 79.43(10) N1 ± V ± N2 75.69(9)
O2 ± V ± N1 141.93(10)


[a] Symmetry transformations used to generate equivalent atoms: #1�
ÿx�1, ÿy�1, ÿz�1
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HMPA-B)]ÿ (1.598 (3) �)[16] (HMPA-B� 2-hydroxy-2-meth-
ylpropanamido)benzene). The square plane in [5]2ÿ defined
by the ligand chelate atoms is distorted as the VV(O) moieties
lie significantly closer to the alkoxide oxygen atoms, V ± O1
1.791(2) � and V ± O2 1.809(2) �, than to the amide nitrogen
atoms, V ± N1 2.003(2) � and V ± N2 2.010(2) �. It is note-
worthy that the amide nitrogen atoms are approximately
0.2 � farther from the V center in [5]2ÿ than from the Co
center in [4]2ÿ (V ± Nav� 2.006 � and Co ± Nav� 1.821 �); the
V ± O distances are similar to those in [4]2ÿ (V ± Oav� 1.80 �
and Co ± Oav� 1.796 �). The comparative displacement to-
ward oxygen reflects the higher oxophilicity of vanadium
compared with cobalt, which results from V ± O p interactions.
Another difference between [5]2ÿ and [4]2ÿ is that the
vanadium is displaced 0.540 � from the best fit plane through
O1, O2, N1, N2, while CoIII lies essentially in the plane of the
chelating atoms, 0.013 � out of the best fit plane. The overall
coordination environment around the vanadyl group is similar
to the one found in [VV(O)(k4-HMPA-B)]ÿ .[16]


Electrochemistry : The cyclic voltammograms of [4]2ÿ and
[5]2ÿ are remarkably similar. Both complexes show two well-
separated, reversible one-electron oxidations (Eo '


ox;1 and Eo '
ox;2)


and two closely spaced, reversible or quasireversible one-
electron reductions (Eo '


red;1 and Eo '
red;2) (Figure 3, Table 4). The


Figure 3. Cyclic voltammograms of [PPh4]2[4] (0.6 mm ; ÐÐ) and [Et4N]2[5]
(0.98 mm ; - - - ) in 0.1m TBAPF6/CH3CN (v� 50 mV sÿ1).


oxidized species are designated as [4I]ÿ and [4II] for the cobalt
dimer and [5I]ÿ and [5II] for the vanadium dimer. The [4I]ÿ/[4II]
couple becomes totally irreversible if the CH3CN is wet. In the
ligand environment found in both [5]2ÿ and the analogous
monomeric complex [VV(O)(k4ÿHMPA-B)]ÿ ,[14, 15] the va-
nadium centers are d0; these diamagnetic species have been
characterized by elemental analysis, X-ray structural deter-
mination, and 1H NMR spectroscopy. The d0 configuration of
the vanadium centers in [5]2ÿ allows one to conclude that the
[5]2ÿ/[5I]ÿ and [5I]ÿ/[5II] oxidation processes are both ligand-
centered. Thus, given the similar potentials for the oxidation


events of both [4]2ÿ and [5]2ÿ, we infer that the oxidations in
[4]2ÿ are also ligand-centered. EPR and UV-Vis data on [4I]ÿ


and [5I]ÿ , detailed below, demonstrate that the oxidation is
localized on the aryl ring, that is [4I]ÿ and [5I]ÿ both contain 3I.
It is noteworthy that [PPh4][CoIII(k4-MAC*)][18] (MAC*�
a tetraamido macrocycle, which has no aromatic ring, exhibits
an irreversible oxidation at 1.14 V vs. SSCE (0.1m tBu4NPF6/
CH3CN), which we assign to the CoIII/CoIV transformation.
H8[3] is insufficiently soluble to obtain its electrochemical
properties. For 1,4-(NMe2)2-C6H4, an organic system related
to [4]2ÿ and [5]2ÿ, two reversible oxidations are observed in
CH3CN, the first oxidation forming the well known Wurster�s
blue cation radical (Table 4). In contrast, 1,2,4,5-(NMe2)4-
C6H2 exhibits a single two-electron transfer forming a stable
diamagnetic dication,[19] but a distortion of the ring accom-
panies the oxidation.


The one-electron oxidized dimers have different chemical
stabilities. It is relatively straightforward to isolate [4I]ÿ as a
solid material (see Experimental Section for details), but [5I]ÿ


decomposes in the presence of light and/or light and air. Both
[4II] and [5II] also readily decompose. As noted above, [4II] is
sensitive to water in the CH3CN and is stable only on the
seconds timescale. [5II] is sensitive to light and/or light and air.
Samples of [5II] prepared by bulk electrolysis in the inert
atmosphere glove box (<5 ppm O2) invariably contained
[5I]ÿ , and possibly [5]2ÿ, as determined by UV/Vis spectro-
scopy. A solution of [5II], allowed to stand in the glove box,
partially reconverts to [5]2ÿ.


The reductions of both dimers, [4]2ÿ and [5]2ÿ, are most
likely to be metal-centered events (Table 4). The measured
reduction potentials reflect the facile air oxidation of the
reduced forms observed synthetically. In monomeric diamido-
N-dialkoxidocobalt complexes, CoIII/CoII reductions occur
between ÿ0.8 and ÿ1.0 V (vs. SSCE).[20] The CoIII/CoII


reductions are more negative in [4]2ÿ because of its dianionic
nature. In the case of [5]2ÿ, one assumes that the reduction
events (Table 4) represent V(O)V/IV couples since it is
improbable that the aromatic ring would be reducible at such
mild potentials. The close spacing of the reductions
(�100 mV) implies that there is little electronic communica-
tion between the metals.


UV/Vis spectroscopy: Support for assignment of the one-
electron oxidized product of the dimers to oxidation of the
bridging p system comes from UV/Vis experiments. The [4]2ÿ


dianion was oxidized with [Cp2Fe]� , while [5]2ÿ was best
oxidized by bulk electrolysis ; both oxidations were performed
in CH3CN. However, because [5I]ÿ is light/air sensitive, it was
not possible to quantitate accurately the number of electrons
passed during the oxidation or to assign molar extinction
coefficients to the absorption bands. The result of a titration
experiment for the oxidation of [PPh4]2[4] with [Cp2Fe]PF6 is
shown in Figure 4. Three isosbestic points occur at l� 706,
486, and 428 nm and new absorption bands appear in the
visible region at lmax� 652, 548, and l� 508 nm (sh). These
new absorption bands are similar to those found for Wurster�s
blue, lmax� 606 and 560 nm. In other amine-substituted aro-
matic radical cations, band shapes, absorption energies, and
absorption intensities are sensitive to the substitution pattern on


Table 4. Electrochemical properties of [PPh4]2[4] and [Et4N]2[5][a]


Eo '
ox;1[mV] Eo '


ox;2 [mV] Eo '
red;1 [mV] Eo '


red;2 [mV]
(DEp [mV]) (DEp [mV]) (DEp [mV]) (DEp [mV])


[4]2ÿ 290 (60) 885 (82) ÿ 1110 (60) ÿ 1240 (76)
[5]2ÿ 350 (66) 770 (64) ÿ 860 (84) ÿ 965 (74)
1,4-(NMe2)2-C6H4 115 (70) 710 (80) ± ±


[a] Potentials are vs. SSCE in 0.1m TBAPF6/CH3CN







Magnetically Coupled Bimetallic Complexes 2173 ± 2181


Chem. Eur. J. 1998, 4, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2177 $ 17.50+.25/0 2177


Figure 4. UV/Vis spectra taken of the oxidation of [PPh4]2[4] with
[Cp2Fe]PF6 in CH3CN to form [PPh4][4I]. Each trace after the starting
spectrum (0 equiv) corresponds to the addition of 0.2 equivalents of
oxidant.


the aromatic ring.[21] Likewise, [5I]ÿ exhibits new absorptions
in the visible region at l� 604 (sh), and lmax� 598, and 552 nm
(Figure 5). Compound [5II] was also prepared by bulk


Figure 5. UV/Vis traces of [PPh4]2[4], [PPh4][4I], [Et4N]2[5], [Et4N][5I],
and [5II] in CH3CN [PPh4][4I] was prepared by oxidation with [Cp2Fe]� ,
while [Et4N][5I], and [5II] were prepared by bulk electrochemical oxidation.
Legend is shown in figure.


electrolysis and the UV/Vis spectrum of a freshly prepared
sample is shown in Figure 5. The spectrum of [5II] is similar to
that for [5I]ÿ , but the absorption bands are shifted to higher
energy, lmax� 486 and 462 nm (the weak absorption at 598 nm
probably arises from unoxidized [5I]ÿ or decomposed [5II]).


EPR spectroscopy of [PPh4][4I] and [Et4N][5I]: The EPR
spectrum in CH2Cl2 at 44 K of [PPh4][4I], prepared by bulk
electrochemical oxidation, is shown in Figure 6. This rhombic
spectrum, with molecular g values of gz� 1.98, gx� 4.01, and
gy� 5.63, indicates that the ground state has a total spin, ST, of
3/2. The EPR spectrum at 44 K of [Et4N][5I], also prepared by
bulk electrochemical oxidation (Figure 7), shows only a g� 2
resonance indicative of an isotropic organic radical species,
linewidth �22 G. We investigated the EPR spectrum of
[Et4N][5I] at room temperature in solution in order to detect
the presence of nitrogen or vanadium hyperfine interactions.
A singlet with a linewidth of �6 G was observed at ambient
temperature. As [5I]ÿ has two vanadium (I� 7/2) and four
nitrogen atoms (I� 1), the narrow linewidth at ambient


Figure 6. Low-temperature (44 K) EPR spectrum in frozen CH2Cl2


solution of [PPh4][4I] prepared by bulk electrochemical oxidation in the
absence of air.


Figure 7. Low-temperature (44 K) EPR spectrum in frozen CH3CN
solution of [Et4N][5I] prepared by bulk electrochemical oxidation in the
absence of air.


temperature indicates the magnitude of vanadium or nitrogen
hyperfine coupling to be small. For comparison purposes, the
VIV monomeric analogue of [5]2ÿ, [VIVO(k4-HMPA-B)]2ÿ,
exhibits vanadium hyperfine coupling constants of A? � 46,
Ak � 157 G,[22] while the Wurster�s blue cation radical exhibits
hyperfine coupling to the aromatic hydrogen atoms of 20 G
and to the N atoms of 70 G.[23] Thus, the EPR data for
[Et4N][5I] are consistent with the locus of oxidation being
confined primarily to the p system of the aromatic ring
portion of the molecule.


Magnetic susceptibility studies of [PPh4]2[4] and [PPh4][4I]:
The SQUID magnetic susceptibility data (meff vs. T plots) for
[PPh4]2[4] in dehydrated form are shown in Figure 8. The best
fit parameters to the data of Figure 8 under the constraints of
three different models are summarized in Table 5. Model 1 is
based on an approach employed[22, 23] for anisotropic planar
CoIII centers, while models 2 and 3 utilize the calculational
protocol given in the Experimental Section. For models 1 and
2, where JCo


III
±Co


III� 0, axial g tensors and large D values were
found (Table 5). These g and D values agree well with those
determined for planar CoIII-containing monomeric analogues
of [4]2ÿ, [CoIII(k4-HMPA-B)]ÿ , g?� 2.2, gk � 2.5, and D�
45 cmÿ1[26] and [CoIII(k4-PAC*)]ÿ (PAC*� bis-hydroxy methyl
propanamidodimethylpentanone), g?� 2.03 and gk � 2.65,
and D� 373 cmÿ1.[11] If JCoIIIÿCoIII was employed as a fitting
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Figure 8. Magnetic susceptibility data for [PPh4]2[4] (~) at 0.5 T, and
[PPh4][4I] (&) at 5 T. The lines are theoretical fits to the data as described in
the text. The inset shows the distinction between full powder averaging and
Mav�Mx/3�My/3�Mz/3 for the rhombic [PPh4][4I] system.


parameter, model 3, a pseudoisotropic g tensor, a large D
value, and a small JCoIIIÿCoIII were found (Table 5). The results
of model 3 were rejected, because there was no improvement
in the fit to the data and the fit leads to an isotropic g value,
which does not accurately reflect the results obtained for
monomeric Coiii analogues.


The value of JCoIIIÿCoIII is found to be essentially zero in
[PPh4]2[4]. This confirms that the large Co ± Co separation of
7.7 � precludes exchange by direct overlap. Furthermore, the
aromatic bridging ligand in closed-shell form apparently does
not provide an effective conduit for CoIII ± CoIII magnetic
communication. For related dimeric d1 VIVO and d9 CuII


complexes in a Jager type[27±31] donor environment, exchange
coupling values across a similar closed-shell aromatic bridge
(based on a tetraaminobenzene core) were found to be
JVIVOÿVIVO� 0 cmÿ1 and JCuIIÿCuII� 24 cmÿ1 (antiferromagnet-
ic).[30, 31] The exchange coupling values found for the CuII and
VIV Jager-type complexes were interpreted[32] in terms of a s-
based superexchange coupling pathway that depended on a
single key magnetic orbital. This key orbital points directly at
the ligand donor atoms and is half-filled for the Jager-type
copper case and empty in both the Jager-type vanadium case
and in [PPh4]2[4] (see Scheme 1).


The g values derived from powder magnetic susceptibility
data tend to reflect an average g contribution, but are
relatively insensitive to g value anisotropy as shown for
[PPh4]2[4] in Table 5. A variety of different anisotropic g value
combinations can be employed to fit the data, but the average


g value of such combinations remains essentially constant
at gav� 2.16. Therefore, molecular g values measured from
EPR spectroscopy can provide a valuable additional con-
straint on the atomic g values used to model magnetic data,
particularly when g value anisotropy is present as in
[PPh4][4I].


A plot of meff versus T for [PPh4][4I] is shown in Figure 8.
Qualitatively, the decrease in meff with decreasing temperature
is indicative of antiferromagnetic exchange coupling. In order
to fit the magnetic susceptibility data for [PPh4][4I] and
reproduce the rhombic ST� 3/2 ground state observed by
EPR spectroscopy, model 4 was employed. In model 4, two
rhombic S� 1 CoIII centers are antiferromagnetically coupled
to an intervening isotropic S� 1/2 species (that is 3I) to yield a
rhombic ST� 3/2 ground state. This is the only model
considered to be consistent with the combined EPR, electro-
chemical, and UV/Vis data for the dimeric d6 CoIII and d0 VVO
complexes. For each least squares fit to the magnetic data, the
molecular g values were calculated and compared to the
values determined by EPR spectroscopy. The key result from
model 4 is that J is large and of the same magnitude as D, J�
D� 76 cmÿ1. The agreement of D values for both [PPh4]2[4]
and [PPh4][4I], D� 76 cmÿ1 and D� 79 cmÿ1, respectively,
suggests that the cobalt centers in both complexes reside in a
similar ligand field potential. Therefore it is likely that the
radical species resides in a portion of the molecule compa-
ratively distant from the cobalt centers, that is on the aromatic
ring and possibly the amide substituents as in 3I. In compar-
ison to the metal/p cation radical system reported here, we
recently described[34] a monomeric FeIII/ligand cation radical
species[34] , in which the exchange coupling between the S� 3/2
intermediate spin FeIII and the p cation radical was also
antiferromagnetic with J� 300 cmÿ1.


Table 5. Atomic and molecular parameters for [4]2ÿ and [4I]ÿ derived from magnetic susceptibility and EPR spectroscopy data under the constraints of
several different exchange coupling models


Model Comment gCoIII ZFSCoIII Jij [cmÿ1] R gmolecular


g1x g1y g1z D[cmÿ1] E/D CoIIIÿCoIII CoIIIÿ 3I � 105 gx gy gz


[4]2ÿ 1[a] axial 2.03 2.03 2.43 79.2 0.22
[4]2ÿ 2 � axial 2.0[b] 2.04 2.44 78.5 0.01 0[b] 0.25
[4]2ÿ 3 � isotropic 2.16 2.16 2.17 81.0 0[b] 4.0 0.30
[4I]ÿ 4[c] rhombic 2.86 2.68 2.19[d] 76.2 0.19 75.9 2.8 4.04[e] 5.76[e] 2.05[e]


[4I]ÿ EPR data 4.01 5.63 1.98


[a] A model similar to that employed for anisotropic monomeric cobalt species[24] was employed. [b] Fixed during fitting. [c] For calculational purposes, the g
value for the organic radical 3I or (k4 ± 3-k4)I was considered to be isotropic and fixed at 20 as observed in the EPR spectrum of [5I]ÿ . [d] In order to return the
correct molecular spectroscopic gz value near 2.0, g1z for the CoIII centers was allowed to vary only between 2 and 2.2. [e] Molecular g values were calculated
from the best fit parameters derived from the magnetic susceptibility data.
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Conclusion


The binucleating ligand [3]8ÿ provides a means for obtaining
substantial magnetic communication between coordinated
metal centers, when oxidized to the p cation radical [3I]7ÿ. It is
by design[35] that the ligand [3]8ÿ is made solely from
oxidatively robust components, thereby allowing the forma-
tion of the stable ligand cation radical containing species,
[PPh4]2[4I]. The ligand donor groups also serve to shift the
oxidation potentials of the metals to values beyond those of
the aromatic ring. We have shown[11] that the strongly s-
donating ligand found in [1]ÿ , which is related to [3]8ÿ, can
direct magnetic interactions between primary and secondary
coordinated metal ions. Thus, [4I]ÿ could prove to be a useful
building block for forming larger magnetic clusters and/or
bulk magnetic materials,[10] a hypothesis that is the subject of
ongoing study.


Experimental Section


Materials : All solvents were reagent grade (Aldrich or Fisher) and were
used as received except for anhydrous pyridine (Aldrich, Sureseal) and
CH3CN, which was dried over CaH2 for electrochemical measurements.
1,2,4,5-tetraaminobenzene ´ 4 HCl (Fluka), 1-chlorocarbonyl-1-methylethyl
acetate, PPh4Cl, anhydrous CoCl2, and VO(SO4) ´ 3H2O (Aldrich) were
reagent grade and used as received, while [Cp2Fe][PF6] was prepared by a
method described in the literature.[36]


Spectroscopic methods : 1H NMR spectra were measured at 300 MHz and
13C{1H} NMR spectra were measured at 75.5 MHz on an IBM NR/300 FT-
NMR spectrometer. Chemical shifts are reported in d vs. (CH3)4Si using
residual solvent resonances as internal standards. Infrared data were
obtained on a Nicolet 5DXB FT-IR or Mattson Galaxy 5000 spectrometer.
UV/Vis data were taken on a Hewlett-Packard 8452A spectrophotometer,
controlled by a Zenith Z-425/SX computer. Conventional X-Band EPR
spectra were recorded in derivative mode on a IBM ESP300 spectrometer,
equipped with a helium flow cryostat.


Electrochemical methods : Electrochemical measurements were performed
by using a Princeton Applied Research Model 273 Potentiostat/Galvano-
stat, controlled with a Compudyne 486/DX computer. Current voltage
curves were recorded on a Graphtec Model WX1200 X-Y recorder. The
supporting electrolyte was 0.1m [nBu4N][PF6] (TBAPF6, Fluka puriss) for
cyclic voltammetry and 0.2m TBAPF6 for bulk electrolysis, CH3CN or
CH2Cl2 were used as solvents. Cyclic voltammetry was performed under N2


or Ar in a three compartment cell using a glassy carbon disk working
electrode (A� 0.78 or 7.1 mm2), a Pt wire counterelectrode, and a sodium
chloride saturated calomel electrode (SSCE) as reference electrode, while
bulk electrolyses were carried out in a carbon crucible using a Pt wire
counter electrode, and a Pt wire as a pseudoreference electrode.


Synthesis of (1,2,4,5-tetrakis-(2-acetyl-2-methylpropanamido)benzene,
(tAcMPA-B): 1,2,4,5-tetraaminobenzene ´ 4HCl (15 g, 0.053 mol), 1,2-di-
chloroethane (300 mL), and a magnetic stir bar were placed in a flask,
which was fitted with a reflux condenser and a pressure equalizing addition
funnel. The system was purged with N2 for 20 min, then 1-chlorocarbonyl-
1-methylethyl acetate (45.75 mL, 0.317 mol) was cannulated into the
addition funnel and then added slowly (20 min) to the stirred solution.
After all of the 1-chlorocarbonyl-1-methylethyl acetate was added, Et3N
(100 mL, 0.69 mol) was cannulated into the addition funnel, and then
added dropwise to the stirred solution (1 h). After the Et3N addition was
complete, the system was heated to reflux and stirred under N2 for 5 days,
during which time Et3N ´ HCl precipitated. After cooling the solution to
room temperature, the solvent was removed under reduced pressure
leaving a yellow solid. The solid was dissolved in CH2Cl2 (800 mL), and the
solution was washed with 1.2m HCl (4� 400 mL) and then 1m Na2CO3 (3�
400 mL). The CH2Cl2 was removed under reduced pressure leaving a tan
solid. The solid was slurried in pentane, filtered, and air dried to yield 31 g


of crude tAcMPA-B. This material is sufficiently pure to be used for the
preparation of H8[3], or it can be recrystallized from acetone as follows.
Impure tAcMPA-B (6 g) was dissolved in hot acetone (110 mL), the hot
solution was rapidly suction filtered, and then the filtrate was cooled to
ÿ20 oC for 1 ± 2 hours, during which time a white crystalline solid
precipitated. The precipitate was recovered by filtration, washed with
diethyl ether, and air dried to yield pure tAcMPA-B (5.61 g, recrystalliza-
tion yield 93.5 %). 1H NMR (CD3CN): d� 8.45 (s, 4 H, NH), 7.77 (s, 2H,
C6H2), 2.08 (s, 12H, C(O)CH3), 1.61 (s, 24H, CCH3); 13C NMR (CD3CN):
d� 173.4 (amide CO), 171.2 (acetyl CO), 129.3 (Ar CNHR), 121.8 (Ar
CH), 81.5 (alkyl quaternary C) 25.2 (alkyl CH3), 22.1 (acetyl CH3); IR
(nujol):nÄ � 3275 (s, str, br, amide NH) 1740 (s, str, acetyl CO), 1667 (s, str,
amide), 1610 cmÿ1(sh, w, aryl ring/amide); C30H42N4O12 (650.68): calcd: C
55.38, H 6.51, N 8.61; found: C 55.48, H 6.49, N 8.57.


Synthesis of 1,2,4,5-tetrakis-(2-hydroxy-2-methylpropanamido)benzene,
(H8[3]): The unpurified tAcMPA-B (31.0 g), CH3OH (1000 mL), NaOH
(10.34 g, 0.25 mol, �4.4 equiv assuming pure tAcMPA-B), and a magnetic
stir bar were placed in a flask, which was fitted with a reflux condenser. The
system was flushed with N2 (10 min) and then the mixture was refluxed
under static N2 (24 h). After cooling to room temperature, the CH3OH was
removed under reduced pressure yielding a tan solid, a mixture of H8[3],
and sodium acetate. The solid was placed in a beaker containing a 2:1
CH3OH/H2O mixture and the slurry heated to boiling. The slurry was
cooled to 10 ± 15 oC and then filtered. Most of the H8[3] was insoluble in the
CH3OH/H2O mixture, but the sodium acetate was soluble. The slurry was
filtered while still at�15 oC and the white solid product was air dried (yield
1.78 g, 70% based on 1,2,4,5-tetraaminobenzene tetrahydrochloride). 1H
NMR (DMSO[D6]): d� 9.5 (s, 4 H, NH), 7.7 (s, 2H, C6H2), 5.8 (s, 4H,
COH), 1.2 (s, 24H, CCH3); IR (nujol):nÄ � 3449, 3305, 3219, (OH alcohol,
NH amide), 1656, 1630 (amide) cmÿ1; C22H34N4O8 (482.54): calcd: C 54.76,
H 7.10, N 11.6; found: C 54.64, H 7.05, N 11.55.


Synthesis of bis-tetraphenylphosphonium-di-cobalt(iiiiii)-k4 :k4-(1,2,4,5-tetra-
kis-(2-hydroxy-2-methylpropanamido)benzene), ([PPh4]2[4]): H8[3]
(2.01 g, 4.11 mmol), 400 mL CH3OH, anhydrous CoCl2 (1.3 g, 10.0 mmol),
NaOH (1.18 g, 29.5 mmol), and a magnetic stir bar were placed in a flask in
air and the resulting slurry was stirred at room temperature for 2 days to
yield a homogeneous green-brown solution. [PPh4]Cl (4.61 g, 12.3 mmol,
3 equiv) was added with stirring (2 h). Larger quantities of [PPh4]Cl have
been used, with a substantial increase in yield, but the product is more time-
consuming to isolate. The CH3OH was then removed under reduced
pressure, leaving a dark green-brown solid, which was dissolved with
stirring in CH2Cl2 (800 mL, 24 h). The solution was filtered and the CH2Cl2


removed in vacuo. The resulting dark green solid was triturated with a stir
bar in dry diethyl ether, filtered, and then air dried to yield a mixture of
[PPh4]2[4] and [PPh4]Cl. The unpurified dark green powder was placed in
flask containing CH3CN (50 mL), the slurry was stirred, heated to boiling,
and then cooled toÿ20 oC. The resulting dark green precipitate was suction
filtered and air dried. This washing of the solid was performed one more
time to yield a dark green solid (2.65 g, 2.08 mmol, yield 50.7 %). A second
crop of material was obtained by combining the CH3CN washes, reducing
the solution volume to 30 ± 40 mL, and then allowing diethyl ether vapor to
diffuse into the CH3CN solution. After � five ± seven days, the dark green
crystals were separated from the white [PPh4]Cl crystals and air dried
(0.2 g). The combined yield of [PPh4]2[4] from H8[3] was 54.5 %. The
number of water molecules varies from zero to two depending upon
recrystallization and storage conditions, as shown by elemental analysis and
NMR data. The stoichiometry of the sample used for elemental analysis
was supported by 1H NMR data. The crystal used for crystallographic
analysis had two water molecules in the lattice for each [PPh4]2[4]. 1H NMR
(CD3CN): d� 9.8 (s, 24H, alkyl CH3), 7.4, 7.22, 7.18, 7.155 (40 H, aryl of
[PPh4]�), 3.2 (H2O), ÿ0.8 (s, 2H, ArH); IR (nujol): nÄ � 1632 cmÿ1 (amide);
UV/Vis (95 % ethanol): lmax (e)� 238 (68 000), 376 (10 000), 468 (7300),
766 nm (2600); C70H66N4O8Co2P2 (1271.14) ´ 1.5 H2O (27): calcd: C 64.77, H
5.36, N 4.32, P 4.77; found: C 64.86, H 5.35, N 4.41, P 4.55.


Synthesis of tetraphenylphosphonium-di-cobalt(iiiiii)-k4 :k4-(1,2,4,5-tetrakis-
(2-hydroxy-2-methylpropanamido)benzene), ([PPh4][4I]): [PPh4]2[4] (243 mg,
0.19 mmol), CH2Cl2 (15 mL), and a magnetic stir bar were placed in a
Schlenk flask in air. The solution was deoxygenated with N2 and then
freshly prepared,[36] solid [Cp2Fe][PF6] (63 mg, 0.19 mmol) was added. The
solution immediately turned deep purple. The mixture was stirred under N2


(1 h) and then exposed to air (30 min). A small amount of white solid
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precipitate was removed by filtration in air and then the CH2Cl2 was
removed in vacuo. The remaining purple-black solid product was washed
copiously with toluene (500 ± 700 mL) to remove ferrocene and then
diethyl ether (�200 mL). The purple powder was dissolved in a minimum
amount of 1,2-dichloroethane, and pentane vapor was diffused into the 1,2-
dichloroethane solution. After a few days, the purple-black crystalline
product was collected by suction filtration, washed with pentane, and air
dried (148 mg, 75% yield). The solid was stored in a glove box under Ar. IR
(KBr): nÄ � 1687 cmÿ1 (s, amide); UV/Vis (1,2-dichloroethane): lmax (e)�
274 (37 400), 300 (21 050), 326 (20 700), 387 (10 000), 508 (8300), 548
(15 000), 652 (29 850), 816 (2000); C46H46N4O8Co2P (931.74) ´ C2H4Cl2


(98.96): calcd: C 55.94, H 4.89, N 5.44; found: C 55.68, H 4.89, N 5.42.
Presence of 1,2-dichloroethane in the solid was confirmed by a 9.6 % weight
loss by TGA measurement.


Synthesis of bis-tetraethylammonium-di-vanadyl(vv)-k4 :k4-(1,2,4,5-tetrakis-
(2-hydroxy-2-methylpropanamido)benzene), ([Et4N]2[5]): H8[3] (1.52 g,
3.15 mmol) and VIV(O)(SO4) ´ 3H2O (1.52 g, 7 mmol) were combined and
dissolved in air in MeOH (175 mL). [Et4N][OH] (20 wt % in H2O, 16.6 mL,
22.1 mmol) was added and the mixture stirred overnight under air. A clear
dark green solution formed. Removal of the solvent at reduced pressure
yielded an oil, to which was added absolute EtOH (300 mL), which was
then removed at reduced pressure leaving a green waxy solid. The wax was
triturated with a stir bar in dry Et2O (350 mL, 24 h) and then filtered. The
crude product was dissolved in CH3CN (100 mL), filtered, and then Et2O
vapor was diffused into the CH3CN solution, depositing a mixture of
[Et4N]2[5] and [Et4N]2[SO4]. These solids were separated by spreading
them on a double layer of filter paper, placing a second double layer of
filter paper, and a glass plate on top of the solids, and allowing the
hygroscopic [Et4N]2[SO4] salt to be drawn into the filter paper (overnight in
moist air). After the [Et4N]2[5] was scraped off the paper, it was
recrystallized from a 1:1 CH3CN:EtOH mixture by vapor diffusion of
Et2O. 1H NMR (CD3CN): d� 8.35 (s, 2 H, ArH), 3.05 (q, 16H, NCH2CH3),
1.66 (s, 12 H, CCH3), 1.38 (s, 12H, CCH3), 1.14 (tr, 24H, NCH2CH3); IR
(KBr): nÄ � 1630 (C�O amide), 965 (V�O) cmÿ1; C38H66N6O10V2 (868.87):
calcd: C 52.53, H 7.66, N 9.67; found: C 52.32, H 8.02, N 9.40.


Crystal structure determinations : Single crystals of [PPh4]2[4] ´ 2 H2O were
grown by allowing Et2O vapor to diffuse into a concentrated CH3CN
solution of [PPh4]2[4]. Green crystals of [PPh4]2[4] ´ 2H2O were mounted on
glass fibers on a Nonius CAD-4 diffractometer. Unit cell dimensions were
determined from the four-circle coordinates of 25 reflections, well
distributed through space. Data were collected with w/2q scans using Zr-
filtered MoKa radiation at room temperature with intensity control and
orientation standards showing no significant variation during data collec-
tion. The data were corrected for Lorentz and polarization effects, and
absorption applied using empirical phi scans.[37] The structure was solved by
conventional Patterson and Fourier techniques[38] and refined by full-
matrix least squares.[39] In the final cycles, all non-hydrogen atoms for
[PPh4]2[4] ´ 2 H2O were allowed to assume anisotropic motion. Hydrogen
atoms were located and held in idealized geometry with a single common
thermal parameter. The refinements converged to residuals of 0.039 for
[PPh4]2[4] ´ 2 H2O. Crystal data and structure refinement parameters for
[PPh4]2[4] ´ 2 H2O are found in Table 1.


Single crystals of [Et4N]2[5] were obtained by diffusing Et2O vapor into a 1:1
CH3CN/EtOH solution of [Et4N]2[5]. An intense green crystal of [Et4N]2[5]
was mounted on a glass fiber on a Nonius CAD-4 diffractometer. A total of
4237 unique reflections (28< 2q< 58) were collected using w/2q scans with
graphite-monochromated MoKa X-radiation. Absorption corrections were
by psi scans.[37] Structure solution was by direct methods employing
SHELXS.[40] All hydrogen atoms were located in a difference map and were
refined individually with isotropic temperature factors. Refinement by full-
matrix least-squares on F 2 was carried out using SHELXL-92.[41] Atomic
scattering factors and dispersion corrections were taken from the Interna-
tional Tables for Crystallography.[42] Refinement converged with R1�
0.0399 for 2839 observed reflections [I> 2s(I)]. Crystal data and structure
refinement parameters for [Et4N]2[5] are found in Table 1.


Further details of the crystal structure investigations for the structures
reported in this paper, dianions [4]2ÿ and [5]2ÿ can be obtained from the
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen
(Germany), (fax: (�49) 7247-808-666; e-mail : crysdata@fiz.karlsruhe.de)
on quoting the depository numbers CSD-408464 for [4]2ÿ, and CSD-408463
for [5]2ÿ.


Measurement and fitting of magnetic susceptibility data : Magnetic
susceptibility measurements were performed on a Quantum Design
SQUID magnetometer on dried powder samples of [PPh4]2[4] (5 ± 300 K,
0.5 T) and [PPh4][4I] (5 ± 350 K, 5 T). Diamagnetic corrections were applied
to the data based on Pascal�s constants or on values derived from
measurements performed on mixtures of the free ligand and [PPh4]Cl. All
exchange coupling constants, J, are reported according to a J Si ´ Sj


convention, which yields ferromagnetic exchange couplings to be negative
in sign.


Susceptibility data was fitted under the constraints of an eigenvalue matrix,
derived from the spin only Hamiltonian shown in Equation (1).
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The Hamiltonian matrix was diagonalized numerically for each field
direction and the resulting eigenvalues utilized to calculate the magnet-
ization along that direction using the thermodynamic relation given in
Equation (2).
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When necessary powder averaging was calculated over 49 unique
orientations of the magnetic field, and weighted according to a normal
vector approach. Minimization of R values as defined[9] by Equation (3)
was accomplished by using the simplex method.[43] All calculations were
performed by using the Mathematica language.[44]
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p-Methoxybenzylidene-tethered b-Mannosylation for Stereoselective
Synthesis of Asparagine-Linked Glycan Chains


Akihito Dan, Matthias Lergenmüller, Masayuki Amano, Yoshiaki Nakahara,
Tomoya Ogawa, and Yukishige Ito*


Abstract: One of the main obstacles in
the chemical synthesis of Asn-linked
glycoprotein oligosaccharides has been
the formation of b-manno glycoside
linked to the 4 position of N-acetylglu-
cosamine. Addressing this fundamental
problem, we previously developed the
use of a 2-O-p-methoxybenzyl-protect-
ed mannosyl donor as a new variant of
intramolecular aglycon delivery (IAD).
Now, the flexibility of this approach is


demonstrated in the synthesis of fucose-
containing hexasaccharide, which con-
stitutes the core structure of biomedi-
cally significant glycoproteins, in its
reducing end-protected (1 a) and Asn-


linked (1 b) forms. The key transforma-
tion is the stereoselective b-mannosyla-
tion of the disaccharide donor 5 b, which
was treated with 10 to form trisaccharide
12. Further conversion into trichloro-
acetimidate 15, coupling with disacchar-
ide segment 17, and introduction of a-
linked mannose residue afforded hexa-
saccharides 26 a and 26 b, which were
transformed into 1 a and 1 b.


Keywords: glycosides ´ intramolec-
ular aglycon delivery ´ oligosacchar-
ides ´ saccharide chemistry ´
stereoselectivity


Introduction


Asparagine-linked glycoprotein oligosaccharides (Figure 1)
have been revealed to play various important roles in
numerous biological events, including cell differentiation,
malignant transformation, cell adhesion, and intra- and
intercellular protein transport. They are also functional
constituents of proteins, defining three dimensional struc-
tures, stabilizing proteins under physiological conditions,
tuning enzymatic activities, and so on.[1] They are usually
divided into three major subgroups, high-mannose type,
hybrid type, and complex type, and each of them consists of
diverse structures, which result from the presence of a variable
degree of branching as well as additional terminal and
nonterminal modifications such as sialylation, fucosylation,
polylactosaminylation, sulfation, and phosphorylation.[2] In
spite of such diversity, all members of this family share a
common pentasaccharide unit, in which the trimannosyl unit
is linked to chitobiose (GlcNAcb1!4GlcNAc), which in turn
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Figure 1. Typical structure of Asn-linked glycan chain.


is connected to the protein backbone through an N-glycosidic
linkage to an Asn residue.


With the aim of the chemical synthesis of this biologically
important class of molecules, the main obstacle has been the
formation of b-manno (Man) glycoside[3] linked to the
4 position of N-acetylglucosamine (GlcNAc). b-Manno glyco-
side has been considered to be one of the most difficult types
of O-glycoside to synthesize selectively. This derives from its
unique structural feature (1,2-cis equatorial glycoside) that
makes neither stereoelectronic control (i.e., by an anomeric
effect) nor neighboring group participation available. Ad-
dressing these problems, a number of intriguing approaches
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have been investigated. However, it would be most fair to
mention that the classical insoluble silver salt approach[4] is
still competitive with more recently developed methods in
terms of its practicality. Although this method has been
successfully applied to the synthesis of glycoprotein-related
glycans and glycolipids, the stereoselectivity is critically
dependent upon the reactivity of the acceptor and the nature
of protecting groups of the mannosyl donor.[5] As a result, it is
often observed that b-selectivity quickly diminishes once
applied to a sterically demanding acceptor. In addition, the
use of unstable bromide required in this approach eliminates
the possibility to accommodate modern glycosylation tech-
nologies[6] (glycosyl fluoride, trichloroacetimidate, thioglyco-
side etc.), which have been demonstrated to be well-adapted
for block condensation of oligosaccharide fragments.


The intramolecular aglycon delivery (IAD) approach,
which was introduced by Baressi and Hindsgaul,[7] and later
by Stork and co-workers,[8] is endowed with an evident
advantage over others, because it guarantees the exclusive
formation of the correct anomer as a result of the geometrical
constraint. As a newer variant of this approach, we have
reported the use of the 2-O-p-methoxybenzyl (PMB) pro-
tected mannose donor 2.[9] Starting from 2, treatment with
DDQ in the presence of aglycon affords mixed acetal 3,
presumably via quinonemethide like species, which serves as a
tethered intermediate in the forthcoming IAD process
(Scheme 1). Subsequent activation of the anomeric position
then triggers IAD to afford b-manno glycoside 4. In order to
apply this methodology into the synthesis of biologically
relevant oligosaccharides, especially asparagine-linked com-
plex-type glycans, appropriately protected mannosyl donors
(5 a,b) have been examined.[9b] Most significantly, exclusive
formation of b-manno glycoside at the oligosaccharide block-
condensation stage was realized for the first time.[9b,c]


Results


As a demonstration of the versatility of our PMB-assisted
approach, we disclose here the synthesis of the fucose-
containing core structure (Fuc) of Asn-linked glycans in
reducing end-protected (1 a) and Asn-linked (1 b) forms.
Addition of a Fuc residue onto C-6 of the innermost GlcNAc


is a frequently observed structural modification in complex- and
hybrid-type glycans.[10] This also has a biomedical significance
in connection with intracellular trafficking of certain types of
glycoproteins and malignant transformations.[11]


Glycosyl donor 5 b was strategically designed, so that
various types of Asn-linked glycans can be synthesized based
on the PMB-assisted b-mannosylation protocol. To be more
precise, the expected b-mannoside product has an available
hydroxy group at C-2 and an acetal protected diol at C-4 and
C-6. Therefore, all hydroxy groups on this particular mannose
residue can be differentiated from others by selective
manipulation of protective groups in combination with the
well established reactivity order[12] that favors the reaction at
C-6 position (vide infra).


Preparation of 5 b was performed as depicted in Scheme 2.
Thus, starting from the known methyl thiomannoside 6,[13]


deacetylation ± benzylidenation afforded 4,6-O-protected 7.
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Scheme 2. Preparation of dimannosyl donor. a) PhCH(OMe)2, CSA/
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c) AgOTf, 2,6-di-tert-butyl-4-methylpyridine, MS 4 A/CH2Cl2, 81%.


Regioselective alkylation was performed under phase-trans-
fer conditions[14] to afford 8 a as a major product, together with
the corresponding regioisomer 8 b. The introduction of the
PMB group onto the C-2 position of 8 a was confirmed by
NMR analysis of acetylated 8 c. Stereoselective incorporation
of an a-linked mannose residue onto 8 a was performed by use
of chloride 9[15] as a glycosyl donor to afford disaccharide 5 b.


Having the designed dimannoside donor in hand, we
performed the b-mannosylation by using the latent GlcNAc


component 10[16] as an acceptor (Scheme 3).
Initial transformation into mixed acetal 11 was
effected by DDQ[17] according to our standard
protocol. This material was purified by size
exclusion chromatography into a spectroscopi-
cally homogeneous form (86 % yield), although
IAD proceeded in a nearly equal efficiency via
nonpurified 11.[18] 1H NMR analysis of 11 revealed
that it consists of a single isomer, within the
detection limit of a 270 MHz NMR spectrometer,
indicating that the mixed acetal formation pro-
ceeds with a high degree of stereoselectivity.
Characteristic low-field shifts of H-1Man (dH�
5.71) and one of the benzylic protons (dH� 5.40)
allowed us to assign the configuration of acetalic
carbon as S.[19]
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IAD was effected by exposure of 11 to MeOSO2CF3


(MeOTf[20]) and 2,6-di-tert-butyl-4-methylpyridine (DBMP)
in 1,2-dichloroethane to afford the b-manno glycoside product
12 (53 % yield), which corresponds to the backbone trisac-
charide structure (aMan1!3bMan1!4GlcNAc; frag-
ment B) of Asn-linked glycan chains . Further transforma-
tions into fluoride 14 and trichloroacetimidate 15 were
performed via 13 a and 13 b in a standard manner.


The designed fucosyl glucosamine component (17 a/b ;
fragment A) was synthesized by regioselective glycosylation
of the 4,6-diol 16 a/b with fucose donor 18 (Scheme 4).[21]
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Scheme 4. Synthesis of fucosyl glucosamine.


Requisite 16 a/b were prepared from 4,6-benzylidene protect-
ed 19 a, which was reported previously. Thus, transformation
into trichloroacetimidated 20 [a): CAN[22] ; b): CCl3CN, DBU]
followed by introduction of an azide group[23] afforded 19 b.
Subsequent acidic removal of benzylidene groups from 19 a/b


afforded 16 a/b. Alternatively, azide 19 b was prepared from
tetraacetate 22, in a similar manner as described by Kunz and
co-workers.[24] Namely, 22 was first converted into glycosyl
azide 23 (TMSN3, TMSOTf/MeCN), which was then subjected
to a three step sequence [a): NaOMe/MeOH; b): PhCH(OMe)2,
CSA/MeCN; c): PhCH2Br, NaH/DMF] to afford 19 b via 21.
Fucosylation was performed by use of the thioglycoside 18 under
in situ anomerization-like[25] conditions (CuBr2, Bu4NBr/
CH2Cl2/DMF[26]) to afford 17 a (78 %) and 17 b (73 %).


Critical fragment coupling of 17 a/b with 15 was successfully
performed by the action of Me3SiOSO2CF3 (TMSOTf) and
pentasaccharides 24 a and 24 b were obtained in 71 % and
79 % yield, respectively (Scheme 5). Fluoride 14 proved less
effective for this purpose even under the conditions optimized
for the strongest activation (AgOTf, Cp2HfCl2


[27]/CH2Cl2,
39 % 24 a).


Since the benzylated fucose residue is known to be acid
labile,[28] subsequent debenzylidenation of 24 a/b required
carefully controlled conditions. This transformation was best
achieved by treatment with dilute trifluoroacetic acid in CH2Cl2


to afford 25a (88%) and 25b (94%). Regioselective introduc-
tion of an a-mannose residue was achieved by use of the chlo-
ride 9 (AgOTf/CH2Cl2) to afford 26 a (77 %) and 26 b (74 %).


Deprotection of 26 a was performed as follows. Removal of
phthalimide groups (ethylenediamine[29]/EtOH) followed by
N-acetylation afforded 27 a (Scheme 5). Somewhat surpris-
ingly, the acetyl group of the b-linked mannose residue mostly
remained intact, while those of a-linked mannose residues
were cleaved. Compound 27 a was further deprotected [a): H2,
Pd-C; b): aq NaOH] into 1 a via 28.


On the other hand, azide-carrying 26 b was converted into
glycosyl asparagine 1 b as follows. Dephthaloylation ± acety-
lation afforded 27 b, which was de-O-acetylated to give 29
(Scheme 6). Compound 29 was then subjected to the con-
ditions for chemoselective reduction of an azide group with a
Lindlar catalyst to produce the corresponding glycosylamine,
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Scheme 3. Preparation of trisaccharides. a) DDQ, MS 4A/
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which was trapped in situ with a Cbz-Asp-OBn derived acid
anhydride[30] to give 30 in 91 % yield. Deprotection of 30 was
performed in a standard manner to afford hexaglycosyl
asparagine 1 b.


Discussion


The utility of PMB-tethered b-mannosylation in Asn-linked
glycans is clearly demonstrated in the synthesis of 1 a/b. Now,
the fully stereocontrolled construction of b-manno glycoside
is possible in a practical manner. The following features make
our PMB-based strategy clearly distinct from others; a) b-
manno glycoside can be formed with complete stereochemical
control, b) it is applicable to oligosaccharide condensation,
and c) a variety of protecting group patterns can be
accommodated (i.e., acetyl, benzyl, benzylidene, silyl, p-
methoxyphenyl, phthalimide). From these results, it can be
concluded that the IAD approach has gained practical utility
in synthetic studies on Asn-linked glycans.


Recently, the efficiency of PMB-assist-
ed b-mannosylation was further improved
by the use of 4,6-cyclohexylidene-protect-
ed mannosyl donor 31, which now realizes
the formation of the b-Man1!4bGlcNAc
equivalent in as high as >80 % yield.[31]


Furthermore, the question with regard to


the stereochemistry of the mixed acetal 3 was recently
solved.[19] Namely, it is now clear that mixed acetal formation
proceeds with a high degree of stereoselectivity to afford 3
with S- configuration at the acetalic carbon (see Scheme 1).


An elegant synthetic approach to asparagine linked glycans
has been reported by Unverzagt.[32] In this case, the b-
mannosylation protocol developed by Kunz was used as the
key transformation, in which the b-gluco-configurated glyco-
sylation product was transformed into b-manno glycoside by
intramolecular SN2 type replacement.[33] Our IAD based
methodology would be able to provide more flexible synthetic
route, with respect to the substitution pattern at the C-3
position. For instance, in our case the mannose donor that has
an additional sugar residue at C-3 (i.e., 5 b) can be used to
provide building blocks for a more convergent synthetic
approach to Asn-linked glycans.


On the other hand, efficient methods for the stereoselective
introduction of sialic acid (NeuAc) residue, which was
considered as another challenge in synthetic carbohydrate
chemistry, have been developed by various approaches
utilizing either chemical[34] or enzymatic means.[35] Taking all
of these aspects together, it is now possible to conceive highly
stereocontrolled synthetic routes to a wide range of Asn-
linked glycans.


Experimental Section


General Procedures : Melting points were determined with a Yanagimoto
micro melting-point apparatus and are not corrected. Optical rotations
were measured with a JASCO DIP 370 polarimeter at ambient temperature
(20� 3 8C). NMR spectra were recorded with a JEOL EX-270 or GX-400
spectrometers. Me4Si (d� 0.00) and tBuOH (d� 1.23 ppm) were used as
internal standards for 1H NMR in CDCl3 and D2O, respectively. 13C NMR
spectra in CDCl3 were measured with the solvent peaks as an internal
standard adjusted to d� 77.0. 1,4-Dioxane (d� 67.2) was used as an internal
standard for 13C NMR spectra in D2O. TLC on silica gel 60 F254 (Merck,
Darmstadt) was used to monitor the reactions and to ascertain the purity of
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the products. Silica-gel column chromatography was performed with Merck
silica gel 60 (63 ± 200 mm) or Cica silica gel 60N (spherical, 40 ± 100 or 100 ±
210 mm). Molecular sieves were activated by heating to 180 8C in vacuo for
24 h prior to use. All reactions require anhydrous conditions were
performed under atmosphere of N2 or Ar.


Methyl 4,6-O-benzylidene-1-thio-a-dd-mannopyranoside (7): A mixture of
compound 6 (10.0 g, 47.6 mmol), benzaldehyde dimethylacetal (7.85 mL,
52.3 mmol), and dl-camphorsulfonic acid (330 mg, 1.4 mmol) in DMF
(150 mL) was stirred at room temperature under vacuum (�15 mmHg) for
4 h. An additional amount of benzaldehyde dimethylaectal (1.4 mL,
9.3 mmol) was added and stirring was continued for 3 h. The reaction
was quenched with triethylamine (3 mL) and diluted with ether/dichloro-
methane (1:1). The solution was washed three times with water, and the
combined aqueous layers were extracted with AcOEt. The combined
organic layers were washed with brine and dried (MgSO4), and the solvent
was evaporated in vacuo. The residue was crystallized from AcOEt/EtOH
to afford 6.09 g of 7. The mother liquor was evaporated in vacuo and
purified by silica-gel column chromatography (hexane/AcOEt 5:1 ± 1:3) to
afford an additional 4.85 g of 7. Total yield 10.94 g (77 %). M.p. 173 ± 175 8C;
[a]D��171.5 (c� 1.1 in chloroform); 1H NMR (270 MHz, CDCl3, 25 8C,
TMS): d� 5.57 (s, 1H; benzylidene CH), 5.25 (s, 1 H; H-1), 2.16 (s, 3H;
SMe); 13C NMR (67.5 MHz, CDCl3, 25 8C): d� 102.1 (benzylidene CH),
83.9 (C-1), 79.7, 79.5, 72.7, 68.9, 68.6, 63.9, 55.3; C14H18O5S (298.4): calcd C
56.36, H 6.08, S 10.75; found C 56.62, H 6.03, S 10.35.


Methyl 4,6-O-benzylidene-2-O-p-methoxybenzyl-1-thio-a-dd-mannopyra-
noside (8 a): p-Methoxybenzyl chloride (1.0 mL, 7.4 mmol), Bu4NHSO4


(240 mg, 0.71 mmol), and 5% aq NaOH (5 mL) were added to a solution
of compound 7 (1.08 g, 3.62 mmol) in CH2Cl2 (60 mL), and the whole was
stirred vigorously and heated under reflux for 2 days. The mixture was
washed with water and brine successively, and dried over MgSO4; the solvent
was then evaporated in vacuo. The residue was separated by silica-gel
column chromatography (toluene/AcOEt 4:1) to afford 758 mg (50 %) of
compound 8a as well as the corresponding regioisomer 8b (222 mg, 15%).
Compound 8a : 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d� 7.55 ± 6.84 (m,
9H; aromatic), 5.56 (s, 1H; benzylidene CH), 5.26 (s, 1H; H-1), 3.81 (s, 3H;
OMe), 2.13 (s, 3H; SMe); 13C NMR (67.5 MHz, CDCl3, 25 8C): d� 102.1
(benzylidene CH), 83.9 (C-1), 79.7, 79.5, 72.7, 68.9, 68.6, 63.9, 55.3;
C22H26O6S (418.5): calcd C 63.14, H 6.26; found C 63.01, H 6.29.
The regiochemistry of 8 a was confirmed by converting into corresponding
acetate 8c : [a]D��59.6 (c� 1.0 in chloroform); 1H NMR (270 MHz,
CDCl3, 25 8C, TMS): d� 7.32 ± 7.48 (m, 5 H; C6H5CH), 6.89 and 7.28 (2 d,
each 2 H; CH3OC6H4CH2), 5.56 (s, 1H; C6H5CH), 5.21 (dd, J� 3.6, 9.6 Hz,
1H; 3-H), 5.20 (d, J� 1.3 Hz, 1 H; H-1), 4.48 and 4.63 (ABq, J� 11.9 Hz,
each 1 H; MeOC6H4CH2), 4.21 ± 4.31 (m, 2H; H-5, H-6b), 4.18 (dd, J� 9.7,
9.6 Hz, 1 H; H-4), 4.05 (dd, J� 1.3, 3.6 Hz, 1 H; H-2), 3.89 (m, 1H; H-6a),
3.81 (s, 3 H; CH3OC6H4CH2), 2.13 and 2.01 (2s, each 3 H; MeS, Ac);
C24H28O7S (460.5): calcd C 62.59, H 6.13; found C 62.73, H 6.13.
Regioisomer 8 b : 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d� 5.61 (s, 1H;
benzylidene CH), 5.22 (s, 1H; H-1), 2.14 (s, 3H; SMe). Corresponding
acetate: 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d� 7.68 ± 7.32 (m, 5H;
Ar), 7.26 (m, 2 H; Ar), 6.84 (m, 2 H; Ar), 5.62 (s, 1 H; benzylidene CH), 5.45
(dd, J� 3.4, 1.3 Hz, 1 H; H-2), 5.14 (d, J� 1.3 Hz, 1 H; H-1), 4.63 and 4.56
(each ABq, J� 11.6 Hz, 1 H; MeOC6H4CH2), 4.25 (dd, J� 9.7, 4.9 Hz, 1H;
H-6), 4.19 (ddd, J� 9.5, 4.9, 4.9 Hz, 1H; H-5), 4.08 (dd, J� 9.6, 9.5 Hz, 1H;
H-4), 3.95 (dd, J� 9.6, 3.4 Hz, 1H; H-3), 3.87 (m, 1 H; H-6'), 3.79 (s, 3H;
OMe), 2.14 and 2.17 (2s, each 3H; SMe, Ac).


Methyl O-(2-O-acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!3)-4,6-
O-benzylidene-2-O-p-methoxybenzyl-1-thio-a-dd-mannopyranoside (5b):
Methyl thiomannopyranoside 8 a (1.15 g, 2.75 mmol) and 2,6-di-t-butyl-4-
methylpyridine (DBMP, 1.02 g, 4.95 mmol) were dissolved in anhydrous
CH2Cl2 (25 mL) and stirred for 30 min under Ar and exclusion of light with
AgOTf (1.27 g, 4.95 mmol) over freshly activated molecular sieves 4A
(5.0 g). After cooling to ÿ15 8C, 9 (1.97 g, 3.85 mmol) was added as a
solution in CH2Cl2 (15 mL). The mixture was gradually warmed up to room
temperature, stirred for 90 min, and diluted with CH2Cl2 (100 mL). The
suspension was filtered through Celite and the filtrate was washed with
satd. NaHCO3 solution (30 mL) and 10% Na2S2O3 solution (30 mL), and
dried (Na2SO4). Removal of the solvent in vacuo gave a colorless foam
(3.79 g), which was purified by elution from silica gel with toluene/AcOEt
10:1 to afford 2.10 g (86 %) of 5 as a colorless foam. [a]D��57.0 (c� 1.1,
CHCl3); 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d� 7.64 ± 6.70 (m, 24H;


aromatic), 5.61 (s, 1H; benzylidene CH), 5.60 (dd, J� 3.3, 2.0 Hz, 1H;
H-22), 5.30 (d, J� 2.0 Hz, 1H; H-12), 5.15 (d, J� 1.0 Hz, 1 H; H-11), 4.89 ±
4.55 (m, 4H; benzylic CH2), 3.96 (dd, J� 8.6, 3.3 Hz, 1 H; H-32), 3.67 (m,
1H; H-42), 3.63 (s, 3H; OMe), 2.09 and 2.07 (2s, each 3H; SMe, Ac); 13C
NMR (67.5 MHz, CDCl3, 25 8C): d� 101.6 (benzylidene CH), 99.2 (C-12),
85.2 (C-11), 79.5, 78.7, 78.3, 75.4, 74.7, 73.7, 73.6, 72.9, 72.5, 71.9, 69.2, 68.9,
68.5, 64.8, 55.4; C51H56O12S (893.07): calcd C 68.59, H 6.32; found C 68.34, H
6.34.


p-Methoxyphenyl O-(2-O-acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-
(1!3)-O-(4,6-O-benzylidene-b-dd-mannopyranosyl)-(1!4)-3,6-di-O-ben-
zyl-2-deoxy-2-phthalimido-b-dd-glucopyranoside (12) via mixed acetal 11:
Compounds 5 b (43 mg, 0.048 mmol) and 10 (20.8 mg, 0.035 mmol) as a
solution in CH2Cl2 (1.3 mL) were added to an ice-cold mixture of DDQ
(14 mg, 0.062 mmol), molecular sieves 4 A (0.2 g) in CH2Cl2 (0.5 mL). The
mixture was stirred at room temperature for 3 h and quenched with an
aqueous solution of ascorbic acid (0.7 %)/citric acid (1.3%)/NaOH (0.9 %)
(2 mL). The resulting solution was stirred for 10 min to form a lemon-
yellow suspension, that was subsequently diluted with AcOEt and filtered
through Celite. The filtrate was washed with water, aq NaHCO3, and brine
successively, and dried over MgSO4. The solvent was then evaporated in
vacuo, and the residue was subjected to size-exclusion column chromatog-
raphy with Bio-Beads S-X4 (toluene). Fractions containing mixed acetal 11
were collected, concentrated, and, after brief exposure to high vacuum,
added as a solution in 1,2-dichloroethane (5 mL) to a flask containing
molecular sieves 4A (0.2 g) and DBMP (39 mg, 0.19 mmol). Methyl
trifluoromethanesulfonate (MeOTf; 20 ml, 0.18 mmol) was added, and the
mixture was stirred at 40 8C for 14 h. The reaction was quenched with Et3N
(0.2 mL; RT, 10 min), diluted with AcOEt/water, and filtered through
Celite. The filtrate was washed with water and brine successively, and dried
over MgSO4; the solvent was then evaporated in vacuo. The residue was
purified by chromatography with Bio-Beads S-X4 (toluene) and then with
silica gel (hexane/AcOEt 1:3) to afford 24.3 mg (53 %) of compound 12.
[a]D��24.1 (c� 0.8 in chloroform); 1H NMR (270 MHz, CDCl3, 25 8C,
TMS): d� 7.61 ± 6.61 (m, 38 H; aromatic), 5.52 (d, J� 8.3 Hz, 1 H; H-11),
5.40 (s, 1H; benzylidene CH), 5.04 (d, J� 1.3 Hz, 1 H; H-13), 4.59 (s, 1H;
H-12), 4.31 (dd, J� 8.3, 3.7 Hz, 1H), 3.97 (dd, J� 9.2, 3.3 Hz, 1H; H-33),
3.89 (t, J� 9.6 Hz, 1 H; H-42), 3.64 (s, 3 H; OMe), 3.07 (ddd, J� 9.6, 4.6,
4.6 Hz, 1H; H-52), 2.80 (d, J� 3 Hz, 1H; OH), 2.05 (s, 3H; Ac); 13C NMR
(67.5 MHz, CDCl3, 25 8C): d� 101.4 (benzylidene CH), 100.6 (C-12, 1JCH�
161 Hz), 98.8 (C-13), 97.7 (C-11), 78.7, 77.9, 77.2, 77.1, 75.6, 74.7, 74.4, 73.6,
73.5, 71.9, 71.8, 70.6, 69.4, 68.5, 68.4, 68.3, 66.8, 55.6, 55.5; C77H77NO19


(1320.47): calcd C 68.59, H 6.32, N 1.06; found C 69.90, H 5.90, N 0.95.


In a separate experiment, mixed acetal 11 was prepared with a slight excess
amount of 10 and was more rigorously purified into a spectroscopically
pure form. To be brief, compounds 5b (44.1 mg, 0.0494 mmol) and 10
(38.3 mg, 0.0643 mmol) were treated with DDQ (13.5 mg, 0.0593 mmol) in
CH2Cl2 (0.4 mL) in the presence of molecular sieves 4A (0.1 g) at room
temperature for 3 h. The mixture was processed as described above and
purified by a column of Bio-Beads S-X4 (toluene) to afford 63.2 mg (86 %)
of 11. 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d� 5.71 (s, 1 H; H-12), 5.66
(d, J� 8.3 Hz, 1 H; H-11), 5.63 (br s, 2H; mixed acetal CH and H-23), 5.40
(d, J� 11.2 Hz, 1H; benzylic CH2), 5.26 (d, J< 1 Hz, 1 H; H-13), 4.85 (s, 1H;
benzylidene CH), 3.78 (s, 3H; OMe), 3.25 (s, 3H; OMe), 2.08 and 1.99 (2s,
each 3H; SMe, Ac); 13C NMR (67.5 MHz, CDCl3, 25 8C): d� 100.5, 99.4,
98.1, 97.5 (C-11, C-13, benzylidene CH, mixed acetal CH), 82.1, 78.6, 78.4,
77.8, 77.2, 76.1, 76.0, 75.3, 75.2, 74.4, 74.0, 73.5, 73.2, 71.8, 71.2, 68.5, 68.1,
64.9, 55.9, 55.6, 54.8, 21.0 (Ac), 13.5 (SMe).


O-(2-O-Acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!3)-O-(2-O-
acetyl-4,6-O-benzylidene-b-dd-mannopyranosyl)-(1!4)-3,6-di-O-benzyl-2-
deoxy-2-phthalimido-b-dd-glucopyranose (13b): Compound 12 (65.6 mg,
0.0497 mmol) was dissolved in acetonitrile (1.5 mL), and triethylamine
(21 ml, 0.15 mmol), N,N-dimethylaminopyridine (DMAP; 0.3 mg,
0.003 mmol), and acetic anhydride (7 ml, 0.07 mmol) were added succes-
sively. The mixture was stirred at room temperature overnight and
quenched with MeOH. Volatiles were removed in vacuo, and the residue
was co-evaporated successively with ethanol and toluene to afford the
acetylated product 13 a, which was then diluted with toluene/acetonitrile/
water (3:4:3; 4 mL). Ceric ammnonium nitrate (CAN; 82 mg, 0.15 mmol)
was added, and the mixture was stirred at room temperature for 2 h. An
additional amount of CAN (40 mg, 0.073 mmol) was added and stirring was
continued for 2 h. The resulting mixture was diluted with AcOEt, washed
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with water, 5% aq NaOH, and brine successively, and dried over MgSO4;
the solvent was then evaporated in vacuo. The residue was purified by
silica-gel column chromatography (hexane/AcOEt 10:1 ± 5:1) to afford
48.2 mg (77 %) of compound 13b.
Compound 13 a : [a]D��26.4 (c� 0.9 in chloroform); 1H NMR (270 MHz,
CDCl3, 25 8C, TMS): d� 7.68 ± 6.67 (m, 38 H; aromatic), 5.58 (d, J� 8.3 Hz,
1H; H-11), 5.50 (s, 1H; benzylidene CH), 5.46 (dd, J� 3.3, 1.7 Hz, 1H;
H-23), 5.37 (br s, 1H; H-22), 5.22 (d, J� 1.7 Hz, 1 H; H-13), 4.67 (d, J< 1 Hz,
1H; H-12), 3.71 (s, 3 H; OMe); 13C NMR (67.5 MHz, CDCl3, 25 8C): d�
101.2 (benzylidene CH), 99.2, 98.6 (C-12, C-13), 97.6 (C-11), 78.7, 78.6, 76.5,
74.7, 74.7, 74.6, 74.1, 73.4, 73.4, 72.7, 72.1, 71.7, 70.7, 68.9, 68.5, 68.3, 68.0, 66.4,
55.6; C79H79NO20 (1362.51): calcd C 69.94, H 5.84, N 1.03; foumd C 69.46, H
5.85, N 1.16.
Compound 13 b : 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d� 7.69 ± 6.93
(m, 34 H; aromatic), 5.49 (s, 1 H; benzylidene CH), 5.46 (dd, J� 2.6, 1.6 Hz,
1H; H-23), 5.33 (br, 1 H; H-22), 5.27 (d, J� 8.6 Hz, 1H; H-11), 5.21 (d, J�
1.6 Hz, 1 H; H-13), 2.88 (d, J� 8.6 Hz, 1H; OH), 2.09 and 2.04 (2s, each 3H;
Ac);13C NMR (67.5 MHz, CDCl3, 25 8C): d� 99.0, 98.6 (C-12, C-13), 93.0
(C-11), 78.6, 78.4, 74.5, 74.4, 74.1, 73.5, 73.4, 72.7, 72.1, 71.7, 70.6, 68.9, 68.5,
68.3, 68.1, 66.4, 57.5.


O-(2-O-Acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!3)-O-(4,6-O-
benzylidene-b-dd-mannopyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-
phthalimido-b-dd-glucopyranosyl fluoride (14): Dimethylaminosulfur tri-
fluoride (DAST; 2.4 ml, 0.018 mmol) was added to a precooled (ÿ20 8C)
solution of compound 13b (16.5 mg, 0.0131 mmol) in CH2Cl2 (1 mL). The
mixture was stirred at this temperature for 30 min and quenched with ice-
cold aq NaHCO3. After being diluted with AcOEt, the layers were
separated. The organic layer was washed with aq NaHCO3 and brine
successively, and dried over MgSO4; the solvent was then evaporated in
vacuo. The residue was purified by silica-gel column chromatography
(toluene/AcOEt 20:1 ± 10:1) to afford 12.5 mg (76 %) of compound 14. 1H
NMR (270 MHz, CDCl3, 25 8C, TMS): d� 7.74 ± 6.90 (m, 34 H; aromatic),
5.81 (dd, 1J(H,F)� 53.8 Hz, J� 7.7 Hz, 1H; H-11), 5.49 (s, 1H; benzylidene
CH), 5.46 (dd, J� 2.2, 1.7 Hz, 1H; H-23), 5.34 (br s, 1 H; H-22), 5.22 (d, J�
1.7 Hz, 1H; H-13), 2.09 and 2.04 (2s, each 3 H; Ac).


O-(2-O-Acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!3)-O-(4,6-O-
benzylidene-b-dd-mannopyranosyl)-(1!4)-3,6-di-O-benzyl-2-deoxy-2-
phthalimido-b-dd-glucopyranosyl trichloroacetimidate (15): Trichloroaceto-
nitrile (15 ml, 0.15 mmol) was added to a solution of compound 13b
(18.4 mg, 0.0147 mmol) in 1,2-dichloroethane (0.5 mL), and the solution
was cooled down to 0 8C. DBU (10 % in 1,2-dichloroethane; 2 ml,
0.001 mmol) was added and the mixture was stirred for 2 h. The mixture
was applied to a column of silica gel (10 ± 30% AcOEt in hexane) to afford
16.8 mg (82 %) of compound 15. 1H NMR (270 MHz, CDCl3, 25 8C, TMS):
d� 8.54 (s, 1H; �NH), 7.67 ± 6.91 (m, 34 H; aromatic), 6.36 (d, J� 8.3 Hz,
1H; H-11), 5.50 (s, 1H; benzylidene CH), 5.46 (dd, J� 3.6, 1.6 Hz, 1H;
H-23), 5.36 (br s, 1H; H-22), 5.22 (d, J� 1.6 Hz, 1H; H-13), 2.09 and 2.05 (2s,
each 3 H; Ac).


p-Methoxyphenyl O-(2,3,4-tri-O-benzyl-a-dd-fucopyranosyl)-(1!6)-3-O-
benzyl-2-deoxy-2-phthalimido-b-dd-glucopyranoside (17 a): A mixture of
CuBr2 (69.2 mg, 0.31 mmol), Bu4NBr (100 mg, 0.31 mmol), and molecular
sieves 4A (0.13 g) in CH2Cl2/DMF (2:1, 3 mL) was stirred and cooled over
an ice ± water bath. A solution of comounds 16a (73.0 mg, 0.145 mmol) and
18 (72.0 mg, 0.155 mmol) in CH2Cl2 (4 mL in total) was added dropwise and
the mixture stirred at 0 8C for 4.5 h. An additional amount of compound 18
(12.0 mg, 0.026 mmol) was added as a solution in CH2Cl2 (0.5 mL) and
stirring was continued overnight at room temperature. The resulting
mixture was quenched with aq NaHCO3 (RT, 10 min), diluted with AcOEt,
and filtered through Celite. The filtrate was washed successively with aq
NaHCO3 and brine, and dried over Na2SO4; the solvent was then
evaporated in vacuo. The residue was purified by silica-gel column
chromatography (4 ± 8 % AcOEt in toluene) to afford 104.4 mg (78 %) of
compound 17a, together with 10.5 mg (8%) of corresponding b-isomer.
Compound 17 a : [a]D�ÿ5.1 (c� 0.8 in chloroform); 1H NMR (270 MHz,
CDCl3, 25 8C, TMS): d� 7.62 ± 6.58 (m, 28 H; aromatic), 5.53 (d, J� 8.3 Hz,
1H; H-11), 4.31 ± 4.13 (m, 2H; H-21, H-31), 3.98 (m, 1H; H-5F), 3.60 (s, 3H;
OMe), 1.00 (d, J� 6.3 Hz, 3 H; H-6F); 13C NMR (67.5 MHz, CDCl3): d�
98.5 and 97.8 (anomeric carbons), 79.3, 77.7, 77.2, 76.3, 74.9, 74.3, 74.2, 73.5,
73.3, 72.9, 68.3, 66.9, 55.5, 55.5.


3-O-Benzyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-b-dd-glucopyranose
(19c): Ceric ammonium nitrate (CAN; 961 mg, 1.75 mmol) was added to a


solution of 19 a (520 mg, 0.88 mmol) in toluene/MeCN/H2O (3:4:3; 10 mL),
and the mixture stirred at room temperature. After 3 h, additional amounts
of toluene/MeCN/H2O (3:4:3; 10 mL) and CAN (961 mg, 1.75 mmol) were
added. After being stirred for additional 30 min, the mixture was diluted
with AcOEt, washed successively with water, 5 % aq NaOH, and brine, and
dried over MgSO4; the solvent was then evaporated in vacuo. The residue
was triturated with hexane/AcOEt and a solid material was collected by
filtration to afford 343 mg of compound 19c. The mother liquor was
concentrated to dryness and purified by silica-gel column chromatography
(10 ± 30% AcOEt in hexane) to afford additional 67 mg of 19c. Total yield
410 mg (96 %). 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d� 7.71 ± 6.79 (m,
14H; aromatic), 5.63 (s, 1H; benzylidene CH), 5.42 (br t, J� 8 Hz, 1H;
H-1), 4.81 and 4.53 (ABq, J� 12.2 Hz, each 1 H; benzyl CH2), 4.52 (dd, J�
10.2, 8.9 Hz, 1H; H-3), 4.14 (dd, J� 10.2, 8.6 Hz, 1H; H-2), 3.84 (m, 2H;
H-6), 3.70 (m, 1H; H-5), 3.21 (d, J� 7.6 Hz, 1 H; OH).


3-O-Benzyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-b-dd-glucopyranosyl
trichloroacetimidate (20): DBU (5 ml, 0.03 mmol) was added to an ice-cold
solution of compound 19c (195 mg, 0.40 mmol) and trichloroacetonitrile
(0.4 mL, 4.0 mmol) in 1,2-dichloroethane (4 mL), and the mixture was
stirred for 1.5 h. The mixture was subjected to a column of silica gel, which
was eluted with 10 ± 30 % AcOEt in toluene to afford 228 mg (91 %) of
compound 20. 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d� 8.57 (s, 1H;
C�NH), 7.70 ± 6.85 (m, 14H; aromatic), 6.49 (d, 1H, J� 8.6 Hz; H-1), 5.65
(s, 1H; benzylidene CH), 4.82 and 4.53 (ABq, J� 12.2 Hz, each 1H; benzyl
CH2), 4.59-4.47 (m, 3 H; H-2, H-3, H-4), 3.89 (m, 3H; H-5, H-6).


3,4,6-Tri-O-acetyl-2-deoxy-2-phthalimido-b-dd-glucopyranosyl azide (23):
Trimethylsilyl triflate (38 ml, 0.21 mmol) was added to a solution of
compound 22 (1.00 g, 2.1 mmol) and trimethylsilyl azide (420 mmL,
3.16 mmol) in acetonitrile (20 mL), and the solution was stirred at room
temperature for 4 h. The resulting mixture was diluted with AcOEt and
washed with ice-cold water, aq NaHCO3, and brine, successively. The
organic layer was dried over MgSO4 and the solvent was evaporated in
vacuo. The residue was purified by silica-gel column chromatography
(toluene/AcOEt 2:1) to afford 0.817 g (84 %) of compound 23. M.p. 135 ±
1388 ; 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d� 7.90 ± 7.75 (m, 4H;
Phth), 5.74 (dd, J� 10.6, 9.2 Hz, 1 H; H-3 ), 5.66 (d, J� 9.2 Hz, 1H; H-1),
5.20 (t, J� 9.6 Hz, 1H; H-4), 4.36 (dd, J� 12.5, 4.6 Hz, 1 H; H-6), 4.25 (dd,
J� 12.5, 2.3 Hz, 1H; H-6'), 4.24 (dd, J� 10.6, 9.2 Hz, 1H; H-2), 3.98 (m,
1H; H-5), 2.14, 2.05 and 1.87 (s, 3 H; Ac); C20H20N4O9 (460.40): calcd C
52.18, H 4.38, N 12.17; found C 52.18, H 4.33, N 12.01.


4,6-O-Benzylidene-2-deoxy-2-phthalimido-b-dd-glucopyranosyl azide (21):
A solution of 23 (1.57 g, 4.69 mmol), benzaldehyde dimethylacetal
(1.05 mL, 7.0 mmol), and dl-camphorsulfomic acid (0.11 g, 0.47 mmol) in
acetonitrile (40 mL) was stirred at room temperature for 4 d. The mixture
was made slightly basic with NaOMe (0.5m ; phenolphthalein indicator)
and immediately neutralized with a drop of acetic acid. After the solvent
was evaporated in vacuo, purification by silica-gel column chromatography
(toluene/EtOH 19:1) afforded 1.83 g (94 %) of compound 21. M.p. 187 ±
1918 ; 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d� 7.90 ± 7.72 (m, 4H;
Phth), 7.57 ± 7.32 (m, 5H; Ph), 5.59 (s, 1H; benzylidene CH), 5.48 (d, J�
9.2 Hz, 1H; H-1), 4.69 (ddd, J� 10.4, 8.9, 3.6 Hz, 1H; H-3), 4.44 (dd, J�
9.9, 4.3 Hz, 1H; H-6), 4.18 (dd, J� 10.4, 9.4 Hz, 1H; H-2), 3.86 (t, J�
10 Hz, 1 H; H-6'), 3.76 (m, 1H; H-5), 3.64 (t, J� 8.9 Hz, 1H; H-4).


3-O-Benzyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-b-dd-glucopyranosyl
azide (19 b)


From 20 : Compound 20 (112 mg, 0.178 mmol) and trimethylsilyl azide
(0.22 mL, 1.7 mmol) were dissolved in CH2Cl2 (1 mL) containing molecular
sieves 4 A (0.16 g), and the mixture was cooled down to ÿ78 8C. A solution
of TMSOTf in 1,2-dichloroethane (0.2m ; 50 ml, 0.01 mmol) was added, and
the whole was stirred for 2 h, while being warmed up to ÿ20 8C. The
reaction was quenched with Et3N (0.2 mL), diluted with AcOEt, and
filtered through Celite. The filtrate was washed successively with water and
brine, and dried over Na2SO4; the solvent was evaporated in vacuo. The
residue was purified by silica-gel column chromatography (10 ± 20%
AcOEt in hexane) to afford 63.7 mg (70 %) of 19 b. M.p. 129 ± 1318 ;
[a]D� 37.1 (c� 1.1 in chloroform); 1H NMR (270 MHz, CDCl3, 25 8C,
TMS): d� 7.83 ± 7.72 (m, 4H; Phth), 7.55 ± 7.37 (m, 5 H; Ph), 7.00 ± 6.85 (m,
5H; Ph), 5.64 (s, 1H; benzylidene CH), 5.43 (d, J� 9.6 Hz, 1H; H-1), 4.80
and 4.45 (ABq, J� 12.2 Hz, each 1H; benzyl CH2), 4.49 ± 4.42 (m, 2H; H-3,
H-6), 4.14 (dd, J� 10.2, 9.2 Hz, 1H; H-2), 3.91 ± 3.70 (m, 3 H; H-4, H-5,
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H-6'); C28H24N4O6 (512.52): calcd C 65.62, H 4.72, N 10.53; found C 65.80,
H 4.73, N 10.53.
From 21: NaH (60 %, 792 mg, 20 mmol) was added to an ice-cold solution
of compound 21 (4.60 g, 9.9 mmol) and benzyl bromide (2.35 mL,
19.8 mmol) in DMF, and the mixture was stirred for 19 h, while being
gradually warmed up to room temperature. The solution was quenched
with Et3N, diluted with AcOEt, washed successively with aq NH4Cl and
brine, and dried over Na2SO4; the the solvent was evaporated in vacuo. The
residue was purified by silica-gel column chromatography (toluene/EtOH
19:1) to afford 3.9 g (72 %) of compound 19 b.


3-O-Benzyl-2-deoxy-2-phthalimido-b-dd-glucopyranosyl azide (16 b): A sol-
ution of 19b (500 mg, 0.98 mmol) and dl-camphorsulfonic acid (21 mg,
0.09 mmol) in MeOH (10 mL) was stirred under heating with oil bath
(50 8C). After 30 min, CH2Cl2 (2 mL) was added and stirring was continued
at the same temperature for additional 1.5 h. The mixture was processed as
described for 21 and purified by silica-gel column chromatography
(AcOEt/toluene 1:1) to afford 317 mg (83 %) of compound 16b. M.p.
147 ± 149 8C; [a]D��26.9 (c� 1.1 in chloroform); 1H NMR (270 MHz,
CDCl3, 25 8C, TMS): d� 7.81 ± 6.92 (m, 9H; aromatic), 5.42 (d, J� 9.2 Hz,
1H; H-1), 5.42 and 4.73 (ABq, J� 12.2 Hz, each 1H; benzyl CH2), 4.31 (dd,
J� 10.6, 8.6 Hz, 1 H; H-3), 4.08 (dd, J� 10.6, 9.2 Hz, 1H; H-2), 3.98 (m,
2H; H-6), 3.86 (ddd, J� 9.6, 8.6, 3.6 Hz, 1H; H-4), 3.65 (ddd, J� 9.6, 3.6,
3.6 Hz, 1 H; H-5), 3.01 (br d, J� 3.6 Hz, 1H; 4-OH), 2.35 (br s, 1H; 6-OH);
13C NMR (67.5 MHz, CDCl3, 25 8C): d� 85.8 (C-1), 78.9, 77.2, 74.2, 71.7,
62.1, 55.0; C21H20N4O6 (424.42): calcd C 59.43, H 4.75, N 13.20; found C
59.18, H 4.64, N 13.19.


O-(2,3,4-Tri-O-benzyl-a-dd-fucopyranosyl)-(1!6)-3-O-benzyl-2-deoxy-2-
phthalimido-b-dd-glucopyranosyl azide (17b): Compounds 16 b (55 mg,
0.13 mmol) and 18 (67 mg, 0.14 mmol) were treated as described for the
preparation of 17a, with the use of CuBr2 (64 mg, 0.29 mmol), Bu4NBr
(93 mg, 0.29 mmol), and molecular sieves 4 A (0.2 g) in CH2Cl2/DMF (5:1,
ÿ10 8C ± RT., 17 h) to afford 80.2 mg (73 %) of 17 b, together with
corresponding b-isomer (7.2 mg, 7%). [a]D�ÿ34.1 (c� 1.0 in chloroform);
1H NMR (270 MHz, CDCl3, 25 8C, TMS): d� 7.83 ± 6.84 (m, 24H;
aromatic), 5.32 (d, J� 9.6 Hz, 1 H; H-11), 3.71 (m, 1 H; H-4F), 3.67 (m,
1H; H-51), 1.14 (d, J� 6.4 Hz, 3 H; H-6F); 13C NMR (67.5 MHz, CDCl3):
d� 98.7 (C-1F), 85.7 (C-11), 79.2 77.2, 76.8, 76.4, 75.6, 74.9, 74.4, 73.0, 72.8,
67.9, 66.9, 55.0; C48H48N4O10 (840.94): calcd C 68.56, H 5.75, N 6.66; found C
68.21, H 5.67, N 6.49.
b-Isomer: 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d� 5.34 (d, J� 9.6 Hz,
1H; H-11), 4.41 (d, J� 7.6 Hz, 1H; H-1F), 1.19 (d, J� 6.3 Hz, 3H; H-6F);
13CNMR (67.5 MHz, CDCl3): d� 103.8 (C-1F), 85.8 (C-11), 82.4, 79.0, 77.2,
76.9, 76.5, 76.2, 75.3, 74.6, 74.4, 73.2, 72.1, 70.7, 68.3, 55.1.


p-Methoxyphenyl O-(2-O-acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-
(1!3)-O-(2-O-acetyl-4,6-O-benzylidene-b-dd-mannopyranosyl)-(1!4)-O-
(3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-dd-glucopyranosyl)-(1!4)-O-
[(2,3,4-tri-O-benzyl-a-ll-fucopyranosyl)-(1!6)]-3,6-di-O-benzyl-2-deoxy-
2-phthalimido-b-dd-glucopyranoside (24a)
Method A (with trichloroacetimidate 15): A solution of TMSOTf (0.2m in
1,2-dichloroethane; 1.5 ml, 0.3 mmol) was added to a precooled (ÿ78 8C)
mixture of compounds 15 (16.5 mg, 0.0118 mmol) and 17 a (27.1 mg,
0.0294 mmol) in CH2Cl2 (0.3 mL) containing molecular sieves 4 A
(0.04 g), and the mixture was stirred at this temperature. After 1 h, an
additional amount of TMSTOf (0.3 mmol) was added and the mixture was
gradually warmed up to ÿ45 8C (�1 h) and kept at that temperature for
0.5 h. The reaction mixture was quenched with Et3N, diluted with AcOEt,
and filtered through Celite. The filtrate was washed successively with aq
NaHCO3 and brine, and dried over Na2SO4; the solvent was evaporated in
vacuo. The residue was subjected to a column of Bio-Beads S-X1 (toluene/
AcOEt 1:1) and pentasaccharide-containing fractions were further purified
by silica-gel column chromatography (hexane/AcOEt 1:1) to afford
18.0 mg (71 %) of compound 24 a. [a]D�ÿ0.5(c� 0.9 in chloroform); 1H
NMR (270 MHz, CDCl3, 25 8C, TMS): d� 7.86 ± 6.55 (m, 62 H; aromatic),
5.47 (d, J� 8.3 Hz, 1 H; H-11), 5.45 (br s, 2H; H-24, benzylidene CH), 5.39
(d, J� 8.3 Hz, 1 H; H-12), 5.38 (br s, 1H; H-23), 5.25 (d, J� 1.5 Hz, 1H;
H-14), 3.61 (s, 3H; OMe), 2.08 and 1.74 (2s, each 3H; Ac), 0.86 (d, J�
6.3 Hz, 3H; H-6F); 13C NMR (67.5 MHz, CDCl3, 25 8C): d� 101.1
(benzylidene CH), 99.3, 98.6, 98.0, 96.94, 96.93 (anomeric carbons), 79.9,
79.2, 78.8, 77.6, 76.4, 75.4, 75.2, 75.0, 74.8, 74.7, 74.6, 74.1, 73.8, 73.4, 72.7,
72.1, 71.7, 70.5, 68.7, 66.3, 66.0, 63.7, 56.5, 55.8, 55.5; C122H120N2O30 (2094.31):
calcd C 70.60, H 5.88, N 1.30; found C 70.13, H 5.82, N 1.19.


Method B (with fluoride 14): A mixture of Cp2HfCl2 (5.1 mg, 0.013 mmol),
AgOTf (6.9 mg, 0.027 mmol), and molecular sieves 4 A (0.04 g) in CH2Cl2


(0.2 mL) was stirred at 0 8C for 10 min and then cooled down to ÿ78 8C.
Compounds 14 (12.0 mg, 0.0095 mmol) and 17 a (26.4 mg, 0.029 mmol)
were added as a solution in CH2Cl2 (0.6 mL), and the whole was stirred for
3 h, while being gradually warmed up to ÿ10 8C. After being stirred for
additional 2 h at ÿ10 8C, additional amounts of Cp2HfCl2 (2.0 mg,
0.005 mmol) and AgOTf (2.8 mg, 0.011 mmol) were added and stirring
was continued at room temperature overnight. The resulting mixture was
quenched with aq NaHCO3 (RT, 10 min), diluted with AcOEt, and filtered
through Celite. The filtrate was washed successively with aq NaHCO3 and
brine, and dried over Na2SO4; the solvent was evaporated in vacuo. The
residue was subjected to a column of Bio-Beads S-X1 (toluene). Fractions
containing pentasaccharide were collected and further purified by prepar-
aetive TLC (hexane/AcOEt 1:1) to afford 8.1 mg (39 %) of compound
24a.


O-(2-O-Acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!3)-O-(2-O-ac-
etyl-4,6-O-benzylidene-b-dd-mannopyranosyl)-(1!4)-O-(3,6-di-O-benzyl-2-
deoxy-2-phthalimido-b-dd-glucopyranosyl)-(1!4)-O-[(2,3,4-tri-O-benzyl-a-
ll-fucopyranosyl)-(1!6)]-3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-dd-glu-
copyranosyl azide (24 b): Compounds 15 (34.0 mg, 0.0486 mmol) and 17b
(40.9 mg, 0.0486 mmol) were treated with TMSOTf (1 mmol) and molecular
sieves 4 A (0.04 g) in CH2Cl2 (0.6 mL; ÿ78 ± ÿ 40 8C, 1 h) as desribed for
24a, method A. The mixture was processed as described above and purified
by Bio-Beads S-X1 (toluene/AcOEt 1:1) and by silice-gel column
chromatography (10 ± 30% AcOEt in hexane) to afford 40.1 mg (79 %)
of compound 24b. [a]D�ÿ10.8 (c� 1.0 in chloroform); 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 7.87 ± 6.72 (m, 58 H; aromatic), 5.48
(d, J� 8.3 Hz, 1 H; H-11), 5.44 (m, 2 H; H-24, benzylidene CH), 5.37 (dd,
J� 2.6, <1 Hz, 1H; H-23), 5.22 (d, J� 1.5 Hz, 1H; H-14), 5.11 (d, J�
9.3 Hz, 1H; H-12), 2.07 and 1.74 (2s, each 3 H; Ac), 1.02 (d, J� 6.3 Hz,
3H; H-6F); 13C (67.5 MHz, CDCl3): d� 101.1 (benzylidene CH), 99.3, 98.6,
96.9, 96.8 (C-12,3,4,F), 84.9 (C-11), 79.4, 79.1, 78.8, 77.8, 77.6, 77.2, 76.9, 76.0,
76.0, 75.1, 75.0, 74.8, 74.7, 74.6, 74.0, 73.4, 73.3, 73.3, 73.2, 72.7, 72.1, 71.7,
70.4, 68.7, 68.5, 68.3, 67.9, 66.3, 66.1, 63.2, 56.4, 55.4; C120H119N5O28 (2079.30):
calcd C 69.32, H 5.77, N 3.37; found C 69.00, H 5.75, N 3.27.


p-Methoxyphenyl O-(2-O-acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-
(1!3)-O-(2-O-acetyl-b-dd-mannopyranosyl)-(1!4)-O-(3,6-di-O-benzyl-2-
deoxy-2-phthalimido-b-dd-glucopyranosyl)-(1!4)-O-[(2,3,4-tri-O-benzyl-a-
ll-fucopyranosyl)-(1!6)]-3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-dd-glu-
copyranoside (25a): Compound 24 a (12.8 mg, 5.9 mmol) was dissolved in a
precooled (0 8C) solution of 5% trifluoroacetic acid in CH2Cl2 (1 mL).
After 10 min, the reaction was quenched with aq NaHCO3 and extracted
three times with CHCl3. The combined organic layers were dried over
Na2SO4, and the solvent was evaporated in vacuo. The residue was purified
by preparative TLC (toluene/AcOEt 1:1) to afford 10.8 mg (88 %) of
compound 25a. [a]D��2.4 (c� 0.7 in chloroform); 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d� 7.87 ± 6.55 (m, 57 H; aromatic), 5.46 (d, J� 7.8 Hz,
1H; H-11), 5.39 (d, J� 8.3 Hz, 1 H; H-12), 5.32 (dd, J� 3.4,< 1 Hz, 1H;
H-23), 5.23 (br s, 1 H; H-14), 5.21 (dd, J� 2.9, 1.5 Hz, 1H; H-23), 3.61 (s, 3H,
OMe), 2.12 and 1.72 (2s, each 3H; Ac); 13C NMR (67.5 MHz, CDCl3): d�
98.5, 98.0, 97.6, 97.0 and 96.9 (anomeric carbons), 79.6, 78.7, 77.7, 77.3, 76.9,
75.5, 75.3, 75.2, 74.8, 74.7, 74.4, 74.3, 74.0, 73.8, 73.4, 73.4, 73.2, 72.7, 71.8,
71.7, 70.9, 69.3, 69.0, 66.9, 65.9, 63.6, 62.3, 56.4, 55.8, 55.5; C120H120N2O30


(2070.29): calcd C 69.55, H 5.93, N 1.35; found C 69.18, H 5.88, N 1.46.


O-(2-O-Acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!3)-O-(2-O-ac-
etyl-b-dd-mannopyranosyl)-(1!4)-O-(3,6-di-O-benzyl-2-deoxy-2-phthalimi-
do-b-dd-glucopyranosyl)-(1!4)-O-[(2,3,4-tri-O-benzyl-a-ll-fucopyranosyl)-
(1!6)]-3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-dd-glucopyranosyl azide
(25b): Compound 24b (27.8 mg, 0.0134 mmol) was treated with 5%
trifluoroacetic acid in CH2Cl2 (0 8C, 30 min), and the proceedure described
for 25 a was followed. Purification by silica-gel column chromatography
(toluene/AcOEt 5:1 ± 3:1) afforded 25.0 mg (94 %) of compound 25b.
[a]D��10.7 (c� 1.1 in chloroform); 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d� 7.88 ± 6.72 (m, 53H; aromatic), 5.46 (d, J� 7.8 Hz, 1H; H-11),
5.32 (br d, J� 3.2 Hz, 1 H; H-24), 5.23 (d, J� 1.5 Hz, 1H; H-14), 5.20 (dd,
J� 3.4, 2.0 Hz, 1H; H-23), 5.11 (d, J� 9.3 Hz, 1H; H-12), 2.11 and 1.74 (2s,
each 3H; Ac), 1.02 (d, J� 6.8 Hz, 3H; H-6F); 13C NMR (100 MHz, CDCl3):
d� 98.45, 97.62, 96.94 and 96.19 (C-12,3,4,F), 84.80 (C-11), 79.5, 78.7, 78.6, 77.8,
77.4, 77.4, 76.9, 76.1, 76.0, 75.3, 75.2, 75.2, 74.8, 74.8, 74.8, 74.5, 74.3, 74.0,
73.5, 73.3, 73.2, 72.8, 71.8, 71.7, 70.9, 69.3, 69.0, 67.7, 66.9, 66.1, 63.2, 62.2,
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56.4, 55.3; C113H115N5O28 (1991.19): calcd C 68.16, H 5.82, N 3.52; found C
67.71, H 5.85, N 3.43.


p-Methoxyphenyl O-(2-O-acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-
(1!6)-O-[(2-O-acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!3)]-
(2-O-acetyl-b-dd-mannopyranosyl)-(1!4)-O-(3,6-di-O-benzyl-2-deoxy-2-
phthalimido-b-dd-glucopyranosyl]-(1!4)-O-[(2,3,4-tri-O-benzyl-a-ll-fu-
copyranosyl)-(1!6)]-3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-dd-gluco-
pyranoside (26a): A mixture of compound 25a (20.0 mg, 9.7 mmol), silver
trifluoromethenesulfonate (AgOTf; 4.0 mg, 16 mmol), and molecular sieves
4A (0.03 g) in CH2Cl2 (0.8 mL) was stirred at 0 8C. Compound 9 (5.4 mg,
11 mmol) was added dropwise as a solution in CH2Cl2 (0.2 ml), and the
mixture was warmed up to room temperature and stirred for 4 h. The
reaction was quenched by aq NaHCO3 (RT, 10 min), diluted with CHCl3,
and filtered through Celite. The filtrate was washed with CHCl3 and the
aqueous layer was back-extracted twice with CHCl3. The combined organic
layers were dried over Na2SO4, and the solvent was evaporated in vacuo.
The residue was purified by preparative TLC (toluene/AcOEt 2:1) to
afford 18.8 mg (77 %) of compound 26 a together with recovered 25a
(3.2 mg). [a]D��9.5 (c� 1.3 in chloroform); 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d� 7.99 ± 6.54 (m, 72 H; aromatic), 5.43 (d, J� 8.3 Hz, 1H;
H-11), 5.37 (d, J� 8.8 Hz, 1 H; H-12), 5.39 and 5.35 (each 1 H; H-24, H-24'),
5.24 (br s, 1 H; H-23), 3.60 (s, 3H; OMe), 2.10, 1.95 and 1.77 (3s, each 3H;
Ac); 13C NMR (100 MHz, CDCl3): d� 99.3, 99.2, 97.93, 97.75, 96.93 and
96.85 (anomeric carbons), 79.5, 79.4, 78.2, 78.0, 77.7, 77.2, 76.4, 75.4, 75.3,
75.2, 74.7, 74.5, 74.4, 74.2, 74.1, 73.8, 73.4, 73.0, 72.6, 71.9, 71.7, 71.4, 70.8,
68.9, 68.8, 68.6, 68.4, 67.8, 67.0, 66.1, 65.9, 63.8, 56.6, 55.7, 55.4;
C149H152N2O36 ´ H2O (2564.88): calcd C 69.77, H 6.05, N 1.09; found C
69.61, H 6.01, N 1.05.


O-(2-O-Acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!6)-O-[(2-O-
acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!3)]-(2-O-acetyl-b-dd-
mannopyranosyl)-(1!4)-O-(3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-dd-
glucopyranosyl]-(1!4)-O-[(2,3,4-tri-O-benzyl-a-ll-fucopyranosyl)-(1!6)]-
di-O-benzyl-2-deoxy-2-phthalimido-b-dd-glucopyranosyl azide (26b): Com-
pound 25b was transformed into 26b with the procedure described for the
preparation of 26a. Compound 25 b (39.6 mg, 0.0199 mmol) was treated
with 9 (11.8 mg, 0.023 mmol) in the presence of AgOTf (10.3 mg,
0.040 mmol), and molecular sieves 4 A (0.1 g) (0 8C ± RT, 4 h). Purification
by silica-gel column chromatography (10 ± 30% AcOEt in toluene)
afforded 36.1 mg (74 %) of compound 26 b as well as recovered 25b
(6.0 mg). [a]D��4.4 (c� 0.6 in chloroform); 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d� 7.80 ± 6.71 (m, 68 H; aromatic), 5.43 (d, J� 8.3 Hz, 1H;
H-11), 5.38 and 5.35 (each dd, J� 3, 1 Hz, 1H; H-24,4'), 5.24 (br s, 1H; H-23),
5.21 (d, J� 1.5 Hz, 1 H; H-14), 2.10, 1.95 and 1.76 (3s, each 3H; Ac); 13C
NMR (67.5 MHz, CDCl3): d� 99.3, 99.2, 97.9, 96.9 and 96.8 (C-12,3,4,4',F), 84.9
(C-11), 79.4, 78.2, 78.0, 77.9, 77.7, 77.2, 76.7, 76.1, 76.0, 75.3, 75.2, 75.0, 74.7,
74.7, 74.6, 74.4, 74.3, 74.1, 73.4, 73.1, 72.7, 71.9, 71.8, 71.4, 70.8, 69.0, 68.8,
68.6, 68.4, 67.9, 67.0, 66.1, 63.3; C142H145N5O34 ´ H2O (2483.77): C 68.67, H
5.97, N 2.82; found C 68.73, H 6.00, N 2.60.


p-Methoxyphenyl O-(3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!6)-O-
[(3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!3)]-(2-O-acetyl-b-dd-man-
nopyranosyl)-(1!4)-O-(2-acetamido-3,6-di-O-benzyl-2-deoxy-b-dd-gluco-
pyranosyl]-(1!4)-O-[(2,3,4-tri-O-benzyl-a-ll-fucopyranosyl)-(1!6)]-2-
acetamido-3,6-di-O-benzyl-2-deoxy-b-dd-glucopyranoside (27a): Com-
pound 26 a (14.6 mg, 5.7 mmol) was dissolved in EtOH (2 mL), which
contained ethylenediamine (0.3 mL), and the solution was heated under
reflux for 7 h. Volatiles were removed in vacuo, and the residue was co-
evaporated with toluene. The residue was dissolved in MeOH (3 mL) and
treated at 0 8C with acetic anhydride (0.5 mL) for 30 min. The mixture was
evaporated in vacuo and purified by preparative TLC (toluene/AcOEt 7:1)
to afford 10.9 mg (85 %) of compound 27a. [a]D�ÿ25.3 (c� 0.7 in
chloroform); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 7.37 ± 6.71 (m,
64H; aromatic), 6.51 (br d, J� 9.2 Hz, 1H; NHCO), 5.31 (br d, J� 3.0 Hz,
1H; H-23), 5.27 (d, J� 1.5 Hz, 1H; H-14), 5.10 (br d, J� 8.6 Hz, 1H;
NHCO), 5.04 (d, J� 5.0 Hz, 1H; H-11), 3.71 (s, 3H; OMe), 1.98, 1.94 and
1.64 (3s, each 3H; Ac), 0.88 (d, J� 6.6 Hz, 3H; H-6F); 13C NMR (67.5 MHz,
CDCl3): d� 100.6, 100.4, 99.4, 99.3, 98.6 and 98.0 (anomeric carbons), 80.2,
79.7, 79.5, 78.9, 77.9, 77.2, 76.0, 75.4, 74.8, 74.7, 74.4, 74.3, 74.1, 73.5, 73.4,
73.3, 73.0, 72.8, 72.2, 72.0, 71.7, 71.5, 71.2, 68.9, 68.8, 68.5, 68.3, 68.2, 67.6,
66.7, 66.4, 66.3, 55.6, 55.0, 50.0, 23.4 and 23.2 (NHCOCH3), 21.0 (OCOCH3).


p-Methoxyphenyl O-(a-dd-mannopyranosyl)-(1!6)-O-[(a-dd-mannopyra-
nosyl)-(1!3)]-(2-O-acetyl-b-dd-mannopyranosyl)-(1!4)-O-(2-acetamido-


2-deoxy-b-dd-glucopyranosyl]-(1!4)-O-[(a-ll-fucopyranosyl)-(1!6)]-2-
acetamido-2-deoxy-b-dd-glucopyranoside (1a): Compound 27a (10.9 mg,
4.9 mmol) was hydrogenated over 10% Pd-C (6 mg) in MeOH/AcOH/H2O
(7:2:1) at room temperature for 24 h. The mixture was filtered through a
membrane filter and the filtrate was subjected to a column of Bio-Gel P-2
(H2O) to afford 5.3 mg (91%) of 28. 1H NMR (270 MHz, CDCl3, 258C, TMS):
d� 7.01 (m, 4H, aromatic), 5.51 (brd, J� 4 Hz, 1H; H-23), 5.12 (d, J� 1.0 Hz,
1H; H-14), 4.97 (d, J� 8.3 Hz, 1 H; H-11), 4.91 (d, J< 1 Hz, 1H;, H-14), 4.83
(d, J� 3.3 Hz, 1H; H-1F), 4.63 (d, J� 7.9 Hz, 1 H; H-12), 3.80 (s, 3H; OMe),
2.18, 2.07 and 2.04 (3s, each 3H; Ac), 1.01 (d, 3 H, J� 6 Hz; H-6F).
This material was dissolved in 50 mm NaOH in D2O and the progress of the
reaction was monitored by 1H NMR. After standing for 2 h, the solution
was neutralized with acetic acid, and the solvent was evaporated in vacuo.
The residue was subjected to a column of Bio-Beads P-2 (H2O) to afford,
after lyophilization, 5.0 mg (88 %) of 1 a. 1H NMR (400 MHz, D2O, 60 8C,
tBuOH adjusted to d� 1.23): d� 7.01 (m, 4 H; aromatic), 5.10 (d, J�
1.0 Hz, 1H; H-14), 4.98 (d, J� 8.3 Hz, 1 H; H-11), 4.90 (d, J� 1.5 Hz, 1H;
H-14), 4.84 (d, J� 3.9 Hz, 1H; H-1F), 4.76 (s, 1 H; H-13), 4.66 (d, J� 7.8 Hz,
1H; H-12), 4.22 (br s, 1H; H-2), 4.06 (dd, J� 3.4, 1.5 Hz, 1H; H-24), 3.80 (s,
3H; OMe), 2.07 and 2.04 (2s, each 3H; Ac), 1.01 (d, J� 6.8 Hz, 3H; H-6F);
13C NMR (100 MHz, D2O): d� 104.3, 102.8, 102.1 and 101.3 (anomeric
carbons), 82.2, 82.5, 80.6, 76.1, 75.9, 75.3, 75.2, 74.4, 73.9, 73.7, 72.1, 72.0,
71.9, 71.7, 71.6, 71.5, 71.2, 69.8, 68.7, 68.6, 68.5, 68.4, 67.5, 62.9, 62.7, 62.2, 61.7,
57.5, 56.8, 56.6.


O-(3,4,6-Tri-O-benzyl-a-dd-mannopyranosyl)-(1!6)-O-[(3,4,6-tri-O-benzyl-
a-dd-mannopyranosyl)-(1!3)]-(2-O-acetyl-b-dd-mannopyranosyl)-(1!4)-
O-(2-acetamido-3,6-di-O-benzyl-2-deoxy-b-dd-glucopyranosyl]-(1!4)-O-
[(2,3,4-tri-O-benzyl-a-ll-fucopyranosyl)-(1!6)]-2-acetamido-3,6-di-O-be-
nzyl-2-deoxy-b-dd-glucopyranoside (29): Compound 26b (20.2 mg,
8.2 mmol) was treated with ethylenediamine (0.3 mL) in EtOH (1 mL)
under reflux for 22 h. The resulting mixture was evaporated in vacuo and
co-evaporated with EtOH and then with toluene, and was dissolved in
MeOH (1.5 mL). The solution was treated at 0 8C with acetic anhydride
(0.5 mL) for 1 h and evaporated in vacuo to afford crude 27b. This material
was dissolved in 0.2m methanolic NaOMe (1 mL) and stirred at room
temperature for 22 h. The mixture was quenched with acetic acid,
evaporated in vacuo and purified through a column of Sephadex LH-20
(H2O) to afford compound 29. [a]D�ÿ17.6 (c� 1.1 in chloroform); 1H
NMR (270 MHz, CDCl3, 25 8C, TMS): d� 7.65 ± 7.09 (m, 60H, aromatic),
5.80 (br d, J� 8.9 Hz, 1H; NHCO), 5.65 (br d, J� 8.6 Hz, 1 H; NHCO), 5.12
(br s, 1 H; H-14), 2.98 and 2.84 (2br s, each 1 H; OH), 2.52 (br s, 2H; 2OH),
1.84 and 1.72 (2s, each 3H; Ac), 1.06 (d, J� 6.6 Hz, 3 H; H-6F); 13C NMR
(67.5 MHz, CDCl3): d� 100.8, 100.6, 99.6, 99.4 and 98.0 (C-12,3,4,4',F), 88.3 (C-
11), 82.4, 80.1, 80.8, 79.7, 79.3, 78.2, 76.3, 76.2, 75.9, 75.2, 74.9, 74.4, 73.8, 73.4,
73.0, 72.8, 72.2, 71.7, 71.5, 71.3, 70.3, 69.1, 68.9, 68.1, 66.6, 66.5, 65.3.


N2-Benzyloxycarbonyl-N4-{O-(3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-
(1!3)-O-[(3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!6)]-(b-dd-manno-
pyranosyl)-(1!4)-(2-acetamido-3,6-di-O-benzyl-2-deoxy-b-dd-glucopyra-
nosyl)-(1!4)-O-[(2,3,4-tri-O-benzyl-a-dd-fucopyranosyl)-(1!6)]-2-ace-
tamido-3,6-di-O-benzyl-2-deoxy-b-dd-glucopyranosyl}-ll-asparagine benzyl
ester (30): DCC (4.8 mg, 0.023 mmol) was added to a solution of Z-Asp-
OBn (16.0 mg) in CH2Cl2 (1 mL), and the mixture was stirred at 0 8C for
30 min. The precipitate was filtered off, and the filtrate was evaporated in
vacuo to afford the crude anhydride, which was dissolved in AcOEt (1 mL).
A solution of compound 29 (8.0 mg, 3.7 mmol) in MeOH was added
followed by Lindlar catalyst (5 mg). The mixture was stirred under an H2


atmosphere at room temperature for 2 h and then filtered through Celite.
The filtrate was evaporated in vacuo and purified through a column of
Sephadex LH-20 (MeOH) to afford 8.3 mg (91 %) of compound 30. [a]D�
ÿ2.5 (c� 0.5 in chloroform); 1H NMR (270 MHz, CDCl3-D2O, 25 8C,
TMS): d� 7.35 ± 7.09 (m, 60H; aromatic), 5.11 (m, 2H; H-14, CO2CH2Ph),
5.07 and 5.02 (ABq, J� 12.2 Hz, each 1H; CO2CH2Ph), 2.83 (dd, J� 16.1,
4.9 Hz, 1 H; CH2Asn), 2.58 (dd, J� 16.1, 3.9 Hz, 1H; CH2Asn), 1.73 and 1.67
(2s, each 3H; Ac), 1.03 (d, J� 6.3 Hz, 3H, H-6Fuc); 13C NMR (100 MHz,
CDCl3): d� 100.8, 100.6, 99.7, 99.4 and 97.9 (C-12,3,4,4',F), 79.8 (C-11), 82.4,
80.1, 80.0, 80.0, 78.7, 77.2, 76.1, 75.9, 75.1, 74.9, 74.8, 74.4, 73.7, 73.4, 73.1, 72.7,
72.2, 71.7, 71.5, 71.2, 70.3, 69.1, 68.8, 68.6, 68.1, 67.1, 67.1, 66.9, 66.5, 66.2, 65.3;
C143H158N4O35 (2492.86): calcd C 68.90, H 6.39, N 2.25; found C 68.41, H
6.53, N 2.28.


N4-{O-(a-dd-mannopyranosyl)-(1!3)-O-[(-a-dd-mannopyranosyl)-(1!6)]-
(b-dd-mannopyranosyl)-(1!4)-(2-acetamido-2-deoxy-b-dd-glucopyranosyl)-
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(1!4)-O-[(a-dd-fucopyranosyl)-(1!6)]-2-acetamido-2-deoxy-b-dd-gluco-
pyranosyl}-ll-asparagine (1 b): Compound 30 (9.0 mg, 3.6 mmol) was hydro-
genated over 10% Pd-C in MeOH/AcOH/H2O (7:2:1; 1.5 mL) at room
temperature for 44 h. The resulting mixture was filtered through membrane
filter and the filtrate was evaporated and subjected to a column of
Sephadex G-50 (H2O) to afford, after lyophilization, 4.1 mg (97 %) of
compound 1 b. 1H NMR (400 MHz, D2O, 60 8C, tBuOH adjusted to d�
1.23): d� 5.10 (d, J� 1.5 Hz, 1H; H-14), 5.06 (d, J� 9.8 Hz, 1H; H-11), 4.90
(d, J� 1.5 Hz, 1 H; H-14'), 4.86 (d, J� 3.9 Hz, 1H; H-1F), 4.76 (s, 1 H; H-13),
4.67 (d, J� 7.8 Hz, 1H; H-12), 4.22 (br s, 1 H; H-23), 4.10 (q, J� 6.8 Hz, 1H;
H-5F), 4.06 (dd, J� 3.4, 1.5 Hz, 1H; H-24), 3.96 (dd, J� 3.4, 1.5 Hz, 1H;
H-24'), 2.88 (dd, J� 16.8, 4.2 Hz, 1H; CH2Asn), 2.74 (dd, J� 16.8, 7.6 Hz, 1H;
CH2Asn), 2.07 and 2.00 (2s, each 3H; Ac), 1.19 (d, 3 H, J� 6.6 Hz; H-6F); 13C
NMR (100 MHz, D2O): d� 104.3, 102.7, 102.1, 101.3 and 101.0 (C-12,3,4,4',F),
79.9 (C-11), 82.2, 81.5, 79.8, 76.9, 76.1, 75.9, 75.2, 74.5, 74.4, 73.7, 73.5, 72.1,
72.0, 71.9, 71.7, 71.6, 71.5, 71.2, 69.9, 68.5, 68.5, 68.2, 67.5, 62.9, 62.7, 61.7, 56.6,
55.3, 53.0.
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Abstract: The reactions of lithium and
sodium aluminium hydride with alcohols
and phenols in ether solvents were studied
as a route to mono-, di- and triorganyl-
oxyhydridoaluminates MAlH4ÿn(OR)n.
However, the stability of these com-
pounds towards disproportionation is
strongly dependent on the steric demand
of the organic group and the solvent. This
process leads to the formation of MAlH4


and more highly substituted organyloxya-
lumohydrides, as shown by 27Al NMR
spectroscopy. The crystal structures of


nine organyloxyhydridoaluminates were
determined by X-ray structure analysis.
Both Al-H-M and Al-O-M bridges were
found for the coordination of the cation M
(Li or Na). The species LiAlH3(OR) was
stable only for R� 2,6-tBu2C6H3; it is
dimeric in the solid state. Four stable
solvated compounds MAlH2(OR)2 were


obtained for M�Li, R� tBu2MeC (M�
Li, Na), 2,6-tBu2C6H3 and M�Na, R�
CPh3, all of which are molecular com-
plexes in the solid state. Reductive ring
opening of THF occurs for MAl-
H2(OC6H3tBu2-2,6)2 (M�Li, Na). Trior-
ganyloxyhydridoaluminates are the most
stable compounds in this series. For M�
Li, R� tBu2MeC, CPh3, 2,6-iPr2C6H3 and
M�Na, R�CPh3, crystal structures were
determined. Depending on the bulk of the
group R, both M-H-Al and M-O-Al
bridges (smaller R groups) are observed.


Keywords: alkali metals ´ alumi-
num ´ hydrido complexes ´ NMR
spectroscopy ´ structure elucidation


Introduction


Since the discovery of LiAlH4 by Schlesinger in the 1940s,[1]


substituted complex metal aluminium hydrides have found
many applications as reducing agents in organic synthesis.[2]


The introduction of appropriate substituents in MAlH4 (M�
Li, Na) lowers the reactivity and increases the chemo- and/or
stereoselectivity. Among the modified aluminium hydrides,
the alkoxy-substituted hydridoaluminates play an important
role.[2b] For example, lithium tri-tert-butoxyhydridoaluminate
(LTTBA) is a commonly used and versatile reducing agent
which reduces sterically demanding cyclohexanones such as
3,3,5-trimethylcyclohexanone (dihydroisophorone, DHI) to
the axial trans-3,3,5-trimethylcyclohexanol with 98 % selec-
tivity because the bulky tert-butoxyl substituents inhibit
approach of the hydride from the sterically more hindered
side of the ring. With lithium trimethoxyhydridoaluminate,
however, even higher yields of axial alcohols are reported,[3]


although the methoxyl substituents are far less bulky than the


tert-butyl groups in LTTBA. The reason for this apparent
contradiction is that the association of LiAlH(OMe)3 in
solution makes it more bulky than LiAlH(OtBu)3. Therefore,
understanding how hydride reagents function requires knowl-
edge of their structures in solution and in the solid state.
Moreover, details of the kinetics and of the reaction
mechanisms would be helpful. Studies on the composition of
lithium aluminium hydride and its alkoxy derivatives in ether
solvents have been the subject of several papers. Conclusions
were derived from molecular association and conductance
studies.[4] Much information in the literature on the prepara-
tion of well-defined alkali metal alkoxy- and aryloxyhydri-
doaluminates is contradictory and irregular.


Here we report on the behaviour of alcohols and phenols
towards lithium and sodium tetrahydridoaluminate in ether
solvents (Et2O and THF) with an emphasis on sterically
demanding RO substituents. X-ray structure determination
allowed the degree of association in the solid state to be
determined, and this was helpful for judging the behaviour in
solution. To our knowledge, the mixed lithium neopentylox-
yhydridoaluminate [Li(Et2O)(tBuCH2O)5Al3H5][5] is the only
structurally characterized alkoxy-substituted alkali metal
hydridoaluminate so far. In addition, 27Al NMR spectroscopy
provided reliable information on the number and the nature
of [AlH4ÿn(OR)n]ÿ species in solution.
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Results and Discussion


The lithium and sodium (M) alkoxy- and aryloxy- (RO)
substituted hydridoaluminates (MAlH4ÿn(OR)n) were pre-
pared by adding n equivalents of ROH to a standardized
ethereal solution (S�Et2O, THF) of LiAlH4 or NaAlH4. The
reactions [Eqs. (1) ± (3)] were carried out with the following
alcohols and phenols ROH: MeOH, EtOH, tBuOH, tBu2-
(Me)COH, (ÿ)-menthol, Ph3COH, PhOH, 2,6-Me2C6H3OH,
2,6-iPr2C6H3OH, 2,6-tBu2C6H3OH and 2,6-tBu2,4-MeC6H2OH.
Although the amount of hydrogen liberated during the
reaction was equivalent to the molar quantity of the alcohol
[with the exception of Eq. (3) with 2,6-tBu2C6H3OH and 2,6-
tBu2,4-MeC6H2OH; see below], the composition of the
reaction mixture depends on the size and the branching of
the alkyl or aryl group R.


MAlH4�ROH S! MAlH3(OR)�H2 (1)


[{Li(Et2O)2(m-H)2Al(H)(OC6H3tBu2-2,6)}2] (1)


MAlH4� 2 ROH S! MAlH2(OR)2� 2H2 (2)


[Li(thf)2(m-O-(ÿ)-Ment)2Al(H)2] ´ THF (2)


[Na(thf)2(m-OCPh3)2Al(H)2] (3)


[Li(Et2O)2Al(H)2(OCMetBu2)2] (4)


[Li(Et2O)2(m-H)2Al(OC6H3tBu2-2,6)2] ´ 1/3 Et2O (5)


[Li(thf)3(m-H)Al(H)(OC6H3tBu2-2,6)2] (6b)


[Na(thf)3Al(H)2(OC6H3tBu2-2,6)2] (7)


MAlH4� 3 ROH S! MAlH(OR)3� 3 H2 (3)


[LiAl(H)(O-(ÿ)-Ment)3] (10)


[Li(thf)3(m-H)Al(OCPh3)3] ´ 0.5THF (11)


[Na(thf)3(m-H)Al(OCPh3)3] (12)


[Li(Et2O)(m-OCMetBu2)2Al(H)(OCMetBu2)] (13)


[Li(Et2O)(m-OC6H3iPr2-2,6)2Al(H)(OC6H3iPr2-2,6)] (14)


[Li(Et2O)Al(H)(OC6H3Me2-2,6)3] (15)


Alkali metal alkoxy- and aryloxytrihydridoaluminates : Alco-
hols with sterically less demanding groups R do not lead to
well-defined alkoxy- or aryloxytrihydridoaluminates; instead,
in accordance with previous observations,[4, 6±9] the monosub-
stituted alkoxyaluminates disproportionate [Eq. (4)]. Because


MAlH3OR>aMAlH4�bMAlH2(OR)2� cMAlH(OR)3�dMAl(OR)4 (4)


a� b� c� d� 1


of this disproportionation, the solutions contain a large
proportion of LiAlH4, which is therefore the dominant
reducing agent.[10] A similar disproportionation was proposed
by Gavrilenko et al. for R� alkyl,[11] alkynyl,[12] and amino.[13]


The equilibrium [Eq. (4)] depends 1) on the size and the
branching of the alcohol, 2) on the solubility of the complexes,
and 3) on the nature of the cation. However, the reactions are
not strongly affected by temperature provided point 2 is not
dominant.


We have observed this behaviour for all RO groups tested
in organyloxytrihydridoaluminates, with the exception of 2,6-


tBu2C6H3OH, both in THF and diethyl ether. In THF, the
solution remained clear over a long period of time. In diethyl
ether, however, species such as LiAlHn(OMe)4ÿn , LiAlHn-
(OEt)4ÿn and LiAlHn(OtBu)4ÿn (n� 0 ± 3) are insoluble.[14]


Therefore, the precipitate may contain a mixture of dispro-
portionation products of Equation (4), which is shifted to the
right due to the insolubility of these products. The insolubility
of NaAlH4 prevents homogeneous reactions being performed
in diethyl ether.


However, in THF clear solutions were obtained, and only
three 27Al NMR signals were detected for R�Me, Et,
tBu, CPh3, CMetBu2, and M�Li, Na [Eq. (5)]. This


2MAlH3(OR) ) *
THF


MAlH4�MAlH2(OR)2 (5)


contrasts with the findings of Gavrilenko et al. , who observed
all possible ligand redistribution products according to
Equation (4).[6] For R�CPh3 and M�Na, the disubstituted
product 3 crystallized (see below). Nevertheless, the THF
solution showed a signal for NaAlH4; this indicates that
Equation (5) was shifted to the right.


Only for the phenols 2,6-tBu2C6H3OH and 2,6-tBu2-4-
MeC6H2OH did the 27Al NMR spectrum show only the signal
of LiAlH3(OR). Crystallization at 2 8C yielded colourless
crystals of 1, which were soluble in toluene and in THF
without decomposition. Clearly, ligand exchange according to
Equation (5) is inhibited by the steric influence of the two tBu
groups in the ortho positions of the phenyl ring. This is in
contrast to reports by Barron and Power that no gas evolution
was observed in the reaction of LiAlH4 with one equivalent of
2,6-tBu2-4-MeC6H2OH.[15, 16]


We assume that ligand exchange in solution is induced by
interaction of the (solvated) cation (M�Li, Na), rather than
proceeding by ROÿ/Hÿ exchange between aluminium centres
via a transition state with five-coordinate Al, which would be
required for the addition of another ligand in an associative
mechanism. The X-ray structure of 1 shows that the cation is
coordinated to the hydrogen atoms but not to the oxygen
atoms, a situation that is realized in structures with sterically
less demanding alcohols (see below). The stability of 1 thus
results from the presence of bulky substituents.


The aryloxytrihydridoaluminate 1 crystallizes as a dimer
(Figure 1) with Li-H-Al bridges and an eight-membered ring
which can be regarded as a distorted chair. Each Li atom is
coordinated to two hydrido groups and additionally to two
diethyl ether molecules (see also Table 1). The two Li ± H


Table 1. Selected interatomic distances [�] and angles [8] for 1.


Al1 ± H1 1.55(2) H1-Al1-H2 106(1)
Al1 ± H2 1.59(2) H1-Al1-H3 110(1)
Al1 ± H3 1.51(2) H1-Al1-O1 109.9(8)
Li1 ± H1A 1.87(2) H2-Al1-H3 111(1)
Li1 ± H2 1.90(2) H2-Al1-O1 107.6(8)
Al1 ± O1 1.739(2) H3-Al1-O1 111.9(9)
Li1 ± O2 1.933(4) Al1-H1-Li1A 130(1)
Li1 ± O3 1.949(4) Al1-H2-Li1 126(1)
Al1 ± Li1 3.116(4) H2-Li1-H1A 97(1)
Al1 ± Li1A 3.099(4) H2-Li1-O2 109.4(7)


H2-Li1-O3 107.7(7)
H1A-Li1-O2 127.2(7)
H1A-Li1-O3 103.4(7)
O2-Li1-O3 110.2(2)
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distances in 1 are equal within standard deviations (av 1.89 �)
and are shorter than those of LiAlH4 (av 1.96 �).[17] The
deviation from tetrahedral coordination geometry is small at
the aluminium centres but large at the lithium centres: The
H-Li-H angle is rather small (97(1)8), and the H1A-Li1-O2
angle quite obtuse (127.2(7)8). A structure comparable to that
of 1 is found for [Li(thf)2(m-H)2AlH[C(SiMe2Ph)3]}2].[18]


Shorter Li ± H bonds (1.78 �) are reported for the amidohy-
dridoaluminate [{Li(Et2O)2(m-H)2Al(H)N(SiMe3)2}2], which
has a planar eight-membered ring due to the lower steric
requirements of the (Me3Si)2N group.[19]


Figure 1. Crystal structure of 1.


Alkali metal dialkoxy- and diaryloxydihydridoaluminates :
Reactions of ROH with MAlH4 in the ratio 2:1 [Eq. (2)] in
THF (M�Li, Na; ROH� tBuOH, (ÿ)-menthol, Ph3COH,
2,6-Me2C6H3OH, and 2,6-iPr2C6H3OH) should produce lith-
ium and sodium diorganyloxydihydridoaluminates. The 27Al
NMR data reveal the presence of an equilibrium [Eq. (6)]


3MAlH2(OR)2 ) *
THF


MAlH4� 2MAlH(OR)3 (6)


involving the disproportionation products tetrahydridoalumi-
nate and the trialkoxy- or triaryloxy-substituted hydridoalu-
minate species. The 27Al NMR spectrum in Figure 2 is an
example for the disproportionation of LiAlH2(OtBu)2.


Monosubstituted products [AlH3(OR)]ÿ do not seem to be
stable enough to be present in the equilibrium mixture in THF
in a detectable proportion. However, for alcohols with small
R groups (R�Me, Et), MAlH3(OR) could also be detected
by 27Al NMR spectroscopy. The white amorphous powders that
precipitate from their THF solutions at lower temperatures
(�2 8C, ÿ208C, ÿ788C) consisted of a mixture of three com-
pounds [Eq. (6)]. Only two reactions led to single crystals sui-
table for X-ray structure determinations (R� (ÿ)-Ment, CPh3).


Although the 27Al NMR spectrum of the hydridoaluminate
MAlH2(OR)2 with R� (ÿ)-Ment and M�Li showed the
existence of three products, single crystals of [Li(thf)2(m-O-


Figure 2. 27Al NMR spectrum of LiAlH4� 2 tBuOH. Signals (from left to
right): LiAlH2(OtBu)2, LiAlH4, LiAlH(OtBu)3 (proton-decoupled).


(ÿ)-Ment)2Al(H)2] (2) separated from the colourless reaction
mixture. The 1H, 13C and 27Al NMR spectra of the crystalline
fraction, as well as the IR spectrum, revealed the presence of
LiAlH4 and LiAlH(O-(ÿ)-Ment)3 (10) [Eq. (6)]. The struc-
ture of 2 (Figure 3) reveals a monomeric dihydride
[Li(thf)2(m-O-(ÿ)-Ment)2Al(H)2]. There is one additional
THF molecule within the unit cell. The lithium cation is
coordinated by the oxygen atoms of the two alkoxy groups.
This leads to a four-membered planar LiAlO2 ring (Table 2).


Figure 3. Crystal structure of 2.


Table 2. Selected interatomic distances [�] and angles [8] for 2.


Al1 ± H1 1.50(5) H1-Al1-H2 111(3)
Al1 ± H2 1.58(5) H1-Al1-O1 110(2)
Al1 ± O1 1.775(3) H1-Al1-O2 116(2)
Al1 ± O2 1.772(3) H2-Al1-O2 113(2)
Li1 ± O1 1.934(7) H2-Al1-O1 115(2)
Li1 ± O2 1.955(7) O1-Al1-O2 91.2(1)
Li1 ± O3 1.960(7) O1-Li1-O2 81.3(3)
Li1 ± O4 1.969(7) Al1-O1-Li1 94.1(2)


Al1-O2-Li1 93.5(2)
O3-Li1-O4 102.2(3)
O3-Li1-O1 119.3(3)
O3-Li1-O2 112.3(3)
O4-Li1-O1 117.0(3)
O4-Li1-O2 125.3(3)
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The Al ± O bond lengths (av 1.773 �) are much shorter than
the Al ± O distances usually observed in dimeric alkoxyalu-
minium dihydrides with Al2O2 rings (av 1.84 �).[5, 20] The
aluminium and lithium centres have slightly distorted tetra-
hedral coordination geometries.


The attempted preparation of LiAlH2(OCPh3)2 in THF
failed because of disproportionation [Eq. (6)] at all temper-
atures and concentrations. This is inconsistent with previous
reports that LiAlH2(OCPh3)2 is stable in THF.[6] We observed
that at room temperature, shortly after hydrogen evolution has
ceased, colourless crystals formed. These crystals were isolated
and immediately analyzed by X-ray diffraction. The molec-
ular structure showed the trisubstituted compound 11 (see
Figure 8). The clear THF solution turned yellow and slowly to
dark red on standing. Within days, 11 crystallized in quanti-
tative yield. The dark red THF solution contained mainly
LiAlH4. We take the red colour as an indication that a small
amount of lithiated triphenylmethoxide is present in solution.


The reaction of NaAlH4 with two equivalents of HOCPh3 in
THF, in contrast to that of the lithium salt, results in the
formation of NaAlH2(OCPh3)2 (3) without side products.
Crystallization at 2 8C gave colourless prisms of 3. The
molecular structure of this compound (Figure 4, Table 3) is
quite similar to that of 2.


Most of the disproportionation products were insoluble in
diethyl ether. Reactions with R�Me, Et, tBu were therefore


Figure 4. Crystal structure of 3.


not examined further. In the case of R� tBu2MeCOH, the
27Al NMR spectrum of the reaction solution showed only one
signal at d� 109, in accordance with a dialkoxydihydridoalu-
minate. Although colourless prisms of 4 separated from a
diethyl ether/pentane solution at ÿ20 8C, they were strongly
intergrown, and the crystal structure could therefore not be
determined. It is likely that 4 has a structure similar to
[LiAl(H){OC(Me)tBu2}3] (13) (see Figure 10), with a central
four-membered LiO2Al ring and a tetracoordinate lithium
centre. The IR spectrum shows two strong bands at 1781 and
1739 cmÿ1 for the symmetric and antisymmetric AlH2 stretch-
ing vibrations, as expected for terminal Al ± H bonds.


The reaction of LiAlH4 with two equivalents of 2,6-
tBu2C6H3OH also gave an analytically pure lithium diaryl-
oxydihydridoaluminate, as shown by 27Al, 1H, and 13C NMR
spectroscopy. This contrasts with the reported observation of
several aluminium aryloxide compounds.[16] Crystallization at
2 8C yielded colourless prisms of 5. There are two independent
monomeric molecules in the unit cell, one of which has a
crystallographic C2 axis. As Figure 5 shows, the lithium cation
is no longer coordinated by oxygen atoms, as in the structures
of 2 and 3, but to two hydrogen atoms to form two Li-H-Al
three-centre, two-electron bonds in a planar four-membered
LiH2Al ring (Table 4). The reason for this coordination mode
is the large steric demand of the two 2,6-tBu2C6H3O sub-


Figure 5. Crystal structure of 5.


Table 3. Selected interatomic distances [�] and angles [8] for 3.


Al1 ± H1 1.49(3) H1-Al1-H2 115(1)
Al1 ± H2 1.52(3) H1-Al1-O1 110(1)
Al1 ± O1 1.784(2) H1-Al1-O2 111(1)
Al1 ± O2 1.783(2) H2-Al1-O1 112(1)
Na1 ± O1 2.350(2) H2-Al1-O2 111(1)
Na1 ± O2 2.339(2) O1-Al1-O2 95.44(7)
Na1 ± O3 2.289(2) Al1-O1-Na1 97.54(7)
Na1 ± O4 2.395(2) Al1-O2-Na1 97.97(7)


O1-Na1-O2 68.50(6)
O1-Na1-O3 131.45(7)
O1-Na1-O4 119.35(7)
O2-Na1-O3 143.89(7)
O2-Na1-O4 112.14(7)
O3-Na1-O4 85.29(7)


Table 4. Selected interatomic distances [�] and angles [8] for 5.


Al1 ± H1 1.53(3) H1-Al1-O1 114(1)
Al1 ± H2 1.55(3) H1-Al1-O2 110(1)
Li1 ± H1 2.03(3) H2-Al1-O1 108(1)
Li1 ± H2 1.97(3) H2-Al1-O2 113(1)
Al1 ± O1 1.713(2) O1-Al1-O2 113.5(1)
Al1 ± O2 1.705(2) H1-Al1-H2 98(2)
Li1 ± O3 1.910(7) Al1-H1-Li1 97(1)
Li1 ± O4 1.880(7) Al1-H2-Li1 94(2)
Al1 ± Li1 2.638(6) H1-Li1-H2 71(1)


O3-Li1-O4 121.3(3)
H1-Li1-O3 121.4(9)
H1-Li1-O4 110.3(9)
H2-Li1-O3 99(1)
H2-Li1-O4 124(1)
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stituents at the aluminium centre. A similar structure is
realized in [Li(Et2O)2(m-H)2Al{N(SiMe3)2}2],[19] which also
contains a four-membered LiH2Al ring. Again, the coordina-
tion geometry around the lithium and aluminium centres is
distorted tetrahedral. The H1-Al1-H2 angle in 5 of 98(2)8 is
quite obtuse and similar to the corresponding value in the
amido alanate (94.38),[19] and only 88 smaller than that of 1
(106(1)8). The H1-Li1-H2 angle of 71(1)8 is 268 smaller than
the corresponding value for compound 1. The Li ± H distances
of 2.00(3) � are similar to those in LiAlH4 (1.98(2) �).[17]


When two equivalents of 2,6-tBu2C6H3OH were treated
with LiAlH4 in THF atÿ20 8C, the reaction mixture remained
clear and the 27Al NMR spectrum showed only one signal at
d� 89; hence the disubstituted product LiAlH2(OR)2 is stable
in THF. Colourless needles of 6 a formed on storing the
reaction mixture at ÿ78 8C but melted above ÿ25 8C. Since
the crystals were strongly intergrown, the structure could not
be fully refined, and the presence of several disordered THF
molecules in the unit cell prevents meaningful discussion of
bond lengths and angles. The most important feature of the
gross structure is that the lithium cation is coordinated to four
THF molecules and therefore has no contact to the hydride or
aryloxyl ligands of the aluminium centre. We assume that 6 a is
the dominant species in THF solution.


When the solvent was removed, a colourless solid with a
lower THF content separated (6 b). Recrystallization of the
product at 2 8C gave needles suitable for X-ray structure
determination (Figure 6). In 6 b the lithium cation is bound to


Figure 6. Crystal structure of 6b.


three THF molecules and to one hydrido group of the
[AlH2(RO)2]ÿ ion. The Li ± H distance (2.01(5) �; see Ta-
ble 5) is the same as observed for 5 (av. 2.00(3) �). The large
Al-H2-Li1 angle (140(3)8) compared to the corresponding
angle of 128(1)8 for 1 is notable. Compared to the diethyl
etherate 5, the stronger Lewis base THF makes Li-m1


coordination to one hydride feasible, similar to that in
Mg(AlH4)2 ´ 4 THF.[21] Both aluminium and lithium centres


are coordinated in a slightly distorted tetrahedral fashion. The
Al ± H bond lengths (av 1.54(3) �) lie in the range observed
for other aryloxyhydridoaluminates.


The reaction of two equivalents of 2,6-tBu2C6H3OH with
NaAlH4 in THF at ÿ20 8C also leads to one signal in the 27Al
NMR spectrum (d� 88), consistent with the disubstituted
sodium salt 7. Two strong n(AlH2) IR bands at 1793 and
1709 cmÿ1 suggest that its structure is similar to that of 6 b. The
three THF molecules which were found analytically are most
likely attached to the cation.


When a THF solution of 6 b was heated to reflux for two
days, the clear solution turned light yellow, and the 27Al NMR
signal shifted to high field (d� 51). The IR spectrum showed
the absence of AlH bands. Colourless crystals of 8 were
obtained from THF/hexane at ÿ20 8C. An X-ray structure
analysis of the crystals showed that the two hydrido groups of
6 b were replaced by two butoxyl groups, which bridge the
aluminium and the lithium centres (Figure 7). The central


Figure 7. Crystal structure of 8.


four-membered LiO2Al ring is planar (see Table 6). In
addition, the lithium cation bears two THF molecules. Hence,
8 results from THF cleavage. There are two possible
mechanisms for this ring-opening reaction.[22] First, an equi-
librium could exist in THF between 6 b and the lithium
aryloxide 16 and result in the formation of a Lewis acidic
aryloxyaluminium dihydride, coordinated by THF [Eq. (7);


Table 5. Selected interatomic distances [�] and angles [8] for 6b.


Al1 ± H1 1.52(6) H1-Al1-H2 106(3)
Al1 ± H2 1.57(5) H1-Al1-O1 115(2)
Li1 ± H2 2.01(5) H1-Al1-O2 109(2)
Al1 ± O1 1.730(5) H2-Al1-O1 108(2)
Al1 ± O2 1.729(5) H2-Al1-O2 111(2)
Li1 ± O3 1.93(2) O1-Al1-O2 107.7(2)
Li1 ± O4 1.92(2) Al1-H2-Li1 140(3)
Li1 ± O5 1.85(2) H2-Li1-O3 128(2)


H2-Li1-O4 105(2)
H2-Li1-O5 100(2)
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LiAlH2�OAr�2
6 b


) *
THF


LiOAr � THF
16


�AlH2(OAr) ´ THF (7)


Ar� 2,6-tBu2C6H3O]. The function of AlH2(OAr) ´ THF ap-
parently is to weaken the carbon ± oxygen bond so that a
rearrangement or attack by hydride can occur (Scheme 1).
Ring opening of lithium-coordinated THF could occur by
hydride attack of 6 b at the a-carbon atom.


In the case of 7, only one THF molecule is reduced by one
hydride equivalent. Refluxing a solution of 7 in THF for 2 d
results only in the formation of 9, which has a single Al ± H
stretching band in the IR spectrum at 1787 cmÿ1. Although we
isolated colourless crystals from the THF solution, from which
the size of the unit cell could be determined, strong disorder
of the n-butoxyl group prevented a satisfactory solution of its
structure. Considering the position of the infrared AlH band,
it is more likely that the sodium cation is coordinated by the n-
butoxyl group rather than by the hydrido group.


Alkali metal trialkoxy- and triaryloxyhydridoaluminates : The
stability of alkali metal triorganyloxyhydridoaluminates MAl-
H(OR)3 depends strongly on the solvent (S�THF or Et2O),
the branching of the alcohol ROH, and the cation M.
Reactions of LiAlH4 in Et2O [Eq. (3)] with methanol,
ethanol, isopropyl alcohol and phenol show that the expected
MAlH(OR)3 complexes exist in equilibrium with their
disproportionation products [Eq. (8); n� a� b� c� d].[14] In


nMAlH(OR)3>aMAlH4�bMAlH3OR� cMAlH2(OR)2�dMAl(OR)4 (8)


these cases, a white precipitate formed, which was completely
soluble in THF. For R�Me and tBu, 27Al NMR and IR
spectra revealed that MAlH(OR)3 was the main product.


Although there is good evidence that the stability of most
trisubstituted complexes [AlH(OR)3]ÿ is higher in THF, some
are unstable even in this solvent (e.g., M�Li, Na; R�Me,
Et). For M�Li, Na, R�Me, the dominant 27Al NMR signal is
a satisfactorily resolved doublet at d� 98. However, the


presence of further signals of lower intensity (d� 129, 62, 44
and 12) shows that ligand redistribution takes place to a
certain extent. This observation contrasts with previous
experience that LiAlH(OMe)3 is stable in THF.[14]


Organyloxyhydridoaluminates with bulky R groups (R�
tBu, tBu2MeC, (ÿ)-Ment, Ph3C, 2,6-Me2C6H3, 2,6-iPr2C6H3)
are stable in THF and show no tendency to disproportionate.
The 27Al NMR spectra of these compounds contain one broad
singlet for which the 27Al ± 1H coupling could not be resolved.
In the case of (ÿ)-menthol for example, the NMR data show
that only the trisubstituted product 10 is present in solution.
Although we failed to obtain single crystals, it is most likely
that the lithium cation is coordinated to two oxygen atoms of
the menthoxyl ligands in a similar manner as in 2. We base our
proposition on the observation of a single sharp Al ± H
stretching band at 1752 cmÿ1, which is characteristic of a
terminal Al ± H bond. The reaction of three equivalents of
Ph3COH with lithium tetrahydridoaluminate gave [Li(thf)3(m-
H)Al(OCPh3)3] ´ 0.5 THF (11). However, most of the material
was sparingly soluble in THF. Compound 11 was obtained as
single crystals in nearly quantitative yield by the reaction of


LiAlH4 with two equivalents of Ph3COH according
to Equation (6). As its molecular structure (Fig-
ure 8) shows, the Li cation is attached to the
hydride but not to oxygen atoms of the Ph3CO
ligands because of severe steric crowding. The
aluminium and lithium centres are tetrahedral and
are linked by a linear hydride bridge (1808). The
bridge has a C3 symmetry axis (space group R3).


The Li ± H distance of 1.83(7) � (Table 7) is much shorter
than that of LiAlH4 (1.98(2) �).[17]


Figure 8. Crystal structure of 11.


Table 6. Selected interatomic distances [�] and angles [8] for 8.


Al1 ± O5 1.724(3) O5-Al1-O6 107.0(1)
Al1 ± O6 1.714(3) O3-Al1-O6 107.3(1)
Al1 ± O3 1.762(3) O4-Al1-O5 108.4(1)
Al1 ± O4 1.759(3) O3-Al1-O5 120.8(1)
Li1 ± O3 1.960(7) O4-Al1-O6 122.9(1)
Li1 ± O4 1.959(7) O3-Al1-O4 90.9(1)
Li1 ± O1 1.976(8) O3-Li1-O4 79.7(3)
Li1 ± O2 1.972(8) O1-Li1-O2 98.7(3)
Li1 ± Al1 2.740(7) O1-Li1-O3 113.1(4)


O1-Li1-O4 134.5(4)
O2-Li1-O3 131.7(5)
O2-Li1-O4 103.5(4)
Al1-O3-Li1 94.6(2)
Al1-O4-Li1 94.8(2)


Scheme 1. Proposed mechanism of THF cleavage by AlH2(OAr) ´ THF.


Table 7. Selected interatomic distances [�] and angles [8] for 11.


Al1 ± H1 1.50(7) Al1-H1-Li1 180(4)
Li1 ± H1 1.83(7) H1-Al1-O1, O1A, O1B 107.7(1)
Al1 ± O1, O1A, O1B 1.688(2) O1-Al1-O1A, O1B 111.2(1)
Li1 ± O2, O2A, O2B 1.897(4) O1A-Al1-O1B 111.2(1)


H1-Li1-O2, O2A, O2B 109.2(3)
O2-Li1-O2A, O2B 109.7(3)
O2A-Li1-O2B 109.7(3)
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The reaction of three equivalents of Ph3COH with sodium
tetrahydridoaluminate gave [Na(thf)3(m-H)Al(OCPh3)3] (12).
Again, the steric demand of the Ph3CO ligands is the reason
for the formation of a hydride bridge between the tetracoor-
dinate aluminium and sodium centres (Figure 9). Compared
to the lithium tricarbinoyloxyhydridoaluminate 11 (see
above), the sodium species 12 reveals a new structural pattern
for the interaction of the hydride and the cation. The Al-H-Na
bridge forms an angle of 123(2)8, as opposed to the linear Al-
H-Li arrangement in 11 (see Table 8). This angle about the
hydrogen atom is even smaller than the Al-H-Li angle in 5
(140(3)8), but much larger than the Al-H-Li angles in 6 b (av
96(2)8). Whereas the Al ± H bond length is not significantly
longer than those of the other alkoxyhydridoaluminates
(1.50 �), the Na ± H distance (2.18(4) �) is much shorter
than those of NaAlH4 (av 2.497(7) �).[23] The coordination
sphere around the aluminium atom is best described as a
tetrahedron. This also holds for the Na centre, but with
noticeable distortion. Due to severe disorder, the THF ligands
could only be refined with isotropic displacement parameters.
Therefore, the final R value is rather high, and bonding param-
eters are not accurate enough to allow a detailed discussion.


Figure 9. Crystal structure of 12.


LiAlH(OR)3 compounds with R� tBu2MeC, 2,6-Me2C6H3,
and 2,6-iPr2C6H3 are also stable when prepared in diethyl
ether. Compound 13 was obtained by reaction of three
equivalents of tBu2MeCOH with LiAlH4. Colourless plates,
suitable for X-ray structure determination crystallized from
ethereal solution. The lithium atom is coordinated by the
oxygen atoms of two alkoxyl ligands to give a planar four-
membered AlO2Li ring (Figure 10, Table 9). In addition, one


Figure 10. Crystal structure of 13.


diethyl ether molecule is coordinated to the lithium centre.
Thus, the lithium atom is tricoordinate and lies almost in the
plane of the O atoms. A planar environment is found for the
two bridging oxygen atoms.


The same structural pattern is observed for the lithium
triaryloxyhydridoaluminate 14, in which two 2,6-di-isopropyl-
phenoxyl ligands bridge the aluminium and lithium centres
(Figure 11). The structural data of 14 (Table 10) are similar to
those of 13. Clearly, the two ortho isopropyl groups on the
phenyl ring are not sufficiently bulky to prevent a coordina-
tion of the O atoms and promote coordination of the Li cation
towards the hydride ligand.


The reaction of LiAlH4 with three equivalents of 2,6-
Me2C6H3OH also resulted in the formation of the expected
triaryloxyhydridoaluminate 15 as colourless prisms. Although
the molecular structure could not be solved by X-ray structure
analysis, it is reasonable to assume a structure analogous to 14,
in which lithium is coordinated by oxygen atoms rather than
by hydrido groups. This argument is based on the single sharp
IR band at 1825 cmÿ1, which is characteristic of a terminal
AlH stretching vibration.


Table 8. Selected interatomic distances [�] and angles [8] for 12.


Al1 ± H1 1.50(4) Al1-H1-Na1 123(2)
Na1 ± H1 2.18(4) H1-Al1-O1 107(1)
Al1 ± O1 1.705(3) H1-Al1-O2 112(1)
Al1 ± O2 1.717(3) H1-Al1-O3 104(1)
Al1 ± O3 1.737(3) O1-Al1-O2 112.3(2)
Na1 ± O4 2.266(5) O1-Al1-O3 110.0(2)
Na1 ± O5 2.223(6) O2-Al1-O3 112.1(1)
Na1 ± O6 2.316(8) H1-Na1-O4 141(1)


H1-Na1-O5 117.6(9)
H1-Na1-O6 93(1)
O4-Na1-O5 99.9(2)
O4-Na1-O6 91.8(2)
O5-Na1-O6 96.7(3)


Table 9. Selected interatomic distances [�] and angles [8] for 13.


Al1 ± H1 1.41(5) O2-Al1-O3 90.9(1)
Al1 ± O1 1.701(4) O1-Al1-O2 116.1(2)
Al1 ± O2 1.796(3) O1-Al1-O3 113.5(2)
Al1 ± O3 1.797(3) H1-Al1-O1 113(2)
Li1 ± O2 1.910(8) H1-Al1-O2 109(2)
Li1 ± O3 1.917(9) H1-Al1-O3 112(2)
Li1 ± O4 1.976(9) O2-Li1-O3 83.9(3)
Al1 ± Li1 2.670(8) O2-Li1-O4 135.2(5)


O3-Li1-O4 135.8(4)
Al1-O2-Li1 92.1(3)
Al1-O3-Li1 91.9(3)
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Figure 11. Crystal structure of 14.


We were interested in the question whether the reaction of
LiAlH4 with three equivalents of 2,6-di-tert-butylphenol,
which is more bulky than 2,6-diisopropylphenol, would lead
to a tris(2,6-di-tert-butylphenoxy)hydridoaluminate. Howev-
er, in accordance with the results described in the literature,
[7, 15, 16, 24, 25] we observed the evolution of at most two
equivalents of hydrogen gas in THF at room temperature.
We attribute this to steric hindrance in the formation of
[LiAlH(OC6H3tBu2-2,6)3]. Heteronuclear NMR and IR spec-
troscopy on the solution showed that 6 b and residual 2,6-di-
tert-butylphenol in a molar ratio of 1:1 were present after gas
evolution had ceased. Stirring the reaction mixture for two
days at room temperature resulted in the formation of the
lithium aryloxide [Li(THF)(OC6H3tBu2-2,6)]2 (16) and the
THF-cleavage product 8 besides the phenol and other side
products. Colourless crystals of 16, which is dimeric,[26] were
obtained in low yields at 0 8C by adding pentane to a sample of
the reaction mixture. The isolation of the lithium aryloxide 16
proves that the lithium diaryloxyhydridoaluminate 6 b de-
composes according to Equation (7) to a certain extent.
Heating the reaction mixture induces cleavage of THF by the
tricoordinate aluminium species.


In contrast to the reaction in THF, alcoholysis in diethyl
ether liberates three equivalents of hydrogen when the
reaction mixture is stirred for three hours at room temper-
ature. In the course of this reaction a precipitate formed and


turned out to consist of a mixture of the aryloxide [Li-
(Et2O)(OC6H2tBu2-2,6)] and some neutral aryloxyalane 17
[Eqs. (9) and (10); Ar� 2,6-tBu2C6H3O]. Solely the aryloxy


LiAlH2(OAr)2 ) *
Et2O


LiOAr�H2Al(OAr) (9)


H2Al(OAr)�ArOH ÿ!Et2O HAl�OAr�2 � Et2O
17


�H2 (10)


alane 17 remains in solution. Crystallization at 0 8C gave 17 as
colourless prisms in 70 % yield. The IR spectrum of 17 shows
one sharp band at 1893 cmÿ1, consistent with a monomeric
structure. As Figure 12 shows, tetracoordination of the


Figure 12. Crystal structure of 16.


aluminium centre is realized by the coordination of one
diethyl ether molecule, and the deviation from tetrahedral
geometry is large, whereby the smallest angles are associated
with the oxygen atom of the Lewis base (Table 11). An
analogous structure was found for [AlH(OEt2)(OC6H2tBu2-
2,6-Me-4)2] by Barron et al. ; however they also found
evidence for a dimeric associate.[15]


27Al and 7Li NMR spectroscopy: The equilibrium position of
Equation (4) can be determined qualitatively by 27Al NMR
spectroscopy, because in most cases there is a correlation
between the chemical shift and the degree of association and
substitution.[27] The shielding of the Al nucleus increases with
increasing number of RO groups attached to the Al centre, a
trend found for R'nAl(OR)3ÿn ´ L.[27c] An assignment of the
27Al NMR signals to the organyloxyhydridoaluminates was
reported by Gavrilenko et al. (Figure 13).[6, 7]


With a few exceptions (see below), the 27Al NMR shifts of
hydridoaluminates having less bulky organyloxy groups fit
into this scheme. LiAlH4 itself is clearly characterized by its


Table 10. Selected interatomic distances [�] and angles [8] for 14.


Al1 ± H1 1.47(2) O1-Al1-O3 90.29(6)
Al1 ± O2 1.701(2) O1-Al1-O2 108.54(7)
Al1 ± O1 1.787(1) O2-Al1-O3 114.64(8)
Al1 ± O3 1.786(1) H1-Al1-O2 115.5(8)
Li1 ± O1 1.912(3) H1-Al1-O1 113.3(8)
Li1 ± O3 1.912(3) H1-Al1-O3 111.8(8)
Li1 ± O4 1.892(4) O1-Li1-O3 82.9(1)
Al1 ± Li1 2.672(3) O1-Li1-O4 128.6(2)


O3-Li1-O4 134.1(2)
Al1-O1-Li1 92.4(1)
Al1-O3-Li1 92.5(1)


Table 11. Selected interatomic distances [�] and angles [8] for 17.


Al1 ± H1 1.48(6) H1-Al1-O1 116(2)
Al1 ± O1 1.734(5) H1-Al1-O2 118(2)
Al1 ± O2 1.684(5) H1-Al1-O3 98(2)
Al1 ± O3 1.900(5) O1-Al1-O2 113.2(2)


O1-Al1-O3 106.3(2)
O2-Al1-O3 102.2(2)
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quintet in the 1H-coupled 27Al spectrum (1JAl,H� 174 Hz).[28]


However, the signals assigned to the other species are broad,
and coupling to the H atoms could not be resolved due to the
high asymmetry around the Al atom, which allows rapid
relaxation due to the quadrupole moment of the 27Al nucleus.
However, HermaÂnek et al. observed coupling to 1H in
[N(C4H9)4][AlH4ÿn(OR)n] by replacing Li� or Na� with the
(C4H9)4N� ion.[29] The signals were substantially narrower due
to the expected weak interaction of the R4N� ion with the
anion. Secondly, the asymmetry of the alkyl- and aryloxy-
substituted hydridoaluminates may also be due to the
interaction of the cations Li� or Na� with oxygen atoms or
hydrido groups in solution. In this context, it is important to
know the extent to which the cation interactions in the solid
state are retained in solution. The 27Al NMR signals of the
compounds 1, 5, 6 a, 6 b, 7, 11 and 12 fit less well to Figure 13;
their chemical shifts lie approximately 20 ppm to higher field
than expected. These are the compounds in which the alkali
metal cation is coordinated to a hydridic hydrogen but not to
an oxygen atom of the [AlH4ÿn(OR)n]ÿ unit in the solid state.
All the other cases involve coordination of M to OR. If the
M ± H interaction is maintained in ether and benzene or
toluene solutions, then the two-coordinate oxygen atoms
provide a better shielding of the aluminium centre and lead to
a high-field shift. If electron density at the aluminium centre is
lowered by coordination of Li or Na to the oxygen ligands,
then the aluminium signals lie at comparatively low field. This
effect has proven to be even more pronounced in benzene
solution (see Experimental Section). Hence, the aluminium
chemical shift is a useful tool for predicting the cation ± ligand
coordination in solution.


The 7Li NMR spectra are also helpful in obtaining
information on the state of solvation of the LiAlH4ÿn(OR)n


species. Reaction mixtures in THF or Et2O containing
several aluminium species show only one 7Li signal at a
given temperature, and in each case it lies in the range of
Dd��1. We take this as an evidence for the presence of
separated ion pairs or rapid exchange among the various
species.


Unlike Stalke et al., who succeeded in resolving Li ± H
coupling in the amidolithium compound [Li(Et2O)2(m-
H)2AlN(SiMe3)2]2,[19] we were unable to detect Li ± H cou-
pling for 1, 5, 6 b, 11 and 12 at any temperature in THF, Et2O
or toluene. As the X-ray structure of the solvent-separated
structure 6 a shows, coordination of THF competes favourably
with Li-H-Al interactions.


Conclusions


The reaction of lithium and sodium aluminium
hydrides with alcohols and phenols in ether
solvents (Et2O, THF) provides a convenient route
to mono-, di- and triorganyloxyhydridoalumi-
nates. The tendency of these species to undergo
disproportionation [Eqs. (4), (6) and (8)] is mainly
dependent on the size and the branching of the
organic moiety R. The degree of disproportiona-
tion can easily be monitored by 27Al NMR
spectroscopy. The stability of some of these
species depends on the solubility in the given


solvent. Of thirteen characterized lithium or sodium organ-
yloxyhydridoaluminates, nine crystal structures were deter-
mined. Coordination of the cation (lithium or sodium) to the
anion occurs through O or H atoms, depending on the steric
requirements of the organic ligand.[30] These results on the
stability and the structure of these complexes are of funda-
mental importance in understanding their function as reduc-
ing agents towards organic functional groups.


Experimental Section


All experiments were performed by Schlenk techniques under an
atmosphere of dry nitrogen as all compounds are oxygen- and especially
moisture-sensitive. Solvents were dried over LiAlH4 and freshly distilled
prior to use. Lithium and sodium tetrahydridoaluminate were dissolved in
diethyl ether or THF, then filtered and the concentration of the solution
determined by titration of aluminium with EDTA/ZnSO4.[31] Alcohols were
recrystallized from ethereal solutions or distilled and dried according to
literature methods.[32]


Elemental analyses were performed by the analytical laboratory of the
Institut für Anorganische Chemie der Universität München. Incorrect H
and C values may result from loss of coordinated solvent or from formation
of aluminium carbide. Aluminium was determined by titration with EDTA/
ZnSO4,[31] hydridic hydrogen was collected as hydrogen gas after acidic
hydrolysis of the compound by using a Toeppler pump. NMR spectra were
recorded at 25 8C on Jeol-270 and Jeol-400 spectrometers. FT-IR spectra
were measured on a Nicolet 520 spectrometer as Hostaflon (4000 ±
1400 cmÿ1) and Nujol mulls (1400 ± 400 cmÿ1). Melting points were
measured in sealed glass tubes and are uncorrected.


General procedure for the preparation of the organyloxyhydridoalumi-
nates: The stoichiometric amount of alcohol or phenol was dissolved in
ether and slowly added to a stirred standardized solution of the
tetrahydridoaluminate in the ether at the quoted temperature. The volume
of hydrogen evolved was measured.


1: 2,6-tBu2C6H3OH (3.85 g, 18.64 mmol) in Et2O (30 mL); LiAlH4


(18.64 mmol) in Et2O (20 mL) at 24 8C. Hydrogen gas was immediately
liberated (465 mL, 100 %). The reaction mixture was stirred at ambient
temperature for 3 h and insoluble material was removed by means of a G4
frit. The clear solution was then stored at 4 8C. After 1 h crystals of 1 had
formed.[33] Fractional crystallization at ÿ20 8C gave 5.74 g (78.9 %) of 1.
M.p. 69 8C (decomp); 27Al NMR (70 MHz, C6D6): d� 97 (h1/2� 1091 Hz),
(Et2O): d� 101 (h1/2� 687 Hz); 7Li NMR (105 MHz, C6D6): d�ÿ0.3
(h1/2� 5.3 Hz); (Et2O): d�ÿ0.9 (h1/2� 2.7 Hz); 1H NMR (400 MHz, C6D6):
d� 0.96 (t, 24 H; CH3(Et2O)), 1.68 (s, 36H, CH3(tBu)), 3.20 (q, 16H,
CH2(Et2O)), ca. 3.8 (br s, 6H, AlH3), 6.90 (dd, 3J(H,H)� 7.7 Hz, 2 H, p-
H(Ar)), 7.39 (d, 3J(H,H)� 7.7 Hz, 4H, m-H(Ar)); 13C NMR (100 MHz,
C6D6): d� 14.8 (CH3(Et2O)), 31.5 (CH3(Ar)), 35.3 (Cq(tBu)), 65.8 (CH2(E-
t2O)), 117.6 (p-C(Ar)), 125.3 (m-C(Ar)), 139.3 (o-C(Ar)), 158.0 (i-C(Ar));
IR: nÄ � 3085 (w), 3066 (w), 2954 (vs, br), 2912 (s), 2871 (s), 1797-1704 (vs,
vbr), 1654 (m, sh, n(AlH3)), 1583 (m), 1482 (s), 1459 (s), 1446 (s), 1420 (vs),
1387 (vs), 1356 (s), 1286 (vs, br), 1261 (s), 1186 (m), 1154 (m), 1130 (m),


Figure 13. Chemical shift ranges for 27Al NMR in metal alkoxy/aryloxy aluminium
hydrides (M�Li, Na).
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1095 (vs), 1065 (vs), 1023 (s), 911 (s), 882 (vs), 882 (vs), 857 (s), 832 (s), 814
(vs), 795 (vs), 698 (m), 689 (s), 676 cmÿ1 (s); C22H44O3AlLi (390.49): calcd:
C 67.67, H 11.36, Al 6.91; found: C 66.98, H 11.18, Al 6.14.


2 : (ÿ)-MentOH (2.85 g, 18.3 mmol) in THF (10 mL); LiAlH4 (9.13 mmol)
in THF (10 mL) at ÿ20 8C, was stirred for 1 h at room temperature.
Pentane (5 mL) was added to the solution and colourless crystals of 2
formed at ÿ20 8C within four months.[33] Yield: 1.04 g (20.3 %). M.p. 217 ±
219 8C (decomp); 27Al NMR (70 MHz, [D8]THF): d� 116 (br); 7Li NMR
(105 MHz, [D8]THF): d�ÿ0.2 (h1/2� 4.0 Hz); 1H NMR (400 MHz,
[D8]THF): d� 0.73 ± 0.94 (m), 1.28 ± 1.44 (m), 1.51 ± 1.63 (m), 1.72 (m),
1.77 (m, 12H, b-CH2(THF)), 1.91 ± 2.06 (m), 2.41 ± 2.55 (m), 3.30 ± 3.44 (m),
3.61 (m, 12 H, a-CH2(THF)); 13C NMR (100 MHz, [D8]THF): d� 16.2 (C8),
21.9 (C9), 22.9 (C10), 23.5 (C7), 25.6 (b-CH2(THF)), 26.2 (C5), 32.7 (C3), 36.0
(C4), 48.9 (C2), 52.8 (C6), 68.0 (a-CH2(THF)), 70.8 (C1); IR: nÄ � 2951 (vs),
2918 (vs), 2895 (vs), 2884 (vs), 2868 (vs), 2860 (vs), 2849 (vs), 1817 (m,
nas,s(AlH2)), 1754 (s, nas,s(AlH2)), 1464 (m), 1475 (m), 1444 (m), 1383 (m),
1368 (s), 1346 (m), 1286 (w, br), 1267 (m), 1234 (m), 1180 (s), 1159 (s), 1150
(m, sh), 1110 (vs), 1098 (vs), 1082 (vs), 1065 (vs), 1050 (vs), 1033 (vs), 997
(s), 977 (s), 922 (s), 897 (vs), 877 (vs), 849 (vs), 782 (vs), 769 (vs, sh), 744 (vs,
br), 717 (vs, sh), 707 (vs), 673 cmÿ1 (m, sh); C32H64AlLiO5 (562.75): calcd: C
68.54, H 11.50, Al 4.79; found: C 66.69, H 11.23, Al 4.32.


3 : Ph3COH (10.38g, 39.86 mmol) in THF (30 mL); NaAlH4 (19.93 mmol) in
THF (20 mL) at ambient temperature. The reaction mixture immediately
turned reddish. The solution became dark red when stored at 4 8C.
Colourless crystals of 3 formed after 12 h.[33] Crystallization at ÿ20 8C
yielded 8.25 g (91.0 %) 3. M.p. >120 8C (decomp); 27Al NMR (70 MHz,
[D8]THF): d� 95 (h1/2� 1986 Hz); 23Na NMR (71 MHz, [D8]THF): d�
ÿ4.1 (br); 1H NMR (400 MHz, [D8]THF): d� 1.76 (m, 8H, b-CH2(THF)),
3.61 (m, 8H, a-CH2(THF)), 7.08 ± 7.11, 7.34 ± 7.37 (m, 30 H, CH(Ar)); 13C
NMR (100 MHz, [D8]THF): d� 26.1 (b-CH2(THF)), 68.0 (a-CH2(THF)),
84.1 (Ph3CO), 126.0 (o-C(Ar)), 127.4 (p-C(Ar)), 129.4 (m-C(Ar)), 152.1 (i-
C(Ar)); IR: nÄ � 3086 (w), 3066 (m), 3055 (s), 3033 (m), 3020 (s), 2978 (vs),
2952 (s), 2882 (vs), 1773 (s, nas,s(AlH2)), 1717 (vs, nas,s(AlH2)), 1596 (s), 1491
(vs), 1443 (vs), 1318 (m), 1295 (m), 1205 (s), 1195(s), 1186 (s), 1176 (s), 1163
(vs), 1101 (s), 1098 (s), 1090 (vs), 1083 (s), 1057 (vs), 1032 (vs), 1001 (s), 947
(s), 937 (m), 918 (vs), 897 (vs), 790 (vs), 772 (vs), 760 (vs), 750 (vs), 727 (vs),
698 (vs), 667 (vs), 640 cmÿ1 (vs); C46H48AlNaO4 (714.86): calcd: C 77.29, H
6.77, Al 3.77; found: C 77.03, H 6.47, Al 3.56.


4 : tBu2MeCOH (1.97 g, 12.5 mmol) in Et2O (25 mL); LiAlH4 (6.25 mmol)
in Et2O (15 mL) at 0 8C. Stirring was continued for 1 h at ambient
temperature. Crystallization at ÿ20 8C yielded 4 as colourless plates:[33]


1.78 g (67.4%). M.p. 113 8C (decomp); 27Al NMR (70 MHz, Et2O): d� 109
(h1/2� 969 Hz); (C6D6): d� 111 (h1/2� 1658 Hz); 7Li NMR (105 MHz,
Et2O): d�ÿ0.25 (h1/2� 2.8 Hz), (C6D6): d�ÿ0.20 (h1/2� 6.6 Hz); 1H
NMR (400 MHz, C6D6): d� 1.01 (t, 3J(H,H)� 7.2 Hz, 12H, CH3(Et2O)),
1.19 (s, 36H, CH3(tBu)), 1.60 (s, 6 H, CMe), 3.21 (q, 3J(H,H)� 7.2 Hz, 8H,
CH2(Et2O)); 13C NMR (100 MHz, C6D6): d� 14.7 (CH3(Et2O)), 22.0
(CMe), 29.7 (CH3(tBu)), 42.0 (CMe3), 65.6 (CH2(Et2O)), 81.5 (i-C); IR: nÄ �
2983 (vs), 2960 (vs), 2915 (vs), 2875 (vs, nas,s(CH3), 1822 (s), 1781 (s), 1739
(s) (nas,s(AlH2)), 1482 (s), 1451 (w), 1389 (vs), 1371 (vs), 1368 (vs, nas,s(CH3)),
1117 (vs), 1103 (vs), 1095 (vs, n(CO)), 1059 (m), 1024 (m, sh), 1004 (s) 938
(s), 913 (s), 873 (m), 835 (s) 808 (s), 789 (vs), 774 (vs) 766 (vs), 693 (s), 665
(s), 620 cmÿ1 (s, d(AlH2), d(AlO2)); C24H54AlLiO3 (424.61): calcd: C 67.89,
H 12.82, Al 6.35; found: C 66.82, H 12.72, Al 6.25.


5 : 2,6-tBu2C6H3OH (7.69 g, 37.28 mmol) in Et2O (40 mL); LiAlH4


(18.64 mmol) in Et2O (20 mL) at 20 8C. The reaction mixture was stirred
at ambient temperature for 1 h and insoluble material was removed by
means of a G4 frit. The clear solution was stored at 4 8C. After 3 h crystals
of 5 had formed.[33] Fractional crystallization at ÿ20 8C gave 10.26 g
(88.8 %) of 5. M.p. 89 ± 90 8C; 27Al NMR (70 MHz, C6D6): d� 79 (h1/2�
1452 Hz), (Et2O): d� 76 (h1/2� 292 Hz); 7Li NMR (105 MHz, Et2O): d�
ÿ0.7 (h1/2� 16.5 Hz); (C6D6): d�ÿ0.9 (h1/2� 91.6 Hz); 1H NMR
(400 MHz, C6D6): 0.81 (t, 13 H, CH3(Et2O)), 1.69 (s, 36H, CH3(tBu)),
3.04 (q, 9 H, CH2(Et2O)), 6.86 (dd, 3J(H,H)� 7.8 Hz, 2H, p-H(Ar)), 7.39 (d,
3J(H,H)� 7.8 Hz, 4H, m-H(Ar); 13C NMR (100 MHz, C6D6): d� 14.2
(CH3(Et2O)), 31.7 (CH3(Ar)), 35.4 (Cq(tBu)), 65.6 (CH2(Et2O)), 117.7 (p-
C(Ar)), 125.5 (m-C(Ar)), 139.3 (o-C(Ar)), 157.3 (i-C(Ar)); IR: nÄ � 3077
(w), 3011 (w), 2951 (vs), 2911 (vs), 2870 (vs), 1723 (s)/ 1646 (w, sh)/ 1601 (s,
br, n(AlH2)), 1597 (s), 1482 (w), 1467 (s), 1452 (s), 1415 (vs), 1389 (vs), 1359
(s), 1296 (vs), 1283 (vs), 1275 (vs), 1264 (vs), 1240 (s), 1213 (m), 1202 (s),
1191 (s), 1152 (m), 1131 (m), 1121 (m), 1104 (s), 1093 (s), 1064 (s), 1022 (m),


999 (m), 913 (vs), 883 (s), 858 (m), 830 (s), 809 (vs), 750 (vs), 705 (m), 692
(m), 649 cmÿ1 (m); C37.3H67.3O4.3AlLi (619.50): calcd: C 72.38, H 10.95, Al
4.36; found: C 72.49, H 10.31, Al 4.25.


6a, 6b : 2,6-tBu2C6H3OH (7.53 g, 36.50 mmol) in THF (30 mL); LiAlH4


(18.25 mmol) in THF (10 mL) at ÿ20 8C; stirred for 1 h at room temper-
ature. The colourless solution was stored at ÿ78 8C, and colourless crystals
of 6a with a melting point of about ÿ26 to ÿ24 8C were obtained. The
single crystals of 6a were removed from the solution at ÿ78 8C under
vapours of liquid nitrogen, prepared in perfluorated polyether oil at
ÿ100 8C and mounted on the goniometer head at that temperature.
Removing THF at 10ÿ3 bar and 20 8C gave 10.07 g (83.2 %) of 6 b as a
colourless solid. Colourless crystals of 6 b were isolated from a solution of
the solid in Et2O/THF (2/1) at 4 8C.[33] M.p. 68 ± 71 8C; 27Al NMR (70 MHz,
C6D6): d� 79 (h1/2� 1903 Hz), (THF) d� 89 (h1/2� 2807 Hz); 7Li NMR
(105 MHz, C6D6): d�ÿ0.8 (h1/2� 3.5 Hz); (THF): ÿ0.4 (h1/2� 4.3 Hz); 1H
NMR (400 MHz, C6D6): 1.33 (m, 12 H, b-CH2(THF)), 1.81 (s, 36H,
CH3(tBu)), 3.38 (m, 12 H, a-CH2(THF)), 6.88 (dd, 3J(H,H)� 7.8 Hz, 2H,
p-H(Ar)), 7.47 (d, 3J(H,H)� 7.8 Hz, 4 H, m-H(Ar)); 13C NMR (100 MHz,
C6D6): d� 25.3 (b-CH2(THF)), 31.9 (CH3(tBu)), 35.4 (Cq(tBu)), 68.1 (a-
CH2(THF)), 116.5 (p-C(Ar)), 125.3 (m-C(Ar)) 139.5 (o-C(Ar)) 158.6 (i-
C(Ar)); IR: nÄ � 2948 (vs), 2908 (vs), 2891 (vs), 1812 [Hostaflon/Nujol] (m,
br), 1785 [Nujol] (m, br), 1717 [Hostaflon/Nujol] (s, br,n(AlH2)), 1583 (m),
1476 (m, sh), 1464 (s), 1457 (s), 1416 (vs), 1387 (vs), 1358 (s), 1282 (vs), 1260
(vs), 1131 (s), 1104 (s), 1045 (vs), 901 (vs), 885 (vs), 829 (vs), 793 (vs, br), 746
(vs), 695 (s), 686 cmÿ1 (s); IR (THF): nÄ � 1781 (s), 1723 cmÿ1 (vs, n(AlH2));
C40H68O5AlLi (662.90): calcd: C 72.48, H 10.34, Al 4.07, Hÿ 0.30; found: C
71.62, H 10.34, Al 3.77, Hÿ 0.21.


7: 2,6-tBu2C6H3OH (8.22 g, 39.86 mmol) in THF (20 mL); NaAlH4


(19.93 mmol) in THF (15 mL) at ÿ20 8C; stirred for 2 h at room temper-
ature. The solvent was removed in a vacuum at 0 8C, and the colourless solid
dried in vacuum to give 12.35 g (91.3 %) of 7. M.p. 154 ± 157 8C; 27Al NMR
(70 MHz, [D8]THF): d� 88 (h1/2� 2464 Hz); 23Na NMR (70 MHz,
[D8]THF): d�ÿ8.5 (h1/2� 92.0 Hz); 1H NMR (400 MHz, [D8]THF): d�
1.45 (s, 36H, CH3(tBu)), 1.77 (m, 12H, b-CH2(THF)), 3.61 (m, 12H, a-
CH2(THF)), 6.31 (dd,3J(H,H)� 7.8 Hz, 2 H, p-H(Ar)), 6.96 (d, 3J(H,H)�
7.8 Hz, 4 H, m-H(Ar)); 13C NMR (100 MHz, [D8]THF): d� 26.0 (b-
CH2(THF)), 31.7 (CH3(tBu)), 35.3 (Cq(tBu)), 68.1 (a-CH2(THF)), 114.6
(p-C(Ar)), 124.3 (m-C(Ar)), 139.4 (o-C(Ar)), 159.7 (i-C(Ar)); IR: nÄ � 2948
(vs), 2911 (vs), 2870 (vs), 1793 (s, br, n(AlH2)), 1709 (s, br, n(AlH2)), 1585
(m), 1480 (m), 1459 (s), 1413 (vs), 1387 (vs), 1359 (s), 1356 (s), 1271 (vs),
1203 (m), 1193 (m), 1131 (s), 1102 (m), 1049 (vs), 1042 (vs), 902 (vs), 883
(vs), 847 (vs), 830 (vs), 797 (vs), 748 (vs), 741 (vs), 702 (m), 689 (m),
654 cmÿ1 (m). C40H68O5AlNa (678.95): calcd: C 70.76, H 10.10, Al 3.97;
found: C 70.61, H 9.98, Al 3.75.


8 : 2,6-tBu2C6H3OH (7.70 g, 37.30 mmol) in THF (20 mL); LiAlH4


(18.65 mmol) in THF (15 mL) at room temperature; then kept at reflux
for 2 d. The clear solution became yellow. The reaction mixture was cooled
to room temperature, 60 % of the solvent removed in vacuum, and pentane
(10 mL) added. At ÿ20 8C colourless crystals formed.[33] Fractional
cristallization yielded 12.33 g (90.0 %) of 8. M.p. 97 ± 101 8C; 27Al NMR
(70 MHz, C6D6): d� 51 (h1/2� 1869 Hz); (THF): d� 48 (h1/2� 2357 Hz);
7Li NMR (105 MHz, C6D6): d�ÿ0.1 (h1/2� 9.5 Hz), (THF): ÿ0.1 (h1/2�
6.4 Hz); 1H NMR (400 MHz, C6D6): d� 0.75 (t, 3J(H,H)� 6.8 Hz, 6H,
CH3(nBu)), 1.03 ± 1.08 (m, 8 H, MeCH2CH2(nBu)), 1.31 (m, 8 H, b-
CH2(THF)), 1.76 (s, 36 H, CH3(tBu)), 3.37 (m, 8 H), a-CH2(THF)), 3.55
(t, 3J(H,H)� 7.2 Hz, 4H, a-CH2(nBu)), 6.92 (dd, 3J(H,H)� 7.7 Hz, 2 H, p-
H(Ar)), 7.41 (d, 3J(H,H)� 7.7 Hz, 4H, m-H(Ar)); 13C NMR (100 MHz,
C6D6): d� 14.3 (CH3(nBu)), 19.3 (g-CH2(nBu)), 25.3 (b-CH2(THF)), 32.2
(CH3(tBu)), 35.8 (Cq(tBu)), 36.9 (b-CH2(nBu)), 63.0 (a-CH2(nBu)), 68.3
(a-CH2(THF)), 117.4 (p-C(Ar)), 125.4 (m-C(Ar)), 139.4 (o-C(Ar)), 159.3
(i-C(Ar)); IR: nÄ � 2956 (vs), 2930 (vs), 2871 (vs), 2861 (vs, sh), 1586 (m),
1482 (m), 1464 (m), 1458 (m), 1415 (vs), 1389 (s), 1360 (m), 1296 (vs), 1274
(vs), 1210 (m), 1193 (m), 1193 (m), 1166 (m), 1152 (m), 1129 (s), 1093 (vs),
1052 (vs), 1044 (vs), 900 (vs, br), 831 (m), 827 (m), 795 (m), 749 (vs), 709
(vs), 657 (vs), 608 cmÿ1 (m); C44H76O6AlLi (734.97): calcd: C 71.91, H 10.42,
Al 3.67; found: C 71.25, H 10.03, Al 3.29.


9 : 2,6-tBu2C6H3OH (8.22 g, 39.86 mmol) in THF (20 mL), NaAlH4


(19.93 mmol) in THF (10 mL) at room temperature, then kept under
reflux for 2 d. The clear solution became yellow. When cooled to room
temperature, colourless crystals were obtained, from which the cell could
be determined, but disorder of the n-butyl group impeded solution of the
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structure. Crystallization at ÿ20 8C yielded 13.19 g of 9 (84.1 %). M. p. 86 ±
97 8C (softening range); 27Al NMR (70 MHz, C6D6): d� 64 (h1/2�
1454 Hz); 1H NMR (400 MHz, C6D6): d� 0.87 (t, 3J(H,H)� 7.4 Hz, 3H,
CH3(nBu)), 1.24 (tq, 3J(H,H)� 7.4 Hz, 2H, g-CH2(nBu)), 1.37 (m, 14 H, b-
CH2(THF)), 1.46 (tt, 3J(H,H)� 7.4 Hz, 2 H, b-CH2(nBu)), 1.72 (s, 36H,
CH3(tBu)), 3.38 (m, 14H, a-CH2(THF)), 3.96 (t, 3J(H,H)� 7.4 Hz, 2 H, a-
CH2(nBu)), 6.80 (dd, 3J(H,H)� 7.7 Hz, 2H, p-H(Ar)), 7.37 (d, 3J(H,H)�
7.7 Hz, 4H, m-H(Ar)); 13C NMR (100 MHz, C6D6): d� 14.5 (CH3(nBu)),
19.4 (g-CH2(nBu)), 25.6 (b-CH2(THF)), 32.0 (CH3(tBu)), 35.6 (Cq(tBu)),
37.7 (b-CH2(nBu)), 63.2 (a-CH2(nBu)), 68.1 (a-CH2(THF)), 116.7 (p-
C(Ar)), 125.4 (m-C(Ar)), 139.3 (o-C(Ar)), 158.5 (i-C(Ar)); IR: nÄ � 2955
(vs), 2911 (vs), 2870 (vs), 1787 (m, br, n(AlH), 1586 (m), 1478 (m, sh), 1466
(s), 1456 (s, sh), 1417 (vs), 1387 (vs), 1359 (s), 1303 (s, sh), 1283 (vs), 1271 (s,
sh), 1261 (s), 1249 (s, sh), 1217 (m), 1201 (s), 1194 (s), 1166 (m), 1153 (m),
1132 (s), 1120 (vs), 1105 (vs), 1069 (m), 1051 (vs), 945 (m), 904 (vs), 883 (s),
828 (s), 796 (s), 746 (vs), 726 (vs), 697 cmÿ1 (s). C46H80O6.5AlNa (787.11):
calcd: C 70.19, H 10.24, Al 3.43; found: C 70.05, H 10.12, Al 3.38.


10 : (ÿ)-MentOH (4.28g, 27.39 mmol) in THF (30 mL); LiAlH4


(9.13 mmol) in THF (10 mL) at ambient temperature; stirred for 2 h.
THF was removed in vacuo, and the colourless oily product washed several
times with pentane to give a colourless solid, which was dried in vacuo.
Yield: 2.86 g (62.6 %). Decomp. 206 ± 210 8C; 27Al NMR (70 MHz,
[D8]THF): d� 88 (h1/2� 1536 Hz); 7Li NMR (105 MHz, [D8]THF): d�
ÿ0.2 (h1/2� 5.7 Hz); 1H NMR (400 MHz, [D8]THF): d� 0.69 ± 0.81
(br m), 1.30 ± 1.67 (br m), 1.98 (br m), 2.44 (br m), 3.35 (br m), 3.56 (br m);
13C NMR (100 MHz, [D8]THF): d� 16.2 (C8), 21.9 (C9), 22.8 (C10), 23.5
(C7), 25.3 (C5), 32.6 (C3), 35.9 (C4), 48.9 (C2), 52.7 (C6), 70.7 (C1); IR: nÄ �
2954 (vs), 2927 (vs), 2869 (vs), 2849 (vs, sh), 1752 (s, n(AlH)), 1465 (s, sh),
1455 (s), 1445 (s, sh), 1385 (s), 1368 (s), 1345 (m), 1284 (m), 1268 (m), 1236
(m), 1180 (s), 1158 (s), 1109 (vs), 1098 (vs), 1081 (vs), 1064 (vs), 1050 (vs),
1032 (vs), 998 (s), 976 (s), 924 (s), 851 (vs), 769 (s, sh), 729 (vs, br), 712 (vs),
695 (s, sh), 672 cmÿ1 (s). C30H58AlLiO3 (500.71): calcd: C 71.96, H 11.68, Al
5.39; found: C 71.01, H 11.60, Al 5.25.


11: Ph3COH (9.27g, 35.60 mmol) in THF (50 mL); LiAlH4 (17.80 mmol) in
THF (10 mL) at ambient temperature. Stirring was continued for 2 h. The
reaction mixture remained colourless and was stored at 4 8C. After 1 d the
solution turned yellow. After 4 d it had become dark red, and colourless
crystals of 11 formed.[33] Repeated crystallization at ÿ20 8C gave 11 in
quantitative yield: 12.34 g (97.6 %). M.p. 259 ± 263 8C, >275 8C (decomp);
27Al NMR (70 MHz, C6D6): d� 61 (br); 7Li NMR (105 MHz, THF): d�
ÿ2.9 (h1/2� 76.0 Hz), (C6D6): d�ÿ2.9 (h1/2� 15.1 Hz); 1H NMR
(400 MHz, C6D6): 1.27 (m, 12H, b-CH2(THF)), 3.32 (m, 12 H, a-
CH2(THF)), 6.98 ± 7.00, 7.42 ± 7.45 (m, 45 H, CH(Ar)); 13C NMR
(100 MHz, C6D6): d� 25.5 (b-CH2(THF)), 67.8 (a-CH2(THF)), 84.6
(Ph3CO), 126.5 (o-C(Ar)), 127.8 (p-C(Ar)), 129.3 (m-C(Ar)), 150.3 (i-
C(Ar)); IR: nÄ � 3081 (m), 3059 (vs), 3028 (m), 3017 (m), 2978 (vs), 2957 (s),
2942 (s, sh), 2875 (vs), 1967-1730 (m, br, n(AlH)), 1593 (s), 1488 (vs), 1443
(vs), 1188 (vs, br), 1153 (m), 1129 (vs), 1074 (vs), 1043 (vs), 1034 (sh, br),
1000 (m), 939 (m), 919 (s), 894 (vs), 825 (vs), 758 (vs), 737 (m), 701 (vs), 684
(vs), 667 (s), 638 cmÿ1 (m); C72H70AlLiO6.5 (1073.20): calcd: C 80.58, H 6.57,
Al 2.51; found: C 80.24, H 7.47, Al 2.05.


12 : Ph3COH (14.16g, 54.39 mmol) in THF (50 mL); NaAlH4 (18.13 mmol)
in THF (30 mL) at ambient temperature. The turbid reaction mixture was
filtered, and the colourless filtrate stored atÿ20 8C. Overnight, the solution
became yellow, and colourless crystals of 12 formed:[33] 12.36 g (65.0 %).
M.p. 273 ± 280 8C (decomp); 27Al NMR (70 MHz, [D8]THF): d� 61 (h1/2�
939 Hz); 1H NMR (400 MHz, [D8]THF): d� 1.77 (m, 12 H, b-CH2(THF)),
3.61 (m, 12 H, a-CH2(THF)), 6.86-6.98, 7.01 ± 7.15 (m, 45H, CH(Ar)); 13C
NMR (100 MHz, [D8]THF): d� 26.2 (b-CH2(THF)), 68.1 (a-CH2(THF)),
84.5 (Ph3CO), 125.7 (o-C(Ar)), 127.3 (p-C(Ar)), 129.9 (m-C(Ar)), 152.5 (i-
C(Ar)); IR: nÄ � 3086 (m), 3061 (s), 3030 (m), 3019 (m), 2980 (m), 2959 (s),
2935 (m, sh), 2877 (s), 1782 ± 1622 (m, br, n(AlH)), 1595 (m), 1490 (vs), 1444
(vs), 1378 (s), 1319 (m), 1316 (m), 1284 (s), 1208 (vs), 1188 (vs), 1175 (vs),
1161 (vs), 1134 (m), 1124 (s), 1096 (s), 1075 (vs), 1066 (vs), 1044 (vs), 1031
(vs), 1000 (m), 938 (m), 920 (s), 901 (vs), 894 (vs), 849 (s), 834 (vs), 813 (s),
791 (vs), 763 (vs), 760 (vs), 742 (m), 728 (m), 706 (vs), 703 (vs), 673 (s), 663
(m), 639 cmÿ1 (vs); C69H73AlNaO6 (1048.31): calcd: 79.06, H 7.02, Al 2.57;
found: C 79.73, H 6.49, Al 2.09.


13 : tBu2MeCOH (1.56 g, 9.9 mmol) in Et2O (20 mL); LiAlH4 (3.3 mmol) in
Et2O (15 mL) at ambient temperature. Stirring was continued for 1 h.
Crystallization at ÿ20 8C yielded 13 as colourless plates:[33] 1.34 g (70.1 %).


M.p. 194 8C; 27Al NMR (70 MHz, Et2O): d� 74 (h1/2� 605 Hz); (C6D6): d�
73 (h1/2� 1384 Hz); 7Li NMR (105 MHz, Et2O): d� 0.68 (h1/2� 4.5 Hz),
(C6D6): d� 0.40 (h1/2� 3.9 Hz); 1H NMR (400 MHz, C6D6): d� 1.00 (t,
3J(H,H)� 7.2 Hz, 6H, CH3(Et2O)), 1.17 (s, 54H, CH3(tBu)), 1.49 (s, 9H,
CMe), 3.21 (q, 3J(H,H)� 7.2 Hz, 4 H, CH2(Et2O)); 13C NMR (100 MHz,
C6D6): d� 14.5 (CH3(Et2O)), 23.8 (CMe), 30.0 (CH3(tBu)), 42.0 (CMe3),
65.4 (CH2(Et2O)), 81.4 (i-C); IR: nÄ � 3009 (s, sh), 2974 (vs), 2961 (vs), 2918
(vs), 2874 (s, nas,s(CH3)), 1798 (vs, n(AlH)), 1480 (s), 1460 (s), 1389 (vs), 1373
(s), 1366 (vs, nas,s(CH3)), 1140 (s), 1117 (vs), 1104 (vs, n(CO)), 1055 (s), 1027
(s), 1002 (s), 960 (s), 939 (s), 926 (s, sh), 906 (vs), 873 (m), 835 (m), 764 (vs),
727 (vs), 670 (s), 625 (s), 609 cmÿ1 (s, n(AlO2)); C34H74AlLiO4 (580.85):
calcd: C 70.31, H 12.84, Al 4.65, Hÿ 0.17; found: C 69.71, H 12.30, Al 4.28,
Hÿ 0.16.


14 : (2,6-iPr)2C6H3OH (9.51 g, 9.89 mL, 35.34 mmol) in Et2O (15 mL);
LiAlH4 (17.8 mmol) in Et2O (20 mL) at ambient temperature. Stirring was
continued for 1 h. Crystallization at ÿ20 8C yielded 14 as colourless prisms
[33]: 10.05 g (88.2 %). M.p. 144 8C; 27Al NMR (70 MHz, Et2O): d� 79 (h1/2�
4274 Hz), (C6D6): d� 78 (h1/2� 3695 Hz); 7Li NMR (155 MHz, C6D6): d�
0.96 (h1/2� 7.0 Hz); 1H NMR (400 MHz, C6D6): d� 0.62 (t, 6H, CH3(E-
t2O)), 1.20 (d, 3J(H,H)� 6.5 Hz, 36H, CH3(iPr)), 2.77 (q, 4 H, CH2(Et2O)),
3.59 (qq, 3J(H,H)� 6.5 Hz, 6 H, CH(iPr)), 6.96 (dd, 3J(H,H)� 8.0 Hz, 3H,
p-H(Ar)), 7.11 (d, 3J(H,H)� 8.0 Hz, 6H, m-H(Ar)); 13C NMR (100 MHz,
C6D6): d� 14.1 (CH3(Et2O)), 24.2 (CH3(iPr)), 27.1 (CH(iPr)), 66.3
(CH2(Et2O)), 120.9 (p-C(Ar)), 123.7 (m-C(Ar)), 138.2 (o-C(Ar)), 151.7
(i-C(Ar)); IR: nÄ � 3074 (w), 3063 (w), 3026 (w), 2961 (vs), 2927 (vs), 2902
(s), 2868 (s), 1843 (vs, n(AlH)), 1592 (m), 1460 (vs), 1439 (vs), 1383 (s), 1361
(s), 1348 (s), 1329 (s), 1313 (m), 1284 (s), 1257 (vs), 1249 (s), 1217 (m), 1196
(vs), 1156 (m), 1108 (m), 1099 (m), 1083 (m), 1062 (s), 1042 (s), 921 (vs), 887
(vs), 855 (vs), 805 (m), 794 (m), 756 (vs), 751 (vs), 730 (s), 700 (vs), 688 (vs),
609 cmÿ1 (m); IR (Et2O): nÄ � 1850 (vs, n(AlH)); C40H62O4AlLi (640.82):
calcd: C 74.97, H 9.75, Al 4.21; found: C 74.63, 10.07, Al 3.89.


15 : 2,6-Me2C6H3OH (7.15 g, 58.50 mmol) in Et2O (35 mL); LiAlH4


(19.50 mmol) in Et2O (20 mL) at ÿ20 8C. The colourless solution was
stirred at ambient temperature for 1 h and was stored at ÿ20 8C. After 1 d
crystals of 15 formed. The unit cell was determined, but no reasonable
solution was found: for the structure. Fractional crystallization at ÿ20 8C
gave 10.66 g (90.9 %) of 15. M.p. 90 ± 91 8C (decomp); 27Al NMR (70 MHz,
C6D6): d� 77 (h1/2� 2958 Hz), (Et2O): d� 77 (h1/2� 2112 Hz); 7Li NMR
(105 MHz, C6D6): d�ÿ0.1 (h1/2� 14.9 Hz), (Et2O): d�ÿ0.2 (h1/2�
6.3 Hz); 1H NMR (400 MHz, C6D6): d� 0.77 (t, 12 H, CH3(Et2O)), 2.26
(s, 18H, CH3(Ar)), 2.97 (q, 8 H, CH2(Et2O), 6.74 (dd, 3J(H,H)� 7.5 Hz, 3H,
p-H(Ar)), 6.95 (d, 3J(H,H)� 7.5 Hz, 6H, m-H(Ar)); 13C NMR (100 MHz,
C6D6): d� 14.5 (CH3(Et2O)), 18.0 (CH3(Ar)), 65.9 (CH2(Et2O)), 120.0 (p-
C(Ar)), 127.8 (m-C(Ar)), 128.9 (o-C(Ar)), 155.1 (i-C(Ar)); IR: nÄ � 3073
(w), 3036 (m), 3013 (m), 2977 (vs), 2943 (vs), 2918 (vs), 2856 (s), 1896 (w),
1825 (vs, nÄ(AlH)), 1781 (w), 1592 (vs), 1477 (vs), 1471 (vs), 1428 (vs), 1386
(m), 1295 (m, sh), 1289 (vs), 1270 (vs), 1155 (w), 1093 (vs), 1063 (s), 982 (m),
949 (m), 916 (s), 896 (s), 865 (vs), 758 (vs), 739 (m, sh), 719 (vs), 690 (m), 650
(m), 613 (m), 593 (m, sh); C32H48O5AlLi (546.65): calcd: C 70.31, H 8.85, Al
4.94; found: C 69.75, H 8.40, Al 4.64.


16 : A stirred solution of 2,6-tBu2C6H3OH (3.17 g, 15.4 mmol) in hexane was
treated with a standardized solution of nBuLi in hexane (10 mL,
15.4 mmol). Butane gas was allowed to escape through a bubbler. The
reaction mixture was stirred overnight, then the colourless precipitate was
isolated by means of a G4 glass frit and washed twice with hexane (10 mL).
The precipitate was dissolved in THF (40 mL). The light yellow solution
was stored at ÿ78 8C to give colourless crystals of 16. M.p. 301 ± 303 8C; 7Li
NMR (105 MHz, C6D6): d�ÿ1.0 (h1/2� 7.1 Hz), (THF): d� 0.8 (h1/2�
43.5 Hz); 1H NMR (400 MHz, C6D6): 1.06 (m, 8H, b-CH2(THF)), 1.68 (s,
36H, CH3(tBu)), 3.19 (m, 8H, a-CH2(THF)), 6.82 (dd, 3J(H,H)� 7.7 Hz,
2H, p-H(Ar)), 7.47 (d, 3J(H,H)� 7.7 Hz, 4 H, m-H(Ar)); 13C NMR
(100 MHz, C6D6): d� 25.0 (b-CH2(THF)), 31.7 (CH3(tBu)), 35.6 (Cq(tBu)),
68.4 (a-CH2(THF)), 113.9 (p-C(Ar)), 125.2 (m-C(Ar)), 138.0 (o-C(Ar)),
165.7 (i-C(Ar)); IR: nÄ � 3015 (s), 3003 (s), 2952 (vs), 2909 (vs), 2890 (vs),
1581 (m), 1484 (m), 1464 (m), 1454 (m, sh), 1446 (m, sh), 1412 (vs), 1381
(vs), 1350 (vs), 1275 (vs), 1260 (vs), 1200 (s), 1188 (s), 1149 (m), 1104 (vs),
1040 (vs), 916 (vs), 890 (vs), 883 (vs), 859 (vs), 817 (vs), 756 (vs), 678 (w),
650 cmÿ1 (vs); C36H58O4Li2 (568.70): calcd: C 76.03, H 10.28; found: C
75.45, H 10.27.


17: A solution of AlCl3 (0.85 g, 6.38 mmol) in Et2O (25 mL) was added to a
stirred solution of LiAlH4 (0.73 g, 19.12 mmol) in Et2O (11 mL) at 0 8C.[34]
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The resulting suspension was treated with a solution of 2,6-tBu2C6H3OH
(10.52 g, 51.0 mmol) in Et2O (30 mL) at room temperature. Hydrogen gas
was liberated. The suspension was stirred for 3 h, and the insoluble material
removed by filtration (G4 glass frit). Colourless crystals of 17 formed at
4 8C.[33] Et2O was removed from the filtrate and the residue dried in vacuo.
Yield: 12.14 g (92.8 %). M.p. 145 ± 147 8C (softening range: 137 ± 145 8C);
27Al NMR (70 MHz, C6D6): d� 62 (h1/2� 6473 Hz); (Et2O): 65 (h1/2�
4000 Hz); (THF): d� 66 (h1/2� 4722 Hz); 1H NMR (400 MHz, C6D6):
d� 0.64 (br s, 6H, CH3(Et2O)), 1.55 (s, 36H, CH3(tBu)), 3.68 (br s, 4H,
CH2(Et2O)), 4.5 (br s, 1 H, AlH), 6.87 (dd, 3J(H,H)� 7.6 Hz, 2H, p-H(Ar)),
7.34 (d, 3J(H,H)� 7.6 Hz, 4H, m-H(Ar)); 13C NMR (100 MHz, C6D6): d�
11.6 (br, CH3(Et2O)), 31.8 (CH3(tBu)), 35.5 (Cq(tBu)), 66.2 (CH2(Et2O)),
118.6 (p-C(Ar)), 125.9 (m-C(Ar)), 139.1 (o-C(Ar)), 156.4 (i-C(Ar)); IR:
nÄ � 3058 (w), 3013 (m), 2959 (vs), 2909 (vs), 2869 (vs), 1893 (vs, n(AlH)),
1584 (m), 1469 (s), 1449 (s), 1415 (vs), 1390 (vs), 1360 (s), 1288 (vs), 1269
(vs), 1260 (vs), 1241 (vs), 1211 (m), 1202 (m), 1193 (s), 1150 (m), 1131 (m),
1122 (m), 1095 (s), 1014 (vs), 995 (m, sh), 925 (vs), 886 (vs), 828 (s), 796 (s),
749 (vs), 737 (vs), 737 (vs), 726 (vs), 697 (s), 681 cmÿ1 (vs); C32H53O3Al
(512.75): calcd: C 74.96, H 10.42, Al 5.26; found: C 74.13, H 9.95, Al 5.11.


X-ray crystallography : Data for X-ray structure determinations were
collected with a Siemens P4 diffractometer equipped with a CCD area
detector (MoKa , l� 0.71073 �). The reflections were recorded in a total of
1200 frames with Df� 0.38 at two different c settings. The structures were
solved by direct methods with the programme XS (Siemens). The structure
was refined with least-squares methods (SHELXL97, G. M. Sheldrick,
Göttingen, Germany, 1997). Carbon-bound hydrogen atoms were included
in the refinement with a riding model with fixed isotropic temperature
parameter U, and the positions of the Al- and Li-bound hydrogen atoms
were freely refined. The thermal ellipsoids in the figures are depicted at a
probability level of 25 %. Carbon-bound hydrogen atoms are omitted for
clarity. Crystal data for the compounds are listed in Table 12.
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(P,P-Dimethylphosphino)methyl Chromate(ii) ComplexesÐ
[{Li(thf)}2Cr2(CH2PMe2)6], the First Homoleptic (Phosphino)methyl
Transition Metal Complex


Dirk Steinborn,* Olaf Neumann, Clemens Bruhn, Tobias Rüffer, Roland Boese,
and Frank W. Heinemann


Abstract: [CrCl2(thf)2] reacts with
LiCH2PMe2 in diethyl ether at ÿ50 8C
to give [{Li(thf)}2Cr2(CH2PMe2)6] (1) as
red, pyrophoric crystals (Tdecomp� 130 ±
135 8C; cg� 0.0096� 10ÿ6 cm3 gÿ1, meff�
0.81 mB/Cr). Treatment of 1 with MeOD
and S or with LiAlD4 and S results in the
formation of S�PMe2(CH2D) (degree of
deuteration> 95 %). Complex 1 reacts
with N,N,N',N'-tetramethylethylenedia-
mine (tmeda) to give [{Li(tmeda)}2-
Cr2(CH2PMe2)6] (1 a) (Tdecomp� 140 ±


145 8C; cg�ÿ0.834� 10ÿ6 cm3 gÿ1) and
[{Li2Cr2(CH2PMe2)6(tmeda)}1] (1b). The
structures of 1, 1 a, and 1 b were deter-
mined by single-crystal X-ray analyses.
They are dinuclear with short Cr ± Cr
quadruple bonds (193.9(1) ± 195.0(2) pm)
that are bridged by two m-h2-CH2PMe2


ligands. Furthermore, each chromium
atom is coordinated by two h1-CH2PMe2


ligands. In complex 1 Li is coordinated
by two P atoms, one O atom of a THF
ligand, and one methylene C atom of the
bridging CH2PMe2 ligand (Li coordina-
tion: P2OC). In 1 a TMEDA acts as a
bidentate chelate ligand, and in 1 b it
acts as a bridging ligand forming a one-
dimensional coordination polymer. Thus,
Li coordinations P2N2 and P2NC result
in complexes 1 a and 1 b, respectively.


Keywords: C ligands ´ chromium ´
coordination modes ´ P ligands ´
structure elucidation


Introduction


The stability, reactivity, and structure of organometallic
compounds with functionalized methyl ligands LxMÿCH2YRn


(L� ligand; M�metal; Y�Group 14 ± 17 heteroelement;
R� alkyl, aryl, H) are strongly dependent on the nature of the
heteroatomic center, which can be i) neutral and coordina-
tively saturated (for example, YRn� SiR3, GeR3, SnR3), ii)
neutral but Lewis basic (for example, YRn�NR2, PR2, OR,
SR, Cl), or iii) cationic (for example, YRn��NR3


�PR3,
�SR2).[1] Complexes of type ii attract particular attention
because the Lewis basic heteroatom is highly reactive in many
cases and may open up the possibility of entirely new
structures (for example, with h2 coordination) and reactions


(for example, carbenoid reactions). Usually this is exception-
ally pronounced in homoleptic[2] complexes [M(CH2YRn)m]xÿ


(x� 0, 1, 2,. . .), owing to the absence of any co-ligands (L).
Homoleptic complexes of types i (YRn� SiMe3, GeMe3,


SnMe3)[3] and iii (YRn��PR3, �S(O)R2)[4] of many transition
metals have been well characterized, but there are far fewer
examples of type ii complexes, although homoleptic (amino)-
methyl complexes of all 3d elements (YRn�NC5H10, NMe2)
have been synthesized and characterized.[5] Thiomethylnickel
(YRn� SMe, SPh, S(tBu))[6] and palladium complexes (YRn�
SPh)[7] have been described. Only [{Li(OEt2)}2Ni(CH2YRn)4]
(YRn�NC5H10,[5 c] NMe2,[5d] S(tBu)[6]), [{Li(thf)}2Cr2-
(CH2NMe2)6],[5e] and [{Pd(CH2SPh)2}4] have been structurally
characterized so far.[7]


Heteroleptic transition metal complexes of the type
[M(CH2PR2)nLm]xÿ with co-ligands L such as phosphanes,
carbonyl, and cyclopentadienyl are well known.[8] Homoleptic
complexes (m� 0) are completely unknown. [TaMe3(CH2P-
Ph2)2] (isolated with tmeda impurities and characterized by 1H
NMR spectroscopy alone) is the only example of a (phosphi-
no)methyl complex that contains no ligands other than s-
hydrocarbyl.[9] Taking into consideration a further function-
alization, the homoleptic complex [La{h3-CH(PPh2)2}3][10, 11]


with bis(phosphino)methyl ligands bound in a p-allyl-like way
was prepared. Silyl-substituted bis(phosphino)methyl anions
form lanthanoid complexes in which the ligands are purely P-
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bonded, as in [LiLa{C(PMe2)2(SiMe3)}4], or with P-bonded
ligands and additional weak Ln ´´´ C interactions, as in
[Sc{C(PMe2)2(SiMe3)}3].[12, 13]


We report here the synthesis, characterization, and struc-
ture of a homoleptic (P,P-dimethylphosphino)methyl chro-
mate(ii) complex and its reaction with tmeda.


Results and Discussion


Synthesis and characterization of [{Li(thf)}2Cr2(CH2PMe2)6]
(1): The reaction of the THF adduct of chromium(ii) chloride
with (P,P-dimethylphosphino)methyllithium[14] in diethyl
ether at ÿ50 8C yields a deep red solution from which red
crystals of [{Li(thf)}2Cr2(CH2PMe2)6] (1) crystallize after
addition of a small amount of THF in 80 % yield (Scheme 1).


Scheme 1. Synthesis of 1.


The complex 1 is pyrophoric, but exhibits a relatively high
thermal stability (Tdecomp 130 ± 135 8C). The sensitivity of 1 to
moisture is low; it is soluble in diethyl ether, sparingly soluble
in THF and in benzene, and insoluble in aliphatic hydro-
carbons. The magnetic moment of 1 (cg� 9.6� 10ÿ9 cm3 gÿ1


(295 K), meff� 0.81 mB/Cr) is consistent with a dinuclear d4 CrII


complex containing a Cr ± Cr quadruple bond. Similar values
for the residual paramagnetism meff were found in other CrII


complexes ([{Li(thf)}2Cr2(CH2NMe2)6] 0.67 mB/Cr,[5e] [Li2Cr2-
(CH2NC5H10)6] 0.96 mB/Cr,[5b] [Cr2(CH2SiMe3)4(PMe3)2] 0.9 mB/


Cr[15]); these might be explained in terms of a temperature-
independent paramagnetism (TIP).[16]


The molecular structure of 1 was confirmed by X-ray
structure analysis (Figure 1, Table 1). Complex 1 crystallizes
as discrete molecules without unusually short intermolecular
contacts. The molecules reveal crystallographically imposed
C2h symmetry.


Figure 1. Molecular structure of [{Li(thf)}2Cr2(CH2PMe2)6] 1, with num-
bering scheme. Hydrogen atoms are omitted for clarity.


The Cr ± Cr quadruple bond is short (195.0(2) pm) but
not supershort (<190 pm)[17] as in the homologous
(dimethylamino)methyl complex [{Li(thf)}2Cr2(CH2NMe2)6]
(188.4(1) pm).[5e] The Cr ± Cr bond is bridged by two (dime-
thylphosphino)methyl ligands in a m-h2 fashion. Furthermore,
each chromium atom is coordinated by two h1-CH2PMe2


ligands. Because of the molecular symmetry, the ligands
exhibit an exactly eclipsed arrangement. The CrC3P unit is far
from planar, as the strong deviation from 1808 of one of the
two angles at Cr between opposite ligands shows (C1-Cr-P1a
177.0(1)8, C2-Cr-C2c 145.2(1)8).


The lithium atoms possess a distorted tetrahedral geometry
with the primary donor set defined by two P atoms, one O
atom of a THF ligand, and one methylene C atom of the
bridging m-h2-CH2PMe2 ligand. The Li ± P bonds are slightly
shorter (254.9(4) pm) than those in the six-membered Li2C2P2


rings of the dimeric compounds [{Li(NN)}2(CH2PRR')2] (2)
(NN� tmeda, sparteine; R/R'�Me/Me, Ph/Me, Ph/Ph)
(259.3(7) ± 274(2) pm).[18]


Abstract in German: [CrCl2(thf)2] reagiert mit LiCH2PMe2 in
Diethylether bei ÿ50 8C zu [{Li(thf)}2Cr2(CH2PMe2)6] (1)
(rote, pyrophore Kristalle, TZers 130 ± 135 8C; cg� 0.0096�
10ÿ6 cm3 gÿ1, meff� 0.81 mB/Cr). Die Reaktion mit MeOD und
S sowie mit LiAlD4 und S führt zur Bildung von
S�PMe2(CH2D) (Deuterierungsgrad> 95 %). Komplex 1 setzt
sich mit tmeda zu den TMEDA Addukten [{Li-
(tmeda)}2Cr2(CH2PMe2)6] (1a) (TZers� 140 ± 145 8C; cg�
ÿ0.834� 10ÿ6 cm3 gÿ1) und [{Li2Cr2(CH2PMe2)6(tmeda)}1]
(1b) um. Die Strukturen aller drei Komplexe wurden durch
Röntgenkristallstrukturanalyse ermittelt. Die Komplexe 1, 1a
und 1b sind dinuklear mit kurzen Cr ± Cr-Vierfachbindungen
(193.9(1) ± 195.0(2) pm), die durch zwei m-h2-CH2PMe2-Li-
ganden überbrückt werden. Weiterhin befinden sich an jedem
Chromatom zwei h1-CH2PMe2-Liganden. In 1 ist Li durch
zwei Phosphoratome, ein Sauerstoffatom eines THF Liganden
und ein Methylen-Kohlenstoffatom des verbrückenden
CH2PMe2-Liganden koordiniert (Li-Koordination: P2OC).
In 1a fungiert TMEDA als zweizähniger Chelatligand und in
1b als Brückenligand derart, daû sich ein eindimensionales
Koordinationspolymer ergibt. Das führt in 1a und 1b zu Li-
Koordinationen P2N2 bzw. P2NC.


Table 1. Selected bond lengths [pm] and angles [8] for 1 with standard
deviations in parentheses.


Cr ± Cra 195.0(2) C1-Cr-P1a 177.0(1)
Cr ± P1a 239.5(1) C2-Cr-C2c 145.2(1)
Cr ± C1 220.9(4) Cra-Cr-P1a 75.43(5)
Cr ± C2 216.2(3) Cra-Cr-C1 101.6(1)
P1 ± C1 179.9(4) Li-C1-Cr 86.8(2)
P1 ± C3 182.5(3) Cr-C1-P1 83.3(1)
P2 ± C2 180.0(3) Cr-C2-P2 108.1(1)
P2 ± C4 183.9(4) C1-P1-Cra 99.7(1)
P2 ± C5 183.7(3) C3-P1-C3c 99.6(3)
Li ± C1 226.6(8) C4-P2-C5 98.7(2)
Li ± P2 254.9(4) Li-P2-C2 96.4(2)
Li ± O 191.9(7) O-Li-P2 118.6(2)


P2-Li-P2c 110.1(3)


Symmetry transformation: a) ÿx, y, ÿz. c) x, ÿy, z.
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The Li ´´ ´ C contact mentioned above seems to be relatively
strong; this is shown by the Li ´´ ´ C1 distance (226.6(8) pm),
which is only slightly longer than those in 2 (212(1) ± 221(3)
pm)[18] and within the range of the Li ± C bond lengths in the
six-membered Li2C2P2 rings (221(1) pm) and the four-mem-
bered Li2C2 rings (239(1) pm) of the [{Li(CH2PPh2)(thf)}1]
polymeric structure [19] Furthermore, the Li ´´ ´ C distance in 1
is markedly shorter than Li ´´ ´ C distances in other dimeric
chromium ± alkyl complexes of the [Li2Cr2R8] type (R�Me;
R2�C4H8, butane-1,4-diyl) (237(3), 237(7) pm), but slightly
longer than in [{Li(thf)}2Cr2(CH2NMe2)6] (219.7(8) pm)[5e]


(Table 2). The Cr ´´´ Li distance (307.6(7) pm) is longer than
those in other typical lithium organodichromate(ii) complexes.


As expected for a s-organochromium compound, 1 reacts
with MeOD and LiAlD4 to give PMe2(CH2D), of which the
degree of deuteration (98 % and 95 %, respectively) was
determined by GC ± MS after oxidation with sulfur to give
S�PMe2(CH2D) (Scheme 2).


Scheme 2. Reactions of 1 with MeOD and LiAlD4.


The NMR spectra of 1 in solution are consistent with its
solid-state structure. The 13C NMR spectrum is shown in
Figure 2; the assignment was proved by an NMR attached
proton test (APT) experiment and by an H,C-COSY spec-
trum. Furthermore, it was shown by application of various
frequencies (50, 101, 126 MHz) that the signals at d� 18.0 and
19.8 are two (broadened) singlets and not a doublet or
pseudo-doublet. Line broadening due to the residual para-
magnetism, and complex spin systems due to the two sets of
chemically and magnetically nonequivalent 31P nuclei, prevent
a more detailed analysis and a simulation of the spectrum.


The 31P NMR spectrum of 1 consists of a broadened singlet
(d�ÿ9.9 in [D10]diethyl ether, ÿ12.9 in [D6]benzene) and of
a quartet (d�ÿ52.2 in [D10]diethyl ether, ÿ55.2 in [D6]ben-
zene). Compared with uncomplexed PMe3 (d�ÿ62)[23] the


Figure 2. {1H}13C NMR spectrum (101 MHz) of 1 in [D10]diethyl ether
(THF and diethyl ether signals at d> 28 are not shown). *Impurity of PMe3


due to partial hydrolysis.


singlet is strongly shifted to low field. This signal was assigned
to the P atom coordinated to chromium; a similar chemical
shift (d(31P)�ÿ17.3) has been observed in [Cr2(CH2Si-
Me3)4(PMe3)2].[15] The splitting pattern (quartet) of the other
signal confirms the coordination of phosphorus to lithium (7Li
92.6 % abundant, I� 3/2). The coupling constant, 1J(31P,7Li)�
60 Hz, is in the expected range for 1J(31P,7Li) couplings (20 ±
70 Hz).[24] Instead of a quartet, a broadened singlet was
observed in THF; this points to dynamic processes with
cleavage of the Li ± P bonds.


The 7Li NMR spectrum consists of a broad singlet at d�
1.48. The half band width (b1/2� 170 Hz) made it impossible to
observe the expected triplet with a line distance of approx-
imately 60 Hz.


Synthesis and characterization of TMEDA adducts of 1: In
diethyl ether the addition of tmeda to 1 results in the
precipitation of deep red crystals of the TMEDA adducts 1 a
and 1 b (Scheme 3).


Complex 1 a is obtained when the crude material is
extracted with the mother liquor containing an excess of
TMEDA. The adduct 1 b is obtained by recrystallizing the
crude material from pure diethyl ether. Recrystallization of
1 a from pure diethyl ether yields 1 b showing that one
molecule of TMEDA is readily eliminated from 1 a. Because
1 a and 1 b have a similar appearance, the possibility cannot be
excluded that each contains some of the other.


Table 2. Selected structural data of dinuclear alkyl chromate complexes (interatomic distances in pm, angles in 8).


Bridge type[a] d(Cr ± Cr) d(Cr ± C) d(Li ´´ ´ C)[b] d(Li ´´ ´ Cr)[b] Ref.


[{Li(thf)}4Cr2Me8] I (4) 198.0(5) 220(1) 237(3) 256(3) [20]


[{Li(ether)}4Cr2(C4H8)4][c] I (4) 197.5(5) 216(3) ± 229(3) 237(7) 254(5) [21]


[Cr2{(CH2)2PMe2}4] II (4) 189.5(3) 221(1) ± 223(1) ± ± [22]


[{Li(thf)}2Cr2(CH2NMe2)6] III (2) 188.4(1) 212.4(4) ± 213.9(4) 219.7(8) 276.2(6) [5e]


[{Li(thf)}2Cr2(CH2PMe2)6] 1 IV (2) 195.0(2) 216.2(3)/220.9(4) 222.6(8) 307.6(6) [d]
[{Li(tmeda)}2Cr2(CH2PMe2)6] 1a IV (2) 194.07(8) 215.1(3) ± 217.3(3) 293.8(6) 361.4(5) [d]
[{Li2Cr2(CH2PMe2)6(tmeda)}1] 1 b IV (2) 193.9(1) 214.5(4) ± 220.9(4) 222.8(8) 303.1(6) [d]


[a] Number of bridges in parentheses. [b] Shortest contact is given. [c] C4H8�buta-1,4-diyl. [d] This work.
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Scheme 3. Synthesis of 1a and 1b.


The TMEDA adduct 1 a is pyrophoric and exhibits a
relatively high thermal stabiltity (Tdecomp 140 ± 145 8C). The
diamagnetism (cg�ÿ0.834� 10ÿ6 cm3 gÿ1, 295 K) shows that
1 a is a dinuclear chromium complex, too. It reacts with
MeOD and vigorously with LiAlD4 to give PMe2(CH2D)
(degree of deuteration> 95 %).


The constitution of 1 a and 1 b was confirmed by X-ray
structure analyses (Figures 3 and 4; Table 3). Complex 1 a
forms discrete molecules. Complex 1 b is a coordination


Figure 3. Molecular structure of 1a, with numbering scheme. Hydrogen
atoms are omitted for clarity.


polymer with bridging TMEDA ligands. Both molecules have
crystallographically imposed inversion symmetry.


The coordination pattern of the (dimethylphosphino)meth-
yl ligands in 1 a and 1 b is essentially the same as in 1, but there
are remarkable differences in the lithium coordination: in 1 a
the primary donor set of the four-coordinate lithium atom is
composed of two P atoms and two N atoms of the bidentate
TMEDA ligand. In contrast to 1, there is no Li ´´ ´ C1 contact
(293.8(6) pm in 1 a, 226.6(8) pm in 1). Correspondingly, the
bending of Li out of the Cr-C2-C3-P2-P3 plane measured by
the angles Li-P2-C2 and Li-P3-C3 (111.5(1)8, 110.4(2)8) or by


Figure 4. Section of the polymeric structure of 1 b, with numbering scheme.
One of the two positions of each of the disordered carbon atoms C10, C11,
C12 of the TMEDA ligand is shown. Hydrogen atoms are omitted for
clarity.


the interplanar angle CrC2P2/P2Li (123.9(1)8) is much larger
than those in 1 (Li-P2-C2 96.4(2)8 ; CrC2P2/P2Li 101.7(2)8). As
a consequence the Cr ´´ ´ Li separation in 1 a (361.4(5) pm) is
much greater than those in 1 (307.6(6) pm), and Cr ´´ ´ Li
interactions should not play any role.


Apart from the replacement of the THF ligands by
monodentate TMEDA ligands, the coordination of lithium in
1 is the same as in 1 b. There are no fundamental differences in
the Li ´´ ´ C1 distances (222.8(8) pm in 1 b, 226.6(8) pm in 1), in


Table 3. Selected bond lengths [pm] and angles [8] for 1a and 1b with
standard deviations in parentheses.


1a 1 b


Cr ± Cr' 194.07(8) 193.9(1)
Cr ± P1' 240.11(9) 237.2(1)
Cr ± C1 217.3(3) 220.9(4)
Cr ± C2 215.1(3) 216.1(4)
Cr ± C3 216.0(3) 214.5(4)
P1 ± C1 178.3(3) 178.3(4)
P2 ± C2 178.5(3) 178.9(4)
P3 ± C3 178.6(3) 178.5(4)
Li ± P2 259.8(4) 253.3(7)
Li ± P3 262.6(5) 252.5(7)
Li ± N1 218.3(5) 206.8(7)
Li ± N2 223.4(5)
Li ± C1 222.8(8)
C1-Cr-P1' 175.98(9) 176.3(1)
C2-Cr-C3 143.7(1) 144.4(2)
Cr'-Cr-P1' 76.65(3) 76.05(4)
Cr'-Cr-C1 100.17(8) 100.7(1)
Cr-C1-P1 86.1(1) 83.5(2)
Cr-C2-P2 107.8(1) 107.1(2)
Cr-C3-P3 108.1(1) 109.3(2)
Cr'-P1-C1 96.9(1) 99.7(1)
C4-P1-C5 99.5(2) 99.9(3)
Li-P2-C2 111.5(1) 96.7(2)
Li-P3-C3 110.4(2) 95.1(2)
C6-P2-C7 97.1(2) 98.1(3)
C8-P3-C9 97.3(2) 99.1(3)
P2-Li-P3 103.0(2) 109.7(3)
N1-Li-N2 83.3(2)
N1-Li-C1 113.5(4)


Symmetry transformation ('):ÿx, 2ÿ y, 1ÿ z (1a); 1/2ÿ x, 3/2ÿ y,ÿz (1b).
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the Cr ´´´ Li separation (303.1(6) pm in 1 b, 307.6(6) pm in 1),
and in the bending of Li out of the CrC2P2 plane (Li-P2-C2/Li-
P3-C3 96.7(2)/95.1(2)8 and interplanar angle CrC2P2/P2Li
99.8(2)8 in 1 b, Li-P2-C2 96.4(2)8 and CrC2P2/P2Li 101.7(2)8
in 1).


Thus, the reactivity of complex 1 to tmeda is different from
those of other dinuclear alkyl chromate complexes. Treating a
solution of the homologous (dimethylamino)methyl complex
[{Li(thf)}2Cr2(CH2NMe2)6] in THF with tmeda at ambient
temperature results neither in substitution of THF nor in any
decomposition.[5e] In contrast, treatment of alkyl chromate(ii)
complexes [{Li(thf)}4Cr2R8] (R�Me, CH2Ph, CH2CMe3,
CH2CMe2Ph) and [{Li(thf)}2Cr2(CH2SiMe3)6] with tmeda
results in the cleavage of the Cr ± Cr bonds. From this, the
existence of Cr ± Cr bonds in these complexes has been
questioned.[25]


In all three complexes 1, 1 a, and 1 b the Cr ± Cr quadruple
bond is supported by two-atom bridging ligands (m-h2-
CH2PMe2) forming four-membered rings Cr2CP (see bridge
type IV, Table 2). In marked contrast, the analogous (amino)-
methyl complex [{Li(thf)}2Cr2(CH2NMe2)6] forms seven-
membered rings Cr2CNLiNC (see bridge type III, Table 2).[5e]


This difference may be explained in terms of the larger
covalent radius of phosphorus and the higher angular
flexibility in phosphanes.


Cr ± Cr quadruple bonds bridged in such a way that four-
membered rings (Cr2CP) are formed had never previously
been observed. Five-membered rings (for example, Cr2OCO
in [Cr2(O2CR)4], Cr2CPC in [Cr2{(CH2)2PR2}4], Cr2CCO in
[Cr2{C6H4(o-OR)}4][17]) are predominant. But three- (Cr2C in
[Cr2(CH2SiMe3)4(PMe3)2],[26] [{Li(thf)2}2Cr2(CH2SiMe3)6][25c]),
six- (Cr2CCCN in [Cr2{CH2C6H4(o-NMe2)}2(O2CMe)2][27]),
and seven-membered rings (see above) are also known.


The dinuclear chromium complex 1 is the first homoleptic
(phosphino)methyl transition metal complex. Its reaction
with tmeda giving the TMEDA adducts 1 a and 1 b without
cleavage of the Cr ± Cr bond is of special interest with respect
to the reactivity and strength of Cr ± Cr quadruple bonds.


Experimental Section


All reactions and manipulations were carried out under purified argon
using Schlenk techniques. Diethyl ether and tetrahydrofuran were dried
and distilled from sodium benzophenone ketyl under argon; pentane,
hexane, and tmeda were distilled from LiAlH4 under argon. NMR spectra
were recorded on Varian spectrometers (Unity 500, Gemini 2000, Gem-
ini 200) using the protio impurities and the 13C resonances of the deuterated
solvents as references for 1H and 13C NMR spectroscopy, respectively. The
chemical shifts d(31P) and d(7Li) are reported relative to H3PO4 (85 %) and
a saturated solution of LiCl in [D8]THF (external). The chromium contents
were determined by ICP atomic emission spectroscopy (PU 7000, Unicam).
Room-temperature magnetic susceptibilities were determined with a
home-made balance by the Gouy method. GC ± MS investigations were
carried out on HP5890 Series II/HP5972 (Hewlett Packard) instruments.
[CrCl2(thf)2] was obtained by extraction of CrCl2 with THF.[28] LiCH2PMe2


was prepared by metalating PMe3 with tert-butyllithium in pentane/
hexane.[14]


Synthesis of [{Li(thf)}2Cr2(CH2PMe2)6] (1): [CrCl2(thf)2] (2.68 g,
10.0 mmol) was added gradually to a solution of LiCH2PMe2 (3.28 g,
40.0 mmol) in diethyl ether (60 mL) at ÿ50 8C and the solution turned red.
The mixture was allowed to warm to room temperature, the colorless


precipitate of LiCl was filtered off and THF (2 ± 3 mL) was added. The red
precipitate of 1 was recrystallized from diethyl ether. Yield 2.85 g (80 %);
1H NMR (200 MHz, [D10]diethyl ether): d�ÿ0.65 (�t�, 4H; 2C1H2), 0.61
(�s�, 20 H; 4 C2H2 and 4 C4H3 or 4C5H3), 0.95 (�s�, 12 H; 4 C3H3), 1.44 (�t�,
12H, 4 C4H3 or 4 C5H3), 1.79 (m, 8H; THF), 3.65 (m, 8H; THF); 13C NMR
(101 MHz, [D10]diethyl ether): d� 12.4 (�t� ; CH2), 18.0 (�s� ; CH3), 19.8 (�s� ;
CH3), 23.0 (�q�; CH3), 27.7 (�t� ; CH2); 31P NMR (202 MHz, [D6]benzene):
d�ÿ12.9 (s), ÿ55.2 (q, 1J(P,Li)� 60 Hz); 7Li (195 MHz, [D10]diethyl
ether): d� 1.48 (br s); C26H64Cr2Li2O2P6 (712.51): calcd.: Cr 14.60; found:
Cr 14.30.


Synthesis of 1a and 1b : tmeda (0.5 mL, 4.4 mmol) was added to a solution
of 1 (0.50 g, 0.7 mmol) in diethyl ether (25 mL). The solution became
colorless and red crystals of 1a and 1 b were precipitated. The precipitate
was filtered and dried in vacuo. Yield 0.52 g.


Crystals suitable for X-ray investigations were obtained by extracting the
product with the mother liquor (diethyl ether/tmeda) (1a) and pure diethyl
ether (1b), respectively.


1a : Tdecomp� 140 ± 145 8C; 31P NMR (81 MHz, [D10]diethyl ether): d�ÿ6.3
(s), ÿ46.0 (q, 1J(P,Li)� 62 Hz).


Reactions of 1 and 1 a with MeOD and LiAlD4 :


MeOD : MeOD (2 mL) was added atÿ20 8C to the complex (ca. 100 mg) in
diethyl ether (10 mL). The mixture was stirred at room temperature
overnight, the precipitate was filtered off and sulfur (ca. 200 mg) was
added. The degree of deuteration of S�PMe2(CH2D) was determined by
GC ± MS.


LiAlD4: LiAlD4 (100 mg) was slowly added at ÿ50 8C to the complex (ca.
200 mg) in diethyl ether (10 mL). The mixture was allowed to warm to
room temperature within 1 h and stirred for 1 h at room temperature. The
excess of LiAlD4 was decomposed with D2O at ÿ70 8C. After addition of
sulfur the ethereal phase was analyzed by GC ± MS.


X-ray crystallography : Suitable single crystals (1: red, prismatic; 1 a : red,
rod-shaped; 1 b : red, rhombic) were mounted quickly on a glass fiber using
perfluoroether under a cold stream of N2. X-ray measurements were
performed on a Nicolet R3/mV (1), STOE-IPDS (1a), and Siemens P4
diffractometer (1b) at 170 K (1), 220 K (1a), and 200 K (1b), respectively.
Intensities were collected with graphite-monochromated MoKa radiation
(l0� 0.71073 �). Absorption corrections for 1 and 1b were carried out
semiempirically by w scans and numerically for 1 a. The structures were
solved by direct methods with SHELXS-86[29] and refined by using full-
matrix least-squares procedures on F 2 (SHELXL-93).[30] Non-hydrogen
atoms were refined with anisotropic thermal parameters. Hydrogen atoms
were included with isotropic thermal parameters of 1.2 times the equivalent
isotropic thermal parameters of the corresponding carbon atoms. The
carbon atoms (C10, C11, C12) of the TMEDA ligand in complex 1b are
disordered and occupy two positions with the same probability. A summary
of crystallographic data, details of data collection, structure solution, and
refinement is given in Table 4. Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-101390. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax:
(�44)1223336-033; e-mail : deposit@ccdc.cam.ac.uk). Figures were drawn
with the Diamond program.[31]
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1 1a 1b


empirical formula C26H64Cr2Li2O2P6 C30H80Cr2Li2N4P6 C24H64Cr2Li2N2P6


fw 712.47 800.68 684.47
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crystal system/space group monoclinic/I2/m (no 12) monoclinic/P21/n (no 14) monoclinic/C2/c (no 15)
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Z 2 2 4
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R indices (all data) R1� 0.0493, wR2� 0.1134 R1� 0.0580, wR2� 0.0966 R1� 0.0721, wR2� 0.1313
larg. diff. peak/hole [e nmÿ3] 461/ÿ 365 678/ÿ 272 574/ÿ 1233
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Synthesis and Characterization of Mixed Oligoheterocycles
Based on End-capped Oligothiophenes


Ullrich Mitschke, Elena Mena Osteritz, Tony Debaerdemaeker,
Moritz Sokolowski, and Peter Bäuerle*


Abstract: A homologous series of
mixed oligoheterocycles 2 ± 6, based on
the end-capped quinquethiophene
EC5T 1, was synthesized by the intro-
duction of electronegative heteroatoms,
such as oxygen and nitrogen, into the
conjugated p-system. This led to novel
structures in which the central thio-
phene unit of the parent compound 1 is
substituted by other heterocycles (thia-
zole, 1,3,4-thiadiazole, furan, oxazole,
1,3,4-oxadiazole) that have a more pro-
nounced acceptor character. The char-
acterization of the optical and electro-


chemical properties clearly reveal the
influence of the heteroatoms on the
electronic properties. The electron-with-
drawing character of the central hetero-
cycles renders the oxidation of the
oligomer more difficult while reduction
is facilitated. Moreover, in some cases a


hypsochromic shift of the longest-wave-
length absorption and emission is ob-
served along with a significant enhance-
ment of the fluorescence quantum yield
in solution and in the solid state. The
HOMO/LUMO energy difference, de-
termined from optical and electrochem-
ical measurements, corresponds qualita-
tively well with the values obtained from
semiempirical calculations. An X-ray
structural determination was performed
on oligoheterocycle 6 and the experi-
mental and calculated data are com-
pared.


Keywords: conjugation ´ fluores-
cence spectroscopy ´ oligomers ´
oligothiophenes ´ organic light-emit-
ting diodes ´ structure ± property
relationships


Introduction


The synthesis of well-defined conjugated oligomers is very
useful in order to gain more insight into the structural and
electronic peculiarities of the corresponding polydisperse
polymers;[1] particular attention has been paid to the oligo-
thiophenes in recent years.[2] On account of their controllable
and rigorously defined structure, the physical properties can
be followed and correlated with the chain and conjugation
length. In this respect the synthesis and characterization of a
complete series of end-capped oligothiophenes (ECnT) up to
the heptamer clearly revealed the advantages of this ap-
proach. Excellent correlations of the optical and electro-
chemical data with the chain length were obtained.[3] Not only


the model character of a series of oligomers plays an
important role nowadays; defined oligomers represent novel
materials with properties which, in some respects, surpass
those of the corresponding polymers. Oligothiophenes have
recently been used as active components in all-organic field-
effect transistors,[4] and light-modulating[5] and light-emitting
devices (LED).[6] In order to study the electroluminescent
properties of conjugated systems systematically, a series of
end-capped oligothiophenes (EC4T to EC7T) was used to
prepare LEDs by vacuum sublimation of the active organic
material.[6a,b] The devices emit light in the yellow/orange range
of the visible spectrum at relatively low voltages and
moderate current densities. Optical data from solid-state
measurements also correlate well with the chain length of the
oligomers. Since oligothiophenes are generally electron-rich
compounds and are therefore easy to oxidize or to p-dope,
further investigation on ITO/ECnT/metal LEDs showed that
the corresponding current/voltage curves are a consequence
of injection and transport of holes. In contrast, these materials
are more difficult to n-dope on account of the LUMO energy
level. Therefore, the mobility of the electrons is diminished
and light emission arises directly from a zone close to the
cathode.[6a]


In order to tailor the electronic properties of oligothio-
phenes and to investigate structure ± property relationships,


[*] Prof. P. Bäuerle, Dipl.-Chem. U. Mitschke, Dr. E. Mena Osteritz
Universität Ulm, Abteilung Organische Chemie II
Albert-Einstein-Allee 11, D-89081 Ulm (Germany)
Fax: (�49) 731-502-2840
E-mail :peter.baeuerle@chemie.uni-ulm.de
Internet: http://www.uni-ulm.de/uni/fak/natwis/oc2


Prof. T. Debaerdemaeker
Universität Ulm, Sektion Röntgen- und Elektronenbeugung
Albert-Einstein-Allee 11, D-89081 Ulm (Germany)


Dr. M. Sokolowski
Universität Würzburg, Lehrstuhl für Experimentelle Physik II
Am Hubland, D-97074 Würzburg (Germany)


FULL PAPER


Chem. Eur. J. 1998, 4, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2211 $ 17.50+.25/0 2211







FULL PAPER P. Bäuerle et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2212 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 112212


we synthesized and characterized a novel series of mixed
oligoheterocycles based on end-capped oligothiophenes. By
the introduction of a five-membered heterocycle with a more
pronounced acceptor character (thiazole, 1,3,4-thiadiazole,
furan, oxazole, 1,3,4-oxadiazole) the electronic structure and
properties of the resulting mixed oligomers are expected to be
altered, whereas the geometric structure remains practically
constant. In a combined experimental and theoretical ap-
proach, we report on the synthesis and structure, on optical
and electrochemical characterization, and on theoretical
studies of the mixed oligoheterocycles 2 ± 6 and compare the
data obtained with the parent end-capped quinquethiophene
EC5T 1.


Results and Discussion


In general, the electronic properties of oligothiophenes can be
altered to a certain extent by the attachment of either
sterically[7] or electronically active substitutents at both the b[8]


and the terminal a positions[9] of the conjugated p system.
Another approach is the synthesis of mixed oligoheterocycles
in which thiophene units are replaced by other heteroaro-
matic moieties. The latter case often includes the combination


of thiophene units and other electron-rich heterocycles. Thus,
mainly thiophene- and pyrrole-containing oligomers have
been synthesized so far by means of transition-metal-cata-
lyzed coupling reactions[10] or by ring-closure reactions of
acyclic precursors.[11] For example, Meijer et al.[10] very
recently prepared various series of mixed oligomers com-
prised of alternating unsubstituted, N-boc-protected, or N-
dodecyl-substituted pyrrole and thiophene units by means of
the Stille coupling reaction. Cava et al.[11d] reported on a
systematic study of pentamers in which (N-alkylated) pyrrole
moieties are connected to thiophene units. In comparison to
the parent quinquethiophene, the longest wavelength absorp-
tions of these mixed oligomers are blue-shifted and the redox
transitions displaced to more negative potentials due to the
decrease of both the HOMO and the LUMO energy levels. In
several series of mixed thiophene/pyrrole oligomers the
oxidation potential remained almost constant as the chain
length was increased from two to seven heterocyclic
units;[10, 11b] this is in contrast with the decrease in the
oxidation potential generally observed with increasing chain
length.


There have been few reports on mixed thiophene oligom-
ers, including electron-accepting five-membered heterocycles.
Combinations of thiophene and furan rings were synthesized
in good yields by the dehydration of 1,4-diketones[11d] and by
nickel-catalyzed coupling reactions.[12] Kossmehl and Man-
ecke synthesized an alternating thiophene/1,3,4-oxadiazole
trimer and a pentamer as model compounds for the corre-
sponding polymer.[13] Both compounds are included in a
patent dealing with optical brighteners, dyes, and UV-
protectors.[14] Trimeric and tetrameric combinations of thio-
phene and thiazole were synthesized for further polymer-
ization.[15] On account of their low-lying LUMO levels,
silacyclopentadiene moieties have recently been introduced
into mixed oligoheterocycles as electron-deficient units and
investigated with respect to their electroluminescence behav-
ior.[16] Dimeric to tetrameric combinations of thiophenes and
electron-accepting thiophene-1,1-dioxides have been synthe-
sized very recently by means of palladium-catalyzed cross-
coupling reactions and were investigated with respect to their
electronic properties.[17]


Synthesis : The central building block for the synthesis of all
five novel mixed oligoheterocycles 2 ± 6 is 2-(4,5,6,7-tetrahy-
drobenzo[b]thien-2-yl)thiophene (9). Bithiophene 9 is avail-
able from the ring-closure reaction of 1,4-diketone 8, which
was synthesized from a-halogenoketone 7[18] and 1-(N-pyrro-
lidino)cyclohexene in 43 % yield. Reaction of 1,4-diketone 8
with either diphosphorus pentasulfide or Lawesson�s reagent
(L.R.) gave in both cases a mixture of the capped bithiophene
9 and the corresponding furyl derivative 10, which can be
separated by column chromatography. Whereas in the case of
P2S5 only 20 % of the bithiophene 9 could be isolated, L.R.
gave an isolated yield of 86 % (Scheme 1).


The synthesis of thiophene/thiazole oligomer 2 was ach-
ieved by a Stille-type palladium-catalyzed cross-coupling
reaction of the corresponding 2,5-dibrominated thiazole
12[19] with two equivalents of the stannylated capped bithio-
phene 11. Bithiophene 11 was obtained in 97 % yield by


Abstract in German: Auf der Basis des end-capped Quinque-
thiophens EC5T 1 wurde unter Einbeziehung elektronegativer
Heteroatome wie Sauerstoff und/oder Stickstoff eine Serie von
gemischten Oligoheterocyclen, 2 ± 6, synthetisiert. In diesen
neuartigen Strukturen ist die zentrale Thiopheneinheit der
Stammverbindung durch Heterocyclen höherer Elektronenaf-
finität (Thiazol, 1,3,4-Thiadiazol, Furan, Oxazol, 1,3,4-Oxa-
diazol) ersetzt. Wie die Untersuchung der optischen und
elektrochemischen Eigenschaften dieser Verbindungen zeigt,
werden die elektronischen Eigenschaften durch die Anwesen-
heit der Heteroatome deutlich beeinfluût. Während die Reduk-
tion aufgrund des elektronenziehenden Charakters des zentra-
len Heterocyclus erleichtert wird, wird die Oxidation des
Oligomers durch den Einbau mehrerer elektronegativer He-
teroatome sukzessive erschwert. In einigen Fällen konnte eine
hypsochrome Verschiebung der längstwelligen Absorption und
Emission sowie eine signifikante Erhöhung der Fluoreszenz-
quantenausbeute sowohl in Lösung als auch im Festkörper
beobachtet werden. Die aus den optischen und elektrochemi-
schen Messungen erhaltenen HOMO/LUMO-Energiedifferen-
zen sind im Einklang mit den aus semiempirischen Rechnun-
gen erhaltenen Werten. Die röntgenographische Kristallstruk-
turbestimmung des Oligoheterocyclus 6 ermöglicht schlieûlich
den Vergleich von dessen Molekülstruktur mit den berechneten
geometrischen Daten.
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Scheme 1. Synthesis of the central building block end-capped bithio-
phene 9.


selective metalation of the capped bithiophene 9 with n-BuLi
and reaction with chlorotrimethylstannane (Scheme 2). The
coupling reaction led to a mixture of pentamer 2, homocou-
pling product EC4T 15, and demetalated capped bithiophene
9. As a consequence of its low solubility, the thiophene/
thiazole oligomer 2 precipitated from the reaction mixture.
Chromatography and subsequent fractionated sublimation
gave pure oligomer 2 in 43 % yield.


Thiophene/1,3,4-thiadiazole oligomer 3 was synthesized
from the corresponding dibrominated 1,3,4-thiadiazole 13 [20]


in 28% yield and purified in a similar manner. Also in this case,
the homocoupling product EC4T 15 was isolated as the main
byproduct. On account of its even lower solubility in nearly all
common organic solvents, the chromatographic isolation of
mixed oligomer 3 is more difficult than that of the thiophene/
1,3,4-thiazole oligomer 2. Consequently, the yield is dimin-
ished to 28 % (Scheme 2).


The synthesis of pentamer thiophene/furan 4 was also
accomplished by means of the palladium-catalyzed cross-
coupling of capped stannyl-bithiophene 11 and 2,5-dibromo-
furan 14.[21] In addition to the homocoupling product EC4T
15, which was formed as a consequence of the lower stability
of the dibromoheterocycle in distinctly larger amounts
compared with the previous cases 2 and 3, oligomer 4 was
isolated analytically pure in 23 % yield after repeated
chromatography and fractionated sublimation (Scheme 2).


Because of the inherent low stability of 2,5-dimetalated or
2,5-dihalogenated oxazoles[22] and 1,3,4-oxadiazoles,[23] which


would be required for the synthesis of the mixed pentamers
thiophene/oxazole 5 and thiophene/1,3,4-oxadiazole 6 in
aryl ± aryl coupling reactions, a different synthetic route was
used in which the central heterocycle is formed from acyclic
precursors in the last step. The dehydration of 1,2-diacylhy-
drazines and 2-acylaminoketones is one of the most common
methods to produce 1,3,4-oxadiazole and oxazole rings,
respectively.[23] We started from bithiophene 9 : the first step
was a Friedel ± Crafts acylation with chloroacetic acid chloride
and AlCl3 to form capped bithiophene 16 in 51 % yield along
with at least five side-products that were separated by
chromatography. Bithiophene 16 was converted in 61 % yield
to the corresponding amine 17 by a DeleÂpine reaction that
used urotropine as the nucleophile and subsequent release of
the amino group with concentrated hydrochloric acid. For the
synthesis of the second component, bithiophene 9 was first
transformed into the carbonic acid 18 in 94 % yield by
lithiation with n-BuLi and quenching with carbon dioxide.
Bithiophene carboxylic acid 18 was then quantitatively
treated with oxalylchloride to give the corresponding acid
chloride 19, which was used without further purification. Both
bithiophene components 17 and 19 were treated under basic
conditions to form the precursor amide 20 in 22 % yield, which
was subsequently dehydrated and cyclized in boiling phos-
phorusoxitrichloride to afford the desired thiophene/oxazole
pentamer 5 in 39 % yield after chromatographic work-up and
subsequent sublimation (Scheme 3).


The synthesis of thiophene/1,3,4-oxadiazole pentamer 6 was
somewhat easier due to the symmetry of the 1,3,4-oxadiazole
ring. Thus, two equivalents of capped bithiophene acid
chloride 19 were treated with one equivalent hydrazine to
form N,N'-diacylhydrazine 21 in 80 % yield. Dehydration of
the acyclic precursor 21 in boiling phosphoroxitrichloride
finally led to the mixed oligoheterocycle thiophene/1,3,4-
oxadiazole 6, which was purified by sublimation to give 68 %
of a partially crystalline material (Scheme 4).


Optical properties : The optical properties of quinquethio-
phene EC5T 1 and the mixed oligoheterocycles 2 ± 6 were
studied. The absorption and emission maxima, fluorescence
quantum yields, and the optical energy gaps are given in
Table 1. The optical energy gaps correspond to the energy
difference of the ground and excited states and therefore
correlate to the HOMO/LUMO gap of the oligomers. Thus,


Scheme 2. Synthesis of the mixed pentamers 2, 3, and 4.
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Scheme 3. Synthesis of bithiophene components 17 and 19, precursor
amide 20, and finally thiophene/oxazole pentamer 5.


several effects can be investigated: firstly the influence of the
introduction of more electronegative nitrogen atoms which
replace one or two methine groups in compounds 2, 3, 5, and 6
can be evaluated in two different series: one of these series is
based on EC5T 1 and comprises oligoheterocycles 1 ± 3
(thiophene series), the second is based on the furan analogue
4 and comprises compounds 4 ± 6 (furan series). Secondly, the
change in properties due to the replacement of the sulfur by
oxygen in the central heterocyclic ring can be evaluated by
cross-comparison of compounds 1 and 4, 2 and 5, as well as 3
and 6 between the two series.


The absorption spectra of compounds 1 ± 6 were measured
in dichloromethane at a concentration of 5� 10ÿ6m. Typically,
broad and unstructured bands due to the p ± p* transition are
observed which reflect the noncoplanarity and rotational
freedom of the individual rings in the aromatic system. In the


Scheme 4. Synthesis of mixed oligoheterocycle thiophene/1,3,4-oxadia-
zole 6.


thiophene series the introduction of nitrogen atoms at the b-
position of the central ring, a situation which is realized in
oligothiophene/thiazole 2 and oligothiophene/1,3,4-thiadia-
zole 3, in comparison with the pure oligothiophene EC5T 1
leads only to a marginal shift of the absorption maxima
(Dlabs� 3 ± 4 nm), with unaltered extinction coefficients
(Table 1, Figure 1). In contrast, in the furan series the
absorption maxima are distinctly blue-shifted on going from
furan 4 to oxazole 5 and to 1,3,4-oxadiazole 6 (Dlabs


4;5� 13 nm,
Dlabs


4;6� 25 nm), respectively. In the case of the nitrogen-
containing oligoheterocycles 5 and 6, a second weaker
absorption band at about l� 355 nm is uncovered (Figure 2).
Cross-comparison in both series reveals that the replacement
of sulfur by oxygen leads in the case of thiophene 1 and furan
4 only to a small blue-shift of the absorption (Dlabs


1;4� 4 nm)
whereas for the couples 2/5 (Dlabs


2;5� 21 nm) and 3/6 (Dlabs
3;6�


26 nm) distinct displacements to higher energies are found.
This result is consistent with the optical properties of some


Table 1. Optical properties of the mixed oligoheterocycles 2 ± 6 compared
to the end-capped quinquethiophene EC5T 1.


labs
max


[a] lg e lem
max


[a] Fem
295 K


[b] DEopt.
[c] DnÄ [d]


[nm] [nm] [%] [eV] [cmÿ1]


1 431 4.71 497, 525[e] 19 (�5) 2.56 974
2 435 4.71 511, 530[e] 12 (�5) 2.53 1081
3 428 4.71 494, 520[e] 20 (�5) 2.61 958


4 427 4.66 481, 513 32 (�5) 2.64 891
5 414 4.68 479, 500[e] 30 (�5) 2.76 � 1120
6 402 4.71 453, 477 62 (�5) 2.81 828


[a] Solvent dichloromethane, c� 5� 10ÿ6m for absorption measurements,
c� 1� 10ÿ6m for emission measurements. [b] The external standard was
9,10-diphenylanthracene. [c] The energy gap was determined by the
difference in energy between the 0 ± 0 transition in absorption and
emission. [d] Stoke�s shift, determined by deconvolution of the spectra.
[e] Shoulder.
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Figure 1. Absorption and emission spectra of oligoheterocycles 1 ± 3 in
dichloromethane (thiophene series).


Figure 2. Absorption and emission spectra of oligoheterocycles 4 ± 6 in
dichloromethane (furan series).


similar pentameric mixed oligoheterocycles with thiophene/
furan sequences (T-T-T-F-T and T-F-T-F-T) which are com-
pared to a-quinquethiophene.[11d] In this series, the introduc-
tion of each furan ring leads to a successive hypsochromic
shift of the absorption maximum of Dlabs� 2 nm.


The emission spectra of all oligomers 1 ± 6 were measured
in dichloromethane at a concentration of 1� 10ÿ6m (Figures 1
and 2). On account of vibronic couplings, structured emission
bands are found that indicate a more planarized and stiffer
structure in the excited state. Deconvolution of the absorption
and emission bands allowed the determination of the 0 ± 0
transitions and the energy difference of the vibrational levels
(Dn� 1100 ± 1300 cmÿ1), which typically corresponds in those
systems to the symmetric stretch vibration of the C�C double
bonds in the heteroaromatic moieties.[24] The Stoke�s shifts of
Dn� 830 ± 1120 cmÿ1 indicate that, compared with the ground
state, the geometric change in the excited state is relatively
small. In analogy to the absorption data in the thiophene
series, the emission maxima vary to a certain extent (Dlem�
17 nm). The optical energy gap, which corresponds to the
energy of the 0 ± 0 transition, exhibits the same trend as found
for the absorption maxima and oligothiophene/thiazole 2
exhibits the smallest gap (DEopt.� 2.53 eV). In the furan series,
the emission maxima are blue-shifted stepwise with each
successive nitrogen atom present in the oligomer (Dlem


4;5�
2 nm, Dlem


4;6� 28 nm). 1,3,4-Oxadiazole 6 exhibits a bright


blue-green emission (lem
max� 455 nm) and the most pro-


nounced hypsochromic displacement. Cross-comparison in
both series clearly reveals that the replacement of sulfur by
the more electronegative oxygen leads to distinct blue-shifts
of the emission maxima (Dlem� 16 ± 41 nm).


Compounds 1 ± 6 show a bright fluorescence and, with
respect to the application of these oligomers in LEDs, the
fluorescence quantum yields of the oligomers are of special
interest. In order to quantify their fluorescence behavior in
solution, the fluorescence quantum yields were determined in
dichloromethane at ambient temperature by the optically
diluted solution method[25] and with 9,10-diphenylanthracene
as the standard.[26] Systematic errors of �5 % should be taken
into account. Whereas in the thiophene series 1 ± 3 the
successive introduction of nitrogen atoms leads only to small
changes of the emission efficiency (F295 K� 12 ± 20 %), the
presence of oxygen atoms in furan oligomers 4 ± 6 strongly
enhances the fluorescence quantum yield. In comparison to
the parent quinquethiophene EC5T 1 (F295 K� 19 %), the
values determined nearly than doubled for furan 4 (F295 K�
32 %) and oxazole 5 (F295 K� 30 %) and, surprisingly, more
than threefold in the case of oxadiazole 6 (F295 K� 62 %). The
remarkable increase of the fluorescence quantum yield from
the furan series to the thiophene series can be explained by
the heavy atom effect.[26] The replacement of sulfur by oxygen
seems to favor fluorescence emission of 4 ± 6, while other
deactivation processes, especially intersystem crossing (ISC)
to the triplet state, are rendered more difficult. Preliminary
measurements on the photo- and electroluminescence proper-
ties of 1,3,4-oxadiazole 6 in the solid state clearly support
these findings. In comparison to EC5T 1, an enhancement of
the emission intensity by a factor of 6 ± 7 is found for thin
layers of oligomer 6.[27]


A solvatochromic study for oligoheterocycles 1 ± 6 was
performed in n-hexane (e� 1.9), acetone (e� 20.7), and DMF
(e� 36.7) as solvents with differing polarities. Compounds 1,
2, 4, and 5 exhibit a small positive solvatochromism indicating
that the dipole moment in the excited state is greater than that
of the ground state. In contrast, we found that oligomers 3 and
6, which contain two nitrogens in the central heterocyclic
moiety, do not show any solvatochromic effects and therefore
there is no change in the dipole moment during the optical
transition.


Finally, it can be concluded that the optical properties of the
oligoheterocycles do not change dramatically in the thiophene
series (compounds 1 ± 3), whereas the effects are more pro-
nounced in the furan-series (compounds 4 ± 6). Compared
with the parent oligomer, oligothiophene/1,3,4-oxadiazole 6
exhibits the largest blue-shift in absorption and in emission and
simultaneously the highest increase in the fluorescence efficien-
cy. Thus, it is evident that the introduction of more electro-
negative heteroatoms in oligomers 2, 3, 5, and 6 affects the
energy level of the individual HOMO and LUMO in both
series in different ways. This is discussed below, taking redox
potentials and calculations on the electronic structure into
account.


Electrochemical properties : Whereas optical measurements
can be correlated to the energy difference of the frontier
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orbitals, the oxidation and reduction potentials provide
additional information on the relative position of the energy
levels of both HOMOs and LUMOs. This is important with
respect to organic LEDs, since the charged species of the
active organic material, created by oxidation and reduction at
the electrodes, migrate into the film.[28] On account of the
blocking of the reactive terminal positions in the end-capped
oligothiophenes the precise determination of the redox
potentials is possible, even for the shorter members.[3a] Thus,
consistent with the general behavior of electron-rich oligo-
thiophenes, investigations of pentamer EC5T 1 by cyclic
voltammetry (CV) showed that it can be reversibly oxidized
to stable radical cations and dications at relatively low
potentials (Eo


Ox1� 0.25 V, Eo


Ox2� 0.51 V vs Fc/Fc�). CVs in
the oxidative potential regime were recorded in the electro-
lyte dichloromethane/tetrabutylammonium hexafluorophos-
phate (TBAHPF) (0.1m) and potentials are given versus the
ferrocene/ferricenium (Fc/Fc�) couple at scan rates of
100 mV sÿ1 (Table 2, Figure 3). The reduction of oligomer
EC5T 1 was performed in the electrolyte THF/TBAHPF
(0.1m) and did indeed lead to stable radical anions; however,


Figure 3. Electrochemical characterization of EC5T 1, oligothiophene/
thiazole 2, and 1,3,4-oxadiazole 6. Reduction in THF, TBAHPF (0.1m),
oxidation in CH2Cl2, TBAHPF (0.1m), c� 5� 10ÿ4 mol lÿ1; v� 100 mV sÿ1).


it proceeded at a relatively negative potential (Eo


Red1�
ÿ2.33 V vs Fc/Fc�). The second reduction wave at Eo


Red2�
ÿ2.58 V vs Fc/Fc�, however, is quasireversible and less stable
dianions are formed. The HOMO/LUMO gap of DEEC�
2.56 eV is estimated from the onset of the first oxidation
and reduction process, respectively. For EC5T 1 it is in
excellent agreement with the optically determined gap
(DEopt.� 2.56 eV). The oxidation and reduction potentials
and the HOMO/LUMO gaps of the oligoheterocycles 1 ± 6
are listed in Table 2 and clearly show the influence of the
heteroatoms. In both the thiophene and the furan series, the
first reversible and the second quasi- or irreversible reduction
is, as expected, facilitated stepwise with the successive
introduction of electronegative nitrogen atoms into the
oligomer (DEo


Red1� 0.21 to 0.33 V, DEo


Red2� 0.05 to 0.10 V).
In a similar manner, the first and the second oxidation
potentials are gradually shifted to more positive values
(DEo


Ox1� 0.23 to 0.61 V, DEo


Ox2� 0.13 to 0.15 V) due to the
greater electron-attracting properties of the central hetero-
cyclic moieties in oligomers 2, 3, 5, and 6. Moreover, in the
case of 1,3,4-thiadiazole 3 and 1,3,4-oxadiazole 6 the first
oxidation process already leads to an irreversible wave in the
CV, which indicates follow-up reactions of the radical cation
formed (Figure 3). Cross-comparison between the two series
shows that the oxidation potentials are practically identical
for each couple; however, the reduction of the oligomers in
the furan series generally occurs at more negative potentials
(DEo


Red1� 0.17 to 0.32 V). This leads simultaneously to a
widening of the HOMO/LUMO gap in the latter series, which
is indeed found experimentally (D[DEEC]� 0.05 to 0.43 V).
This is in excellent agreement with the trend found in the
optical measurements. The half-wave potentials determined
for unsubstituted a-quinquethiophene (Eo


Ox1� 0.54 V, Eo


Ox2�
0.89 V vs Fc/Fc�) and oligothiophene/furan (T-T-T-F-T)
(Eo


Ox1� 0.45 V, Eo


Ox2� 0.85 V vs Fc/Fc�)[11d] are about 250 ±
400 mV more positive than those of EC5T 1 and furan 4,
respectively; this is due to the weak electron-donating effect
of the cyclohexene end-caps in oligomers 1 and 4.


With regard to the HOMO/LUMO gap, the determination
of the redox potentials revealed the same trend as found in the
optical measurements. The energy difference only marginally
changed in the thiophene series 1 ± 3, whereas oligothiophene/
1,3,4-oxadiazole 6 exhibited by far the largest gap and
changes. The experimentally determined redox potentials
can now be compared to the calculated HOMO/LUMO
energies of the oligomers 1 ± 6.


Semiempirical calculations : From the observed spectroscopic
and electrochemical behavior, the influence of the additional,
more electronegative heteroatoms on the electronic proper-
ties becomes evident. The data and trends observed are well
supported by semiempirical calculations. Semiempirical quan-
tum chemical methods are able to describe the geometric and
electronic structure of organic aromatic compounds in good
agreement with experimental data. The quantum-chemical
Austin Model 1 (AM 1) method[30] was used to evaluate the
electronic properties of the oligomers 1 ± 6. The determina-
tion of the energy levels of the exited states was realized with
a full single-configuration interaction (CI). The performance


Table 2. Electrochemical properties of the mixed oligoheterocycles 2 ± 6
compared to the end-capped quinquethiophene EC5T 1.


Eo


Red2
[a] Eo


Red1
[a] Eo


Ox1
[b] Eo


Ox2
[b] DEEC


[c]


[V] [V] [V] [V] [V]


1 ÿ 2.58[d] ÿ 2.33 0.25 0.51 2.56
2 ÿ 2.56[d] ÿ 2.20 0.48 0.64 2.62
3 ÿ 2.48[d] ÿ 2.00 � 0.84[e] ± 2.56


4 ÿ 2.66[e] ÿ 2.50 0.20 0.49 2.61
5 ÿ 2.61[e] ÿ 2.39 0.48 0.64 2.77
6 ÿ 2.68[e] ÿ 2.32 � 0.81[e] ± 2.99


[a] In THF/TBAHPF (0.1m) vs Fc/Fc� at 100 mV sÿ1. The solvent correction
is 50 ± 100 mV vs dichloromethane. [b] In dichloromethane/TBAHPF
(0.1m) vs Fc/Fc� at 100 mV sÿ1. [c] Determined by DECV�E '


Ox1ÿE '
Red1


(E' is the potential at which the redox process starts) and solvent
correction. [d] Quasireversible redox process. [e] Irreversible redox proc-
ess, Eo determined at Io� 0.855 Ip.[29]
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of the available parameters from AM 1 in the case of our type
of compounds was verified with other semiempirical calcu-
lations (PM 3, MNDO) as well as by ab initio methods.[31]


Table 3 gives the calculated HOMO and LUMO energies
and the resulting energy gap for all members of the two series.


The calculated energy gaps, which were determined for the
gas phase, were additionally corrected by ÿ1.9 eV for solvent
interaction[32] and can now be compared with the experimen-
tally determined values in solution. As expected, the intro-
duction of electronegative heteroatoms generally leads to a
stabilization and a decrease of both the HOMO and the
LUMO energies. A more detailed examination of the data of
the thiophene series reveals a successive decrease of about
0.1 eV in the HOMO energy for EC5T 1, thiazole 2, and 1,3,4-
thiadiazole 3, and a simultaneous decrease in the LUMO
energy by about 0.2 eV. Consequently, this results in a
decreasing energy separation of the frontier orbitals from
DEcorr.� 2.89 eV for oligomer 1, to 2.80 eV for 2, and to
2.75 eV for 3. The reverse trend is found for the members of
the furan series: the HOMO energy successively decreases by
about 0.2 eV on going from furan 4, to oxazole 5, and to 1,3,4-
oxadiazole 6, whereas the LUMO energy decreases by about
0.1 eV. The consequence is an increase of the energy gap from
DEcorr.� 2.78 eV for oligomer 4, to 2.86 eV for 5, and to
3.00 eV for 6. Compared with the optical and electrochemical
gap, the theoretical values correspond very well and system-
atically lie only slightly higher (DE� 0.01 to 0.33 eV). The
calculated energy positions of the frontier orbitals and the
resulting HOMO/LUMO gaps (gas phase) for oligohetero-
cycles 1 ± 6 are depicted graphically (solid lines) in Figure 4.


Additionally, the optical gaps determined in solution are
given (dashed lines). However, with respect to the calculated
levels, the absolute energetic positions were estimated by
taking the solvatochromism of the individual molecules into
account. If one compares the calculated and the optical gaps
in the furan series, a perfect correlation of the trend is found
for all compounds. The gap gradually increases on going from
furan 4, to oxazole 5, and to 1,3,4-oxadiazole 6. On the other
hand, in the thiophene series, the calculated energy gaps
gradually decrease from EC5T 1, to thiazole 2, and to 1,3,4-
thiadiazole 3. However, the experimental value for oligomer 3
was somewhat higher than that theoretically expected and the
gap increases again. This effect can be rationalized by taking
account of the solvatochromic behavior, which is positive for
oligomers 1, 2, 4, and 5. This indicates a larger stabilization of
the LUMO level in solution than of the HOMO level. For
1,3,4-oxadiazole 6 there is not much stabilization of the
LUMO since no solvatochromism could be detected. Thus,
this leads in the furan series to the expected increase of the
gaps in solution. In contrast in the thiophene series, due to the
lack of solvatochromism and the resulting increased gap for
oligomer 3, the trend observed for oligomers 1 and 2 is
reversed and the relative gap increases instead of decreasing
(Figure 4).


The dipole moments are also given in Table 3. Parent
compounds 1 (m� 0.6 D) and 4 (m� 0.5 D) exhibit a small
dipole moment. This is increased by the introduction of the
more electronegative nitrogen atoms and is highest for
oligothiophene/1,3,4-oxadiazole 6 (m� 3.3 D). On account of
the symmetrical arrangment of the thiophene rings around the
central unit, the contribution to the total dipole moment
originates from the central heterocyclic ring. Calculations of
the monomeric heterocycles on an ab initio level gave almost
the same values and thus proved this explanation.


X-ray crystallography: X-ray data for oligothiophenes have
been sparse, since the growth of single crystals is very difficult,
and the crystals often exhibit intrinsic disorder and defects.
Crystallographic structure determinations of several unsub-
stituted a-oligothiophenes have been reported.[34] Since the
longer oligomers do not crystallize well from solutions, vapor
growth methods or growth from the melt have very recently
led to crystals suitable for X-ray analysis.[34d, 34e, 35] Typically,
the molecules adopt a coplanar, all-anti-conformation and
show the propensity to pack in a herringbone pattern due to
favorable edge-to-face aromatic interactions. Occasionally, a


Table 3. HOMO/LUMO energies, gap energies, and dipole moments
calculated by semi-empirical methods (AM 1) for the mixed oligohetero-
cycles 2 ± 6 compared to the end-capped quinquethiophene EC5T 1. The gap
energies are compared with the optically and electrochemically determined
gaps.


HOMO
[eV]


LUMO
[eV]


DEber.


[eV]
DEcorr.


[eV][a]


DEopt.


[eV]
DEEC


[eV]
m (m' [b])
[D]


1 ÿ 8.00 ÿ 3.21 4.79 2.89 2.56 2.56 0.6 (0.9)
2 ÿ 8.10 ÿ 3.40 4.70 2.80 2.53 2.62 1.0 (1.44)
3 ÿ 8.22 ÿ 3.57 4.65 2.75 2.61 2.56 2.6 (3.42)


4 ÿ 7.87 ÿ 3.19 4.68 2.78 2.64 2.61 0.5 (0.77)
5 ÿ 8.08 ÿ 3.32 4.76 2.86 2.76 2.77 1.4 (1.58)
6 ÿ 8.31 ÿ 3.41 4.90 3.00 2.81 2.99 3.3 (3.35)


[a] Relaxation correction by ÿ1.9 eV for solvent interaction.[32] [b] m' of the
central heterocyclic ring was calculated on an ab initio [6-31G(d')] basis.[33]


Figure 4. Energy level diagram of
the frontier orbitals for oligo-
heterocycles 1 ± 6. Calculated
HOMO/LUMO levels (Ð) and
optically determined values (- - -).
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certain percentage of the syn-conformation of the terminal
thiophene ring with respect to its nearest neighbor is found.
Substitution in oligothiophenes may lead to deviations from
coplanarity resulting in twist and deformation of thiophene
rings.[36] However, in these cases the molecules generally tend
to stack in parallel layers.


To our knowledge, crystallographic data of mixed oligohe-
terocycles in general and of comparable quinquethiophenes
are not yet known. We were able to grow single crystals of
mixed pentamer thiophene/1,3,4-oxadiazole 6 suitable for
X-ray analysis by repeated fractionated sublimation of a
highly purified material in a gradient-tube furnace. At
temperatures of 220 to 230 8C (p� 1� 10ÿ3 mbar) the depo-
sition of amorphous material in the colder part of the
sublimation unit is observed. As soon as the organic material
covers the glass surface, long yellow needles of up to
0.5 mm� 0.5 mm� 10 mm start to form. The crystal growth
is not much influenced by the speed of sublimation, but it is
favored by an enhanced amount, and especially by high purity,
of the inserted starting material. This is in contrast to the
observation reported by Laudise et al. when the physical
vapor deposition is conducted in a stream of inert gas.[35]


Crystals selected for X-ray analysis were typical of the bulk
and there was no indication of polymorphism. Crystallo-
graphic data and refinement parameters are given in Table 4,
and views of the unit cell and the structure along various axes
are given in Figure 5. Atomic labeling and the side view of one
molecule are presented in Figure 6, which also gives some
selected, experimentally determined bond lengths and angles
and the comparison with calculated parameters.


Figure 5. Packing views of oligomer 6 on the a/b plane (top) and the b/c
plane (bottom).


The crystals of oligomer 6 belong to the triclinic space
group P1Å, with two molecules in the unit cell (Z� 2). The
packing in the crystal and the conformation of the molecules
in the solid state, however, show rather unique features not
normally observed for conjugated oligomers. At first glance a
ribbon-like dimer formation along the molecular plane is
evident. The top-view projection, which corresponds to the a/
b-plane of the unit cell, shows that the dimers are formed from
two oligomers that face each other point-inverted and which
are laterally displaced by about half a ring unit (Figure 5, top).
Therefore, the dipole moments of the central oxadiazole rings
operate in the opposite direction and are compensated,
indicating a minimized electronic repulsion. The next dimer
is laterally displaced by exactly half the length of a molecule
to form a lamella-like structure. The side-view projection of
the molecules, which corresponds to the b/c-plane, further
clarifies the dimer arrangement into slipped p-stacks (Fig-
ure 5, bottom). The dimers form curved parallel layers that
are oriented perpendicular to the b/c plane. If the bent
structure of every single molecule is neglected, then the mean
distance between two layers is 3.60 �.


The packing motif of oligothiophene/1,3,4-oxadiazole 6 is
different to that of unsubstituted oligothiophenes, which
typically pack in a herringbone-like manner.[34] However, very
recently, structures with different packing motifs were found
for a low-temperature form of a-2T[34a] and for high-temper-
ature polymorphs of a-4T[34c] and a-6T[34d] . Comparison of the
structure of oligomer 6 can be made to the very recently
published crystal data of a,w-dicyano-oligothiophenes.[36k]


The tetramer and the pentamer also form slipped p-stacks
in which a lateral shifting of 0.5 molecule per layer is detected.
An a,w-disilylated sexithiophene crystallizes in the same
triclinic space group P1Å and, on account of the bulky end
groups, also forms slipped stacks. However, in this case, with


Table 4. Crystallographic data, data collection, and refinement parameters
for oligothiophene/1,3,4-oxadiazole 6.


6


formula C26H22N2OS4


Mr 506.70
T [K] 293(2)
wavelength [�] l(MoKa)� 0.71073
crystal system triclinic
space group P1Å


a [�] 6.655(2)
b [�] 14.221(5)
c [�] 14.406(5)
a [8] 62.25(3)
b [8] 85.09(4)
g [8] 76.59(4)
V [�3] 1173.2(7)
Z 2
1calcd [gcmÿ3] 1.434
m (MoKa) [mmÿ1] 0.428
F (000) 528
crystal size [mm] 0.20� 0.20� 0.15
q range [8] 2.78 ± 25.91
index ranges ÿ 8�h� 8, ÿ17� k� 17, ÿ17� l� 17
reflections collected 9970
unique reflections 4185
Rint (F 2) 0.0725
refinement method Full-matrix least-squares on F 2


data/restraints/parameters 4185/0/302
GoF S 0.874
final R indices [I> 2s(I)] R1� 0.0567, wR2� 0.1283
R indices (all data) R1� 0.1242, wR2� 0.1496
largest diff. peak/hole [e�ÿ3] 0.455/ÿ 0.374
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respect to the conformation of the individual molecule, only
the two middle thiophene rings are coplanar and have an anti
arrangement, whereas relatively large gradual twists are
found for the other rings.[36j]


The second unique feature of oligomer 6 concerns the
conformation of the individual molecules. It is evident from
the side view in Figures 5 and 6 that the molecules are slightly
bent in a u-form and two bent oligomers form convexly
oriented dimers. The curvature angle of the molecule
respective to a completely coplanar form was determined to
be 170.668. Thus, the vertical deviation of each terminal
tetrahydrobenzo[b]thiophene unit from the molecular plane
is 4.678. Interestingly, this intriguing behavior is confirmed
theoretically; for oligomer 6 the curvature was calculated to
be 174.88. Moreover, this phenomenon seems to be a general
trend, since calculations reveal an angle of 1668 and 1678 for
end-capped quinquethiophene 1 and for unsubstituted a-5T,
respectively.[37]


The inner three heterocyclic rings in oligomer 6 exhibit a
coplanar all-anti conformation, the outer terminal tetrahy-
drobenzo[b]thienyl moieties are slightly twisted (F� 88) and
disordered to a certain extent. The terminal units show a
preferred syn conformation (80 %; Figure 6, top). Thus, the
determination of the bond lengths and angles in these units is
not absolutely accurate and the atoms involved have been
labeled C7(S20), S10(C7), C20(S40), S30(C20), reflecting the
syn(anti) conformer ratio. Due to various possible conforma-
tions in the cyclohexene end-cap there is also some inaccuracy
concerning the C2ÿC3 and C24ÿC25 bonds. Selected bond
lengths are given in the legend to Figure 6. All heterocyclic
rings show normal bond lengths and angles when compared
with those from structural data of either a diphenyl-substi-
tuted 1,3,4-oxadiazole[38] or of a-oligothiophenes.[34c,e] Thus,
the CÿO bonds (1.36 ± 1.37 �), CÿN bonds (1.29 �), and the
NÿN bond (1.42 �) in the 1,3,4-oxadiazole unit, the CÿS
bonds (1.72 ± 1.73 �), C�C double bonds (1.36 ± 1.37 �), and
CÿC single bonds (1.39 ± 1.40 �) in the thiophene units, and


the CÿC inter-ring bonds (1.44 ± 1.46 �) are
in very good agreement with published data.
The occurence of syn conformers was first
discovered in b-substituted quater-,[36e] quin-
que-, and sexithiophenes.[36h] In contrast to
the nearly coplanar oligomer 6, and on
account of conformational strain in these
compounds, remarkable dihedral angles
occur between adjacent syn-arranged thio-
phene rings (54.28,[36e] 19 ± 248[36h]) causing
deformations of bond lengths and bond
angles.[36b, 36e]


The calculation of the geometry of oligo-
thiophene/1,3,4-oxadiazole 6 reveals that
the syn/syn rotamer (with respect to the
thiophene rings) is energetically slightly
more stable than the anti/anti rotamer by
0.8 kcal molÿ1. With respect to the central
1,3,4-oxadiazole ring, the inner thiophene
rings are only marginally twisted by 1.28,
whereas the outer thiophene rings exhibit
dihedral angles of 30.28, which is markedly


more than that determined for the molecules in the crystal.
The calculated bond lengths (Dd�� 0.03 �) are in excellent
agreement with the experimental data. Only the length of the
NÿN single bond is somewhat underestimated.


Conclusions


The synthesis of a series of mixed oligoheterocycles 2 ± 6,
based on quinquethiophene EC5T 1, was developed: ring
closure of acyclic precursors or transition-metal-catalyzed
coupling reactions of suitable heterocyclic precursors were
used to produce the novel oligomers 2 ± 6. In order to tune the
electronic properties without greatly changing of the geo-
metric parameters, successively more electronegative nitro-
gen atoms were incorporated in the central ring to give the
oligoheterocycles 2 and 3 (thiophene series). The replacement
of the central sulfur by the more electronegative oxygen leads
to the oligomers 4 ± 6 (furan series). All the compounds were
obtained highly purified by repeated fractionated sublimation
in order to allow investigation of precise structure ± property
relationships.


Detailed investigation of the optical and electrochemical
properties clearly reveals that the changes in absorption,
emission, and redox behavior are more pronounced in the
furan series. Corroborated by semiempirical calculations, it
becomes very evident that the introduction of more electro-
negative heteroatoms systematically affects the energy levels
and the gap between the corresponding frontier orbitals. Thus,
oligothiophene/1,3,4-oxadiazole 6 exhibited the most pro-
nounced differences and, with respect to EC5T 1, showed a
remarkable increase in the fluorescence quantum yieldÐby a
factor of 3 in solution and by a factor of 6 ± 7 in the solid state.
Preliminary attempts to produce organic LEDs based on
1,3,4-oxadiazole 6 showed that both the LED performance
and the external quantum yield could be improved. This will
be reported in a forthcoming publication.[39]


Figure 6. ORTEP front view of oligomer 6 showing the atomic labeling, 50 % thermal ellipsoids
(top). Side view of oligomer 6 (bottom). Selected bond lengths [�] (standard deviation)/
calculated values, PM 3: O1ÿC13 1.369(6)/1.381, C13ÿN1 1.294(8)/1.338, N1ÿN2 1.416(7)/1.348,
C12ÿC13 1.437(9)/1.440, S2ÿC9 1.729(6)/ 1.737, S2ÿC12 1.720(9)/1.739, C9ÿC10 1.358(8)/1.379,
C10ÿC11 1.403(8)/1.424, C11ÿC12 1.360(9)/1.379, C8ÿC9 1.461(7)/1.440, S10/C7ÿC8 1.689(8)*/
1.747, S10/C7ÿC5 1.730(0)*/1.734, C5ÿC6 1.359(9)/1.374, C6ÿC7/S20 1.594(7)*/1.433, C7/
S20ÿC8 1.580(5)*/1.375, C5ÿC4 1.495(0)/1.483, C4ÿC3 1.423(5)*/1.525, C3ÿC2 1.302(8)*/
1.521, C2ÿC1 1.490(9)/1.524, C1ÿC6 1.495(7)/1.483. The values indicated by * are not reliable
due to disordering and to the presence of two conformations (syn/anti).
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Detailed analyses of the structural parameters were possi-
ble for oligomer 6, as crystals suitable for X-ray analysis could
be grown by a sublimation technique. Two unique features,
not yet observed in oligothiophenes, were found: in the
oligomers, the two terminal thiophene rings are preferentially
syn arranged and surprisingly show a u-type bending in the
molecular plane; this was also confirmed theoretically. This
leads to a novel packing motif in the crystal lattice in which
two oligomers form a dimer. The dimers then are arranged in
slipped p-stacks.


Current efforts in our laboratory are now directed towards
the synthesis of (longer) mixed oligoheterocycles in which
more than one thiophene ring is replaced by other electron-
deficient heterocycles.


Experimental Section


General methods: Solvents and reagents were purified and dried by usual
methods prior to use. Thin-layer chromatography (TLC) was carried out on
plastic plates Polygram SIL and Polygram Alox from Macherey & Nagel.
Developed plates were dried and examined under a UV lamp. Preparative
column chromatography was performed on glass columns of different sizes
packed with Kieselgel 60 (0.020 ± 0.200 nm, Merck). Melting points were
determined with an Electrothermal 9100 melting point apparatus and are
uncorrected. 1H NMR spectra were recorded on Bruker DMX 600
(600 MHz), AMX 500 (500 MHz), and ACF 250 (250 MHz) spectrometers
(with deuterated solvent as the lock-in and tetramethylsilane as the internal
reference). 13C NMR spectra were recorded on Bruker DMX 600
(151 MHz), AMX 500 (126 MHz) and ACF 250 (63 MHz) spectrometers.
Elemental analyses were performed on a Carlo Erba Instrumentatione
Elementar Analyser 1106. UV/Vis/NIR spectra were recorded on a
Perkin ± Elmer Lambda 19 in 1 cm cuvettes. Fluorescence spectra were
recorded on a Perkin ± Elmer LS 50 in 1 cm cuvettes. Fluorescence
quantum yields were determined with respect to 9,10-diphenylanthracene
(Fem


R � 0.85 in cyclohexane[26]). The cyclic voltammetry experiments were
performed with a computer-controlled EG&G PAR 273 potentiostat in a
three-electrode single-compartment cell (5 mL). The platinum working
electrode consisted of a platinum wire sealed in a soft glass tube with a
surface of A� 0.785 mm2, which was polished down to 0.5 mm with Buehler
polishing paste prior to use in order to obtain reproducible surfaces. The
counter electrode consisted of a platinum wire; the reference was an Ag/
AgCl secondary electrode. All potentials were internally referenced to the
ferrocene/ferricenium couple. Argon 4.8 was used to purge all solutions
before use. Routinely, a constant concentration of 2.5 ± 5� 10ÿ4m of
electroactive species was used. The electrolyte consisted of either dichloro-
methane (p.a., Riedel de HaeÈn) which was refluxed and distilled over CaH2


under N2 or THF (which was refluxed and distilled first over LiAlH4 and
then over potassium under N2). The solvents were directly transferred by
syringe to the electrochemical cell. The supporting salt was 0.1m TBAHPF
from Fluka, which was recrystallized twice from ethanol/water and dried in
a high vacuum.


X-ray crystal structure analysis : Single crystals of 6 suitable for X-ray
crystallography were grown by sublimation. Diffraction data were collected
on a STOE ± IPDS image-plate diffractometer (MoKa radiation, graphite
monochromator) in the f-rotation scan mode. The structure was solved by
direct methods with the XMY93 program system[40] and subjected to full-
matrix refinement with SHELXL-93.[41] Non-hydrogen atoms were refined
anisotropically, and hydrogen atoms were added in calculated positions.
The terminal 4,5,6,7-tetrahydrobenzo[b]thienyl rings are conformationally
disordered. Two orientations, related by a 1808 rotation about one ring ±
ring bond, are realized in the solid sate (80:20 syn/anti). Crystallographic
data (excluding structure factors) for the structure reported in this paper
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-101 488. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).


Starting materials were prepared according to literature procedures: 1-(N-
pyrrolidino)cyclohexene, [b.p. 112 8C/12 mbar; yield 75%],[42] 2-(2-bromo-
1-oxoethyl)thiophene (7) [b.p. 70 ± 75 8C/5� 10ÿ3 mbar; yield 62%],[18] 2,5-
dibromothiazole (12) [m.p. 46 ± 47 8C; yield 42%][19] , 2,5-dibromo-1,3,4-
thiadiazole (13) [m.p. 111 8C; yield 49 %],[20] 2,5-dibromofuran (14) [b.p.
48 ± 49 8C/12 mbar; yield 23%],[21] bis(triphenylphosphino)palladiumdi-
chloride [m.p. 269 ± 273 8C; yield 97%].[43]


2-[2-Oxo-2-(2-thienyl)ethyl]cyclohexanone (8): A solution of 7 (27.9 g,
136 mmol) in toluene (25 mL) was added dropwise to a boiling solution of
1-(N-pyrrolidino)cyclohexene (20.6 g, 136 mmol) in toluene (75 mL). The
resulting mixture was stirred for three hours. Water (100 mL) was added
dropwise and the reaction mixture was stirred for an additional 2 h under
reflux. After removal of the toluene by azeotropic distillation, the
remaining aqueous phase was extracted with diethyl ether. The organic
phase was washed with water, dried (MgSO4), and evaporated to give 8 as a
red oil, which can be purified and crystallized from hexane to yield 8 as
colorless crystals (13.0 g, 43%). M.p. 62 8C; 1H NMR (250 MHz, CDCl3,
25 8C): d� 7.71 (dd, 3J(H,H)� 3.7 Hz, 4J(H,H)� 1.2 Hz, 1 H; H10), 7.57
(dd, 3J(H,H)� 4.9 Hz, 4J(H,H)� 1.2 Hz, 1 H; H12), 7.07 (dd, 3J(H,H)�
4.0 Hz, 3J(H,H)� 4.9 Hz, 1H; H11),
3.44 (dd, 2J(H,H)� 17.1 Hz, 3J(H,H)�
6.7 Hz, 1H; H7a), 3.07 (m, 1 H; H2),
2.61 (dd, 2J(H,H)� 17.1 Hz, 3J(H,H)�
6.1 Hz, 1H; H7b), 2.37 (m, 2H; H6),
2.11 (m, 2H; H3), 1.62 (m, 4 H; H4, H5);
13C NMR (63 MHz, CDCl3, 25 8C): d�
211.2 (C8), 191.5 (C1), 144.2 (C9), 133.3,
131.8, 127.9 (C10,11,12), 46.4, 41.8, 38.9,
34.1, 27.8, 25.2 (C2,3,4,5,6,7); C12H14O2S
(222.3): calcd C 64.83, H 6.35, S 14.42;
found C 64.97, H 6.40, S 14.13.


2-(4,5,6,7-Tetrahydrobenzo[b]thien-2-yl)thiophene (9)


Ring closure with Lawesson�s reagent : A stirred suspension of 8 (34.0 g,
153 mmol) and Lawesson�s reagent (77.6 g, 192 mmol) in dry toluene
(1.5 L) was heated at reflux for 5 h under nitrogen. The resulting mixture
was extracted with water and saturated NaHCO3 solution, and dried with
MgSO4. After evaporation of the solvent, the remaining oil, which was a
mixture of 9 and 10, was separated by chromatography (SiO2/cyclohexane)
to yield 9 as a colorless, amorphous solid (29.0 g, 86 %). M.p. 51 8C; 1H
NMR (250 MHz, CDCl3, 25 8C): d� 7.15 (dd, 3J(H,H)� 4.9 Hz, 4J(H,H)�
1.1 Hz, 1 H; H12), 7.08 (dd, 3J(H,H)� 3.6 Hz, 4J(H,H)� 1.1 Hz, 1 H; H10),
6.98 (dd, 3J(H,H)� 4.9 Hz, 3J(H,H)�
3.6 Hz, 1 H; H11), 6.84 (s, 1H; H7), 2.74
(t, 3J(H,H)� 5.8 Hz, 2H; H4), 2.59 (t,
3J(H,H)� 5.8 Hz, 2H; H1), 1.82 (m, 4 H;
H2,3); 13C NMR (63 MHz, CDCl3, 25 8C):
d� 138.1, 136.0, 135.1, 133.4 (C5,6,8,9),
127.6, 124.4, 123.6, 122.9 (C7,10,11,12),
25.5, 25.0, 23.5, 22.8 (C1,2,3,4); C12H12S2


(220.4): calcd C 65.41, H 5.49, S 29.10;
found C 65.70, H 5.38, S 29.22.


Ring closure with diphosphorouspentasul-
fide : A stirred suspension of 8 (12.5 g, 56.1 mmol) and P2S5 (13.7 g,
61.8 mmol) in dry toluene (250 mL) was heated at reflux for 2 h under
nitrogen. The resulting mixture was extracted with water and saturated
NaHCO3 solution, and dried with Na2SO4. After evaporation of the
solvent, the remaining oil, which was a mixture of 9 and 10, was separated
by chromatography (SiO2/cyclohexane) to yield 9 as a colorless, amorphous
solid in the first fraction (2.50 g, 20%). M.p. 51 8C; 1H and 13C NMR spectra
are identical to those obtained with Lawesson�s reagent as the sulfur donor;
C12H12S2 (220.4): calcd C 65.41, H 5.49, S 29.10; found C 65.58, H 5.41, S
29.39.


2-(4,5,6,7-Tetrahydrobenzo[b]fur-2-yl)thiophene (10): In the second frac-
tion of the above chromatography, byproduct 10 was obtained as colorless,
relatively unstable oil (1.60 g, 14 %). 1H NMR (250 MHz, CDCl3, 25 8C):
d� 7.14 (m, 2 H; H10, H12), 6.98 (dd, 3J(H,H)� 5.2 Hz, 3J(H,H)� 3.7 Hz,
1H; H11), 6.31 (s, 1 H; H7), 2.62 (t, 3J(H,H)� 6.1 Hz, 2 H; H4), 2.42 (t,
3J(H,H)� 6.1 Hz, 2 H; H1), 1.82 (m, 4 H; H2,3); 13C NMR (63 MHz,
CDCl3, 25 8C): d� 150.3, 147.0, 134.7 (C5,6,8,9), 127.5, 123.1, 121.3
(C10,11,12), 118.9 (C5,6,8,9), 106.1 (C7), 26.9, 23.0, 22.9, 22.0 (C1,2,3,4);
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MS: m/z (%): 205 (16) [M�], 204 (97) [M�],
203 (14) [M�], 177 (12), 176 (100) [M�ÿ
CO], 166 (15), 147 (26), 111 (10), 39 (8).


5-(4,5,6,7-Tetrahydrobenzo[b]thien-2-yl)-
2-trimethylstannylthiophene (11): n-Butyl-
lithium (7.76 mL, 12.4 mmol, 1.6m in n-
hexane) was added dropwise at 0 8C to a
solution of 9 (2.50 g, 11.3 mmol) in dry
diethyl ether (25 mL). The resulting mix-
ture was stirred for 1 h and then cooled to


ÿ50 8C. Subsequently, a solution of trimethylchlorostannane (2.47 g,
12.4 mmol) in dry diethyl ether (20 mL) was added, and the mixture was
stirred for an additional hour and allowed to warm up over night. The
reaction mixture was hydrolyzed and extracted with diethyl ether. The
organic phase was washed with saturated NaCl solution, dried (MgSO4),
and evaporated to yield 11 as a green oil (4.20 g, 97%). 1H NMR (250 MHz,
CDCl3, 25 8C): d� 7.18 (d, 3J(H,H)� 3.4 Hz, 1 H; H10), 7.05 (d, 3J(H,H)�
3.4 Hz, 1H; H11), 6.82 (s, 1 H; H7), 2.73 (t, 3J(H,H)� 5.8 Hz, 2 H; H4), 2.58
(t, 3J(H,H)� 5.8 Hz, 2H; H1), 1.81 (m, 4 H; H2,3), 0.37 (s, d, 2J(H,119Sn)�


57.4 Hz, 9H; H13); 13C NMR
(63 MHz, CDCl3, 25 8C): d�
143.6, 136.4, 136.0 (C5,6,8,9,12),
135.7 (C7,10, 11), 134.9, 133.5
(C5,6,8,9,12), 124.3, 124.2 (C7,-
10,12), 25.5, 25.0, 23.5, 22.8
(C1,2,3,4), ÿ8.3 (C13); C15H20S2-
Sn (383.0): calcd C 47.04, H 5.26, S
16.74; found C 47.32, H 5.23, S
16.67.


2,5-Bis[5-(4,5,6,7-tetrahydrobenzo[b]thien-2-yl)thien-2-yl]thiazole (2):
Under the exclusion of light 12 (811 mg, 3.34 mmol) was added to a stirred
suspension of bis(triphenylphosphino)palladiumdichloride (234 mg, 3.34�
10ÿ4 mol) in dry THF (40 mL) under nitrogen. Subsequently, a solution of
11 (2.81 g, 7.35 mmol) in THF (30 mL) was added and the resulting mixture
was refluxed for 100 h. Due to its low solubility, the major portion of
thiophene/thiazole pentamer 2 was separated as an almost pure compound
by filtration and purified by sublimation. The organic phase was extracted
with water and dried (MgSO4). After evaporation of the solvent, the
remaining mixture of 2 and homocoupling product EC4T 15 were
separated by chromatography (SiO2/toluene). Further sublimation finally
yielded 2 as orange needles (632 mg, 36 %) and additionally as an
amorphous orange powder (115 mg, 7%). M.p. 276 ± 277 8C; 1H NMR
(250 MHz, CDCl3, 25 8C): d� 7.74 (s, 1 H; H14), 7.34 (d, 3J(H,H)� 4.0 Hz,
1H; H11), 7.04 (d, 3J(H,H)� 3.7 Hz, 1 H; H17), 7.02 (d, 3J(H,H)� 3.7 Hz,
1H; H18), 6.98 (d, 3J(H,H)� 4.0 Hz, 1 H; H10), 6.89 (s, 1H; H7), 6.84 (s,
1H; H21), 2.73 (m, 4H; H4,24), 2.58 (m, 4 H; H1,27), 1.80 (m, 8H;
H2,3,25,26); 13C NMR (151 MHz, CDCl3, 25 8C): d� 159.7 (C13), 140.6,
138.7 (C12,15), 138.3 (C14), 136.6, 136.5, 136.4, 136.0, 134.6, 132.7, 131.6,
130.9 (C5,6,8,9,16,19,20,22,23), 127.2, 126.2, 125.3, 124.8, 123.5, 123.4
(C7,10,11,17,18,21), 25.5, 25.1, 23.5, 22.8 (C1,2,3,4, 24,25,26,27); FT± IR
(KBr): nÄ � 3060 (w), 2927 (s), 2839 (m), 1500 (s), 1438 (m), 1141 (m), 834
(m), 802 (s), 625 (w), 474 (w) cmÿ1; C27H23NS5 (521.8): calcd C 62.15, H 4.44,
N 2.68, S 30.73; found C 61.97, H 4.52, N 2.67, S 30.51.


2,5-Bis[5-(4,5,6,7-tetrahydrobenzo[b]thien-2-yl)thien-2-yl]-1,3,4-thiadia-
zole (3): Under the exclusion of light 13 (989 mg, 4.05 mmol) was added to
a stirred suspension of bis(triphenylphosphino)palladiumdichloride
(284 mg, 4.05� 10ÿ4 mol) in dry THF (40 mL) under nitrogen. Subsequent-
ly, a solution of 11 (3.42 g, 8.92 mmol) in THF (20 mL) was added and the
resulting mixture was refluxed for 100 h. After evaporation of the solvent,
the dark brown residue was suspended in diethyl ether and extracted with
water. Due to its low solubility, the major portion of 1,3,4-thiadiazole 3 was


separated by filtration and purified by sublimation as an almost pure
compound. After evaporation of the diethyl ether extract, a mixture of
1,3,4-thiadiazole 3 and end-capped quaterthiophene 15 remained. This was
separated by chromatography (SiO2/toluene). Subsequent sublimation of
the product finally yielded 3 as an amorphous orange powder (594 mg,
28%). M.p. 306 ± 307 8C; 1H NMR (600 MHz, CDCl3, 25 8C): d� 7.39 (d,
3J(H,H)� 3.9 Hz, 2H; H11), 7.06 (d, 3J(H,H)� 3.9 Hz, 2 H; H10), 6.94 (s,
2H; H7), 2.76 (m, 4H; H4), 2.61 (m, 4H; H1), 1.85 (m, 4 H; H3), 1.80 (m,
4H; H2); 13C NMR (151 MHz, CDCl3, 25 8C): d� 145.4 (C13), 137.1, 136.6,
132.3, 130.2, 129.6, 126.0, 125.8, 123.3 (C5,6,7,8,9,10,11,12), 25.5, 25.1, 23.4,
22.7 (C1,2,3,4); FT ± IR (KBr): nÄ � 3060 (s), 2926 (m), 2837 (w), 1483 (s),
1420 (s), 1324 (w), 1236 (w), 1136 (w), 1052 (s), 808 (s), 602 (m) cmÿ1;
C26H22N2S5 (522.8): calcd C 59.73, H 4.24, N 5.36, S 30.67; found C 60.02, H
4.02, N 5.31, S 30.61.


2,5-Bis[5-(4,5,6,7-tetrahydrobenzo[b]thien-2-yl)thien-2-yl]-furan (4): Un-
der the exclusion of light 14 (986 mg, 4.36 mmol) was added to a stirred
suspension of bis(triphenylphosphino)palladiumdichloride (306 mg, 4.36�
10ÿ4 mol) in dry THF (40 mL) under nitrogen. Subsequently, a solution of
11 (3.68 g, 9.60 mmol) in THF (25 mL) was added and the resulting mixture
was refluxed for 100 h. After evaporation of the major portion of the
solvent, the reaction mixture was poured into water and a yellow solid
precipitated. The crude product, which was identified as a mixture of furan
4 and end-capped quaterthiophene 15, was chromatographed on silica
(petroleum ether/dichloromethane 9:1). Subsequent sublimation of the
product finally yielded 4 as an amorphous yellow powder (500 mg, 23%).
M.p. 233 8C; 1H NMR (500 MHz, CDCl3, 25 8C): d� 7.16 (d, 3J(H,H)�
3.8 Hz, 2 H; H11), 7.01 (d, 3J(H,H)� 3.8 Hz, 2H; H10), 6.85 (s, 2 H; H7),
6.52 (s, 2H; H14), 2.76 (m, 4 H; H4), 2.60 (m, 4H; H1), 1.86 (m, 4H; H3),
1.81 (m, 4 H; H2); 13C NMR (126 MHz, CDCl3, 25 8C): d� 148.3 (C13),
137.0, 136.3, 135.5 (C8,9,12), 133.2, 131.2, (C5,6), 124.4, 123.4, 123.2
(C7,10,11), 107.3 (C14), 25.5, 25.1, 23.5, 22.8 (C1,2,3,4); FT± IR (KBr): nÄ �
3070 (w), 2928 (s), 2837 (m), 1517 (m), 1437 (m), 986 (m), 799 (s), 784 (m),
775 (m) cmÿ1; C28H24OS4 (504.76): calcd C 66.63, H 4.79, S 25.41; found C
66.57, H 4.80, S 25.65.


5-(4,5,6,7-Tetrahydrobenzo[b]thien-2-yl)-2-(chloroacetyl)thiophene (16):
Compound 9 (10.0 g, 45.4 mmol) and chloroacetylchloride (5.12 g,
3.61 mL, 45.4 mmol) were dissolved in carbon disulfide (500 mL) and
cooled to 0 8C. Aluminiumtrichloride (7.56 g, 56.7 mmol) was added and the
resulting reaction mixture was allowed to warm to room temperature. The
mixture was refluxed for 50 h, cooled, hydrolyzed, and dried (MgSO4).
After evaporation of the solvent, the remaining residue was purified by
chromatography (SiO2/toluene) to yield 16 as a yellow solid (6.88 g, 51%).
M.p. 167 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d� 7.62 (d, 3J(H,H)�
4.0 Hz, 1H; H11), 7.06 (d,
3J(H,H)� 4.0 Hz, 1 H; H10), 6.99
(s, 1 H; H7), 4.52 (s, 2H; H14), 2.74
(t, 3J(H,H)� 5.8 Hz, 2 H; H4), 2.58
(t, 3J(H,H)� 5.8 Hz, 2 H; H1), 1.79
(m, 4H; H2,3); 13C NMR (63 MHz,
CDCl3, 25 8C): d� 183.7 (C13),
148.2 (C12), 138.6, 137.6, 136.9
(C5,8,9), 134.2 (C11), 131.8 (C6),
126.9 (C10), 123.3 (C7), 45.1 (C14),
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25.4, 25.2, 23.3, 22.6 (C1,2,3,4); C14H13ClOS2 (296.8): calcd C 56.65, H 4.42,
S 21.60; found C 56.84, H 4.18, S 21.42.


5-(4,5,6,7-Tetrahydrobenzo[b]thien-2-yl)-2-(aminoacetyl)thiophene hy-
drochloride (17): Compound 16 (2.32 g, 7.82 mmol), hexamethylenetetra-
amine (1.10 g, 7.82 mmol), and sodium iodide (1.17 g, 7.82 mmol) were
suspended in ethanol and stirred for one week at room temperature.
Concentrated hydrochloric acid (3 mL) was added and the mixture was
warmed to 50 8C and then stirred for additional 5 h. The precipitated crude
hydrochloride was isolated by filtration and recrystallized twice from
ethanol to yield 17 as an ochre powder (1.50 g, 61%). M.p. 264 8C
(decomp); 1H NMR (250 MHz, [D6]DMSO, 25 8C): d� 8.53 (t, 3J(H,H)�
5.8 Hz, 3 H; NH3Cl), 8.03 (d, 3J(H,H)� 4.0 Hz, 1 H; H11), 7.37 (d,
3J(H,H)� 4.0 Hz, 1 H; H10), 7.27 (s, 1H; H7), 4.45 (q, 2H; H14), 2.71 (t,
3J(H,H)� 5.8 Hz, 2 H; H4), 2.55 (t, 3J(H,H)� 5.8 Hz, 2H; H1), 1.74 (m,


4 H; H2,3); 13C NMR
(63 MHz, [D6]DMSO, 25 8C):
d� 185.4 (C13), 146.9 (C12),
138.4, 137.2, 137.1 (C5,8,9),
136.7 (C11), 131.3 (C6), 127.7
(C10), 124.6 (C7), 56.2 (C14),
25.2, 24.8, 23.1, 22.4 (C1,2,3,4);
C14H16ClNOS2 (313.87): calcd
C 53.57, H 5.14, N 4.46, S 20.43;
found C 53.44, H 5.18, N 4.44, S
20.48.


5-(4,5,6,7-Tetrahydrobenzo[b]thien-2-yl)thiophene-2-carbonic acid (18):
nBuLi (2.86 mL of a 1.6m solution in hexane, 4.58 mmol) was added to a
stirred solution of 9 (1.00 g, 4.54 mmol) in dry diethyl ether (25 mL) was
slowly added and the mixture then cooled to ÿ50 8C. Gaseous carbon
dioxide was bubbled through the mixture over a period of 1 h. The organic
phase was hydrolyzed and extracted with additional water. After separa-
tion, the aqueous phase was acidified with a few drops of concentrated HCl.
The bithiophene carbonic acid 18 precipitated as an amorphous, yellow
solid which was filtered, washed, and dried over diphosphorouspentoxide
to give 18 as an amorphous yellow powder (1.13 g, 94%). M.p. 223 ± 224 8C;
1H NMR (250 MHz, [D6]DMSO, 25 8C): d� 7.61 (d, 3J(H,H)� 4.0 Hz, 1H;
H11), 7.20 (d, 3J(H,H)� 4.0 Hz, 1H; H10), 7.13 (s, 1H; H7), 2.70 (t,


3J(H,H)� 5.5 Hz, 2H; H4), 2.54 (t,
3J(H,H)� 5.5 Hz, 2H; H4), 1.74 (m,
4 H; H2,3), COOH not resolved; 13C
NMR (63 MHz, [D6]DMSO, 25 8C):
d� 162.9 (C13), 143.7, 136.9, 136.8,
134.4, 132.0, 131.7, 126.5, 123.8
(C5,6,7,8,9, 10,11,12), 25.2, 24.7, 23.1,
22.4 (C1,2,3,4); C13H12O2S2 (264.4):
calcd C 59.06, H 4.57, S 24.26; found
C 58.96, H 4.67, S 24.46.


5-(4,5,6,7-Tetrahydrobenzo[b]thien-2-yl)thiophene-2-carbonic acid chlor-
ide (19): Oxalylchloride (1.06 g, 715 mL, 8.32 mmol,) in toluene (20 mL)
was added to a suspension of 18 (265 mg, 0.1 mmol) in toluene (20 mL) at
0 8C was slowly added. The mixture was heated to 55 8C and stirred for 3 h.
After evaporation of the solvent and the excess oxalylchloride, the
remaining yellow solid residue was dissolved twice in chloroform and
evaporated in order to remove last traces of oxalylchloride. The crude acid
chloride 19 was dissolved in the desired solvent and used without further
purification.


N-{2-[5-(4,5,6,7-tetrahydrobenzo[b]thien-2-yl)thien-2-yl]-2-oxoethyl}-5-
(4,5,6,7-tetrahydrobenzo[b]thien-2-yl)thiophene-2-carbonic acid amide
(20): Triethylamine (421 mg, 0.58 mL, 4.16 mmol) in chloroform (5 mL)
and 19 (577 mg, 2.04 mmol) in chloroform (40 mL) were added to an
icecold solution of 17 (650 mg, 2.07 mmol) in chloroform (20 mL). The
resulting mixture was stirred for 1 h at 0 8C and was then allowed to warm
up overnight. The obtained suspension was hydrolyzed, acidified with 2n
HCl and extracted with additional water, while the crude product remained
suspended in the organic phase. After filtration, the crude amide was dried
and recrystallized twice from DMF yielding 20 as an amorphous orange
solid (240 mg, 22%). M.p. 268 ± 270 8C (decomp); 1H NMR (600 MHz,
CDCl3, 25 8C): d� 7.70 (d, 3J(H,H)� 4.0 Hz, 1 H; H17), 7.46 (d, 3J(H,H)�
3.9 Hz, 1 H; H11), 7.11 (d, 3J(H,H)� 4.0 Hz, 1 H; H18), 7.03 (d, 3J(H,H)�
3.9 Hz, 1 H; H10), 7.01 (s, 1H; H21), 6.91 (s, 1H; H7), 4.80 (d, 3J(H,H)�


4.3 Hz, 2H; H14), 2.75 (m, 4 H; H4,24), 2.60 (m, 4 H; H1,27), 1.85 (m, 4H;
H3,25), 1.79 (m, 4H; H2,26), NH not resolved; 13C NMR (151 MHz,
CDCl3, 25 8C): d� 186.4 (C15), 161.7 (C13), 148.0 (C16), 143.3 (C12), 138.6,
137.5, 137.0, 136.9, 136.5, 135.2 (C5,6,8,9,19,20,22,23), 133.7 (C17), 132.4,
131.9 (C5,6,8,9,19,20,22,23), 129.3 (C11), 126.9 (C18), 125.8 (C10), 123.5
(C21), 123.0 (C7), 46.4 (C14), 25.5 (C4,24), 25.2 (C27), 25.1 (C1), 23.5
(C25), 23.4 (C3), 22.7 (C2,26); C27H25NO2S4 (523.8): calcd C 61.92, H 4.81,
N 2.67, S 24.49; found C 61.84, H 4.64, N 2.68, S 24.38.


2,5-Bis[5-(4,5,6,7-tetrahydrobenzo[b]thien-2-yl)thien-2-yl]-oxazole (5): A
suspension of amide 20 (618 mg, 1.18 mmol) in phosphorousoxitrichloride
(50 mL) was refluxed for 20 h. From the reaction mixture 90% of the
solvent was removed by distillation and the remaining dark brown residue
was added dropwise to lukewarm water in order to hydrolyze the POCl3.
The crude product precipitated during this procedure and was isolated by
filtration. Chromatographic workup (SiO2/toluene) and subsequent sub-
limation yielded 5 as amorphous bright yellow powder (233 mg, 39 %). M.p.
246 ± 248 8C; 1H NMR (500 MHz, CDCl3, 25 8C): d� 7.59 (d, 3J(H,H)�
3.9 Hz, 1H; H11), 7.28 (s, 1H; H14), 7.23 (d, 3J(H,H)� 3.8 Hz, 1H; H17),
7.10 (d, 3J(H,H)� 3.9 Hz, 1H; H10), 7.06 (d, 3J(H,H)� 3.8 Hz, 1 H; H18),
6.95 (s, 1H; H7), 6.90 (s, 1 H; H21), 2.78 (m, 4H; H4,24), 2.63 (m, 4H;
H1,27), 1.89 (m, 4 H; H3,25), 1.84 (m, 4 H; H2,26); 13C NMR (126 MHz,
CDCl3, 25 8C): d� 157.4 (C13), 156.6 (C15), 146.1, 141.3 (C12,14), 138.5,
136.7, 136.5, 136.4, 136.1, 132.7, 132.6, 128.4, 127.3, 127.0, 125.4, 124.9, 123.5,
123.4, 123.1 (C5,6,7,8,9,10,11,16,17,18,19,20,21,22,23), 25.5, 25.1, 23.5, 22.8
(C1,2,3,4,24,25,26,27); FT± IR (KBr): nÄ � 3071 (w), 2930 (s), 2841 (m), 1599
(m), 1579 (w), 1517 (s), 1438 (m), 1347 (w), 1121 (w), 995 (w), 799 (s), 717
(m) cmÿ1; C27H23NOS4 (505.8): calcd C 64.12, H 4.58, N 2.77, S 25.36; found
C 63.94, H 4.81, N 2.75, S 25.01.


N,N''-bis[5-(4,5,6,7-tetrahydrobenzo[b]thien-2-yl)thien-2-oyl]hydrazine (21):
A solution of 19 (1.58 g, 5.60 mmol) in N-methylpyrrolidone (15 mL) was
added to a mixture of hydrazine (170 mL, 80 % hydrazinemonohydrate
solution in water, 2.80 mmol), pyridine (4 mL), and N-methylpyrrolidone
(15 mL). The resulting mixture was stirred overnight at room temperature.
After evaporation of the solvent, the crude product was digested with
water, filtered, and dried. Recrystallization from DMF yielded 21 as
colorless needles (1.18 g, 80%). M.p. 319 ± 321 8C; 1H NMR (250 MHz,
[D6]DMSO, 25 8C): d� 10.54 (s, 2 H; NH), 7.78 (d, 3J(H,H)� 4.0 Hz, 2H;
H11), 7.25 (d, 3J(H,H)� 4.0 Hz, 2H; H10), 7.12 (s, 2H; H7), 2.72 (t,
3J(H,H)� 5.0 Hz, 4 H; H4), 2.56 (t, 3J(H,H)� 5.0 Hz, 4H; H1), 1.76 (m,
8H; H2,3); 13C NMR (63 MHz, [D6]DMSO, 25 8C): d� 160.8 (C13), 142.4,
136.7, 136.6, 134.7, 131.7, 130.3, 126.3, 123.9 (C5,6,7,8,9,10,11,12), 25.2, 24.7,
23.1, 22.4 (C1,2,3,4); C26H24N2O2S4 (524.8): calcd C 59.51, H 4.61, N 5.34, S
24.44; found C 59.45, H 4.60, N 5.34, S 24.53.
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2,5-Bis[5-(4,5,6,7-tetrahydrobenzo[b]thien-2-yl)thien-2-yl]-1,3,4-oxadiazole
(6): A suspension of diacylhydrazine 21 (800 mg, 1.52 mmol) in POCl3


(50 mL ) was refluxed for 150 h. From the reaction mixture 90 % of the
solvent was removed by distillation and the remaining black residue then
added dropwise to lukewarm water in order to hydrolyze the POCl3. The
crude product precipitated during this procedure and was isolated by
filtration. Sublimation yielded 6 as bright yellow needles (133 mg, 17%)
and a second fraction as an amorphous yellow powder (389 mg, 51 %). M.p.
287 ± 288 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d� 7.64 (d, 3J(H,H)�
4.0 Hz, 2 H; H11), 7.09 (d, 3J(H,H)� 4.0 Hz, 2H; H10), 6.95 (s, 2 H; H7),
2.75 (t, 3J(H,H)� 5.2 Hz, 4 H; H4), 2.60 (t, 3J(H,H)� 5.2 Hz, 4H; H1), 1.82
(m, 8H; H2,3); 13C NMR (63 MHz, CDCl3, 25 8C): d� 159.4 (C13), 142.7,
136.8, 136.1, 131.5, 130.0, 125.5, 122.9, 121.4 (C5,6,7,8,9,10,11,12), 25.0, 24.6,
22.9, 22.2 (C1,2,3,4); FT ± IR (KBr): nÄ � 3100 (w), 2928 (m), 2845 (w), 1576
(s), 1498 (s), 1436 (w), 1068 (m), 1033 (m), 803 (m) 724 (m) cmÿ1;
C26H22N2OS4 (506.74): calcd C 61.63, H 4.38, N 5.53, S 25.31; found C 61.36,
H 4.48, N 5.49, S 25.60.


Acknowledgments: We would like to thank Prof. Eberhard Umbach and
his coworkers at the Universität Würzburg (Germany) for the very fruitful
cooperation and the encouraging discussions in the field of organic light-
emitting diodes.


Received: April 28, 1998 [F1126]


[1] Electronic Materials : The Oligomeric Approach (Eds.: G. Wegner, K.
Müllen), Wiley-VCH, Weinheim, 1998.


[2] P. Bäuerle, Oligothiophenes in Electronic Materials: The Oligomeric
Approach (Eds.: G. Wegner, K. Müllen), Wiley-VCH, Weinheim,
1998, pp. 105 ± 197.


[3] a) P. Bäuerle, Adv. Mater. 1992, 4, 102 ± 107; b) J. M. Tour, J. Guay, A.
Diaz, R. Wu, L. H. Dao, Chem. Mater. 1992, 4, 254 ± 255.


[4] G. Horowitz, Adv. Mater. 1998, 10, 365 ± 377.
[5] D. Fichou, J.-M. Nunzi, F. Charra, N. Pfeffer, Adv. Mater. 1994, 6, 64 ±


67.
[6] a) F. Geiger, M. Stoldt, P. Bäuerle, H. Schweizer, E. Umbach, Adv.


Mater. 1993, 5, 922 ± 925; b) H. Neureiter, W. Gebauer, C. Väterlein,
M. Sokolowski, P. Bäuerle, E. Umbach, Synth. Met. 1994, 67, 173 ± 176;
c) G. Horowitz, P. Delannoy, H. Bouchriha, F. Deloffre, J.-L. Fave, F.
Garnier, R. Hajlaoui, M. Heyman, F. Kouki, P. Valat, V. Wittgens, A.
Yassar, Adv. Mater. 1994, 6, 752 ± 755; d) K. Uchiyama, H. Akimichi, S.
Hotta, H. Noge, H. Sakaki, Synth. Met. 1994, 63, 57 ± 59; e) K.
Uchiyama, H. Akimichi, S. Hotta, H. Noge, H. Sakaki, Mat. Res. Soc.
Symp. Proc. 1994, 328, 389 ± 393.


[7] J. Roncali, Chem. Rev. 1992, 92, 711 ± 738.
[8] a) G. Zotti, M. C. Gallazzi, G. Zerbi, S. V. Meille, Synth. Met. 1995, 73,


217 ± 225; b) L. L. Miller, Y. Yu, J. Org. Chem. 1995, 60, 6813 ± 6819;
c) P. Bäuerle, G. Götz, A. Synowczyk, J. Heinze, Liebigs Ann. Chem
1996, 279 ± 284; d) G. Barbarella, M. Zambianchi, R. DiToro, M.
Colonna, L. Antolini, M. Bongini, Adv. Mater. 1996, 8, 327 ± 331.


[9] a) J. Roncali, M. Giffard, P. FreÁre, M. Jubault, A. Gorgues, J. Chem.
Soc. Chem. Commun. 1993, 689 ± 691; b) F. Effenberger, F. Würthner,
Angew. Chem. 1993, 105, 742 ± 744; Angew. Chem. Int. Ed. Engl. 1993,
32, 719 ± 721; c) F. Würthner, M. S. Vollmer, F. Effenberger, P. Emele,
D. U. Meyer, H. Port, H. C. Wolf, J. Am. Chem. Soc. 1995, 117, 8090 ±
8099; d) D. D. Graf, N. C. Day, K. R. Mann, Inorg. Chem. 1995, 34,
1562 ± 1575.


[10] L. Groenendaal, H. W. I. Peerlings, E. E. Havinga, J. A. J. M. Veke-
mans, E. W. Meijer, Synth. Met. 1995, 69, 467 ± 470.


[11] a) H. Wynberg, J. Metselaar, Synth. Commun. 1984, 14, 1 ± 9; b) R. E.
Nizurski-Mann, M. P. Cava, Adv. Mater. 1993, 5, 547 ± 551; c) M. V.
Joshi, C. Hemler, M. P. Cava, J. L. Cain, M. G. Bakker, A. J. McKinley,


R. M. Metzger, J. Chem. Soc. Perkin Trans. 2 1993, 1081 ± 1086; d) J. P.
Parakka, M. P. Cava, Synth. Met. 1995, 68, 275 ± 279; e) L.-H. Chen, C.-
Y. Wang, T.-M. H. Luo, Heterocycles 1994, 38, 1393 ± 1398; f) M.
Kozaki, J. P. Parakka, M. P. Cava, Tetrahedron Lett. 1995, 36, 6835 ±
6838.


[12] H. Zimmer, R. Shabana, A. Galal, H. B. Mark, Jr., S. Gronowitz, A.-
B. Hörnfeldt, Phosphorus, Sulfur, and Silicon 1989, 42, 171 ± 176.


[13] G. Kossmehl, G. Manecke, Makromol. Chem. 1969, 123, 233 ± 244.
[14] a) CIBA, GBP 900815, 1960 ; Chem. Abstr. 1964, 60, 4287b ± 4289a;


b) CIBA, CHP 411906, 1966 ; Chem. Abstr. 1966, 67, 64406c.
[15] a) A. Dondoni, M. Fogagnolo, A. Medici, E. Negrini, Synthesis 1987,


185 ± 186; b) M. O. Wolf, M. S. Wrighton, Chem. Mater. 1994, 6, 1526 ±
1533.


[16] K. Tamao, M. Uchida, T. Izumizawa, K. Furukawa, S. Yamaguchi, J.
Am. Chem. Soc. 1996, 118, 11974 ± 11 975.


[17] G. Barbarella, O. Pudova, C. Arbizzani, M. Mastragostino, A.
Bongini, J. Org. Chem. 1998, 63, 1742 ± 1745.


[18] F. Kipnis, H. Soloway, J. Ornfelt, J. Am. Chem. Soc. 1949, 71, 10 ± 11.
[19] H. Erlenmeyer, H. Kiefer, Helv. Chim. Acta 1945, 28, 985 ± 991.
[20] a) R. StolleÂ, K. Fehrenbach, J. Prakt. Chem. 1929, 122, 289 ± 318; b) E.


Fromm, E. Layer, Liebigs Ann. Chem. 1923, 433, 1 ± 17.
[21] M. A. Keegstra, A. J. A. Klomp, L. Brandsma, Synth. Commun. 1990,


20, 3371 ± 3374.
[22] S. Lang-Fugmann in Houben-Weyl, Methoden der Organischen


Chemie, Vol. E8a, Hetarene III/Part 1, 4th ed., Thieme, Stuttgart,
New York, 1993, pp. 891 ± 1019.


[23] A. Hetzheim in Houben-Weyl, Methoden der Organischen Chemie,
Vol. E8c, Hetarene III/Part 3, 4th ed., Thieme, Stuttgart, New York,
1994, pp. 526 ± 647.


[24] a) C. Ehrendörfer, H. Neugebauer, A. Neckel, P. Bäuerle, Synth. Met.
1993, 55, 493 ± 498; b) C. Ehrendörfer, A. Karpfen, P. Bäuerle, H.
Neugebauer, A. Neckel, J. Mol. Struct. 1993, 298, 65 ± 86.


[25] C. A. Parker, W. T. Rees, Analyst (London) 1960, 85, 587 ± 599.
[26] H. G. O. Becker, H. Böttcher, F. Dietz, A. V. El�cov, D. Rehorek, G.


Roewer, K. Schiller, O. P. Studzinskij, H.-J. Timpe, Einführung in die
Photochemie, 2nd ed., Thieme, Stuttgart, New York, 1983.


[27] C. Väterlein, Thesis, University of Würzburg (Germany), 1996.
[28] A. Kraft, A. C. Grimsdale, A. B. Holmes, Angew. Chem. 1998, 110,


416 ± 443; Angew. Chem. Int. Ed. 1998, 37, 402 ± 428.
[29] R. N. Adams, Electrochemistry at Solid Electrodes, Marcel Dekker,


New York, 1969, p. 146.
[30] a) M. J. S. Dewar, W. Thiel, J. Am. Chem. Soc. 1977, 99, 4899 ± 4907;


b) M. J. S. Dewar, C. H. Reynolds, J. Comp. Chem. 1986, 7, 140 ± 143;
c) J. J. P. Stewart, MOPAC Program Package, QCPE #455, Indiana
University (USA).


[31] E. Mena Osteritz, unpublished results.
[32] N. Sato, K. Seki, H. Inokuchi, J. Chem. Soc. Faraday Trans 2 1981, 77,


1621 ± 1633.
[33] a) G. A. Peterson, M. A. Al-Laham, J. Chem. Phys. 1991, 94, 6081 ±


6090; b) G. A. Peterson, A. Bennett, T. G. Tersfeldt, M. A. Al-Laham,
W. A. Shirley, J. Martzaris, J. Chem. Phys. 1988, 89, 2193 ± 2218.


[34] a) a-2T: M. Pelletier, F. Brisse, Acta Crystallogr. C 1994, 50, 1942 ±
1945; b) a-3T: F. van Bolhuis, H. Wynberg, E. E. Havinga, E. W.
Meijer, E. G. J. Starring, Synth. Met. 1989, 30, 381 ± 389; c) a-4T: T.
Siegrist, C. Kloc, R. A. Laudise, H. E. Katz, R. C. Haddon, Adv.
Mater. 1998, 10, 379 ± 382; L. Antolini, G. Horowitz, F. Kouki, F.
Garnier, Adv. Mater. 1998, 10, 382 ± 385; d) a-6T: G. Horowitz, B.
Bachet, A. Yassar, P. Lang, F. Demanze, J. L. Fave, F. Garnier, Chem.
Mater. 1995, 7, 1337 ± 1341; e) a-8T: D. Fichou, B. Bachet, F. Demanze,
I. Billy, G. Horowitz, F. Garnier, Adv. Mater. 1996, 8, 500 ± 504.


[35] C. Kloc, P. G. Simpkins, T. Siegrist, R. A. Laudise, J. Cryst. Growth
1997, 182, 416 ± 427.


[36] a) Trimethyl-a-3T: G. Barbarella, M. Zambianchi, A. Bongini, L.
Antolini, Adv. Mater. 1994, 6, 561 ± 564; b) Subst.-a-3T: P. A.
Chaloner, S. R. Gunatunga, P. B. Hitchcock, J. Chem. Soc. Perkin
Trans. 2 1997, 1597 ± 1604; c) Dimethyl-a-4T: S. Hotta, J. Waragai, J.
Mater. Chem. 1991, 1, 835 ± 842; d) Tetramethyl-a-4T: G. Barbarella,
M. Zambianchi, A. Bongini, L. Antolini, Adv. Mater. 1992, 4, 282 ±
285; e) Tetramethyl-a-4T: G. Barbarella, M. Zambianchi, A. Bongini,
L. Antolini, Adv. Mater. 1993, 5, 834 ± 838; f) Dimethoxy-a-4T: L. L.
Miller, Y. Yu, J. Org. Chem. 1995, 60, 6813 ± 6819; g) Tetrathiomethyl-
a-4T: G. Barbarella, M. Zambianchi, M. del Fresno, I. Marimon, L.







FULL PAPER P. Bäuerle et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2224 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 112224


Antolini, A. Bongini, Adv. Mater. 1997, 9, 484 ± 485; h) Dibutyl-a-5T,
tetrabutyl-a-6T: J.-H. Liao, M. Benz, E. LeGoff, M. G. Kanatzidis,
Adv. Mater. 1994, 6, 135 ± 138; i) Dibutyl-a-6T: J. K. Herrema, J.
Wildeman, F. van Bolhuis, G. Hadziioannou, Synth. Met. 1993, 60,
239 ± 248; j) Bis(triisopropylsilyl)-a-6T: A. Yassar, F. Garnier, F.
Deloffre, G. Horowitz, L. Ricard, Adv. Mater. 1994, 6, 660 ± 663 ;
k) Dicyano-a-nT (n� 3 ± 6): T. M. Barclay, A. W. Cordes, C. D.
MacKinnon, R. T. Oakley, R. W. Reed, Chem. Mater. 1997, 9, 981 ±
990.


[37] E. Mena Osteritz, unpublished results.
[38] G. Smith, C. H. L. Kennard, G. F. Katekar, Aust. J. Chem. 1983, 36,


2455 ± 2263.


[39] C. Väterlein, W. Gebauer, M. Sokolowski, E. Umbach, U. Mitschke, P.
Bäuerle, unpublished results.


[40] T. Debaerdemaeker, Z. Kristallogr. 1993, 206, 173 ± 182.
[41] G. M. Sheldrick, SHELXL-93, Program for Crystal Structure Refine-


ment, University of Göttingen, 1993.
[42] a) S. Hünig, G. Märkl, J. Sauer, Integriertes Organisches Praktikum,


VCH, Weinheim, 1979, p. 282; b) H. G. O. Becker, G. Domschke, E.
Fanghänel, M. Fischer, K. Gewald, R. Mayer, D. Pavel, H. Schmidt, K.
Schwtlick, Organikum, VEB Deutscher Verlag der Wissenschaften,
Berlin, 1986, p. 392.


[43] G. Brauer, Handbuch der Präparativen Anorganischen Chemie,
Vol. III, Enke, Stuttgart, 1981, p. 1729 and p. 2014.








CÿH Bond Activation of Benzene and Cyclic Ethers by TpIrIII Species


Enrique GutieÂrrez-Puebla, AÂ ngeles Monge, M. Carmen Nicasio, Pedro J. PeÂrez,
Manuel L. Poveda,* and Ernesto Carmona*


Dedicated to Professor Helmut Werner on the occasion of his 65th birthday


Abstract: The bis(ethylene) complex
[TpMe2Ir(C2H4)2] (1) successively acti-
vates CÿH bonds in two molecules of
benzene to generate a mixture of
the bis(phenyl) complexes [TpMe2Ir-
(C6H5)2N2] (4) and [TpMe2Ir(C6H5)2]2(m-
N2) (5). They contain a coordinated
molecule of dinitrogen that acts as a
terminal ligand in the former and as a
bridge between the two metal centres in
the latter. Compound 1 is also capable of
activating regioselectively the two a-
CÿH bonds of the ÿOCH2ÿ func-


tionality of THF to produce the
Fischer carbene derivative [TpMe2IrH-


(CH2CH2CH2CH3)(�C(CH2)3O)] (13).
Compounds 4 and 5 are unusual exam-
ples of stable IrIIIÿN2 compounds,
whereas 13, and other related complexes
described in the paper, are distinctive


species that contain a hydride, an alkyl
and a carbene functionality bound to the
same metal centre. Trapping experi-
ments with PMe3 as the trapping reagent
and isotopic labelling studies (2H) pro-
vide useful mechanistic information on
the reaction pathway that leads to 4 (and
5). This is compared with the sequence
of events that yield complex 13. In each
case the possibility of TpMe2Irv inter-
mediates or transition states is consid-
ered.


Keywords: CÿC coupling ´ CÿH
bond activation ´ carbenes ´ iridium
´ reaction mechanisms


Introduction


The selective activation of the CÿH bonds of organic
substrates by transition metal complexes and the subsequent
conversion of the resulting products into functionalised
organic compounds comprise an important and active area
of research.[1] Earlier studies on Ir systems that are capable of
activating such bonds intermolecularly demonstrated the
involvement of unsaturated IrI intermediates.[1, 2] This was
found to be the case even when some IrIII derivatives, such as
[Cp*IrH(h3-C3H5)] (Cp*�C5Me5), were treated with C6H6,
the 16-electron species [Cp*Ir(h2-C3H6)] was suggested as the
active intermediate for the CÿH bond rupture reaction.[3] In


recent years, however, increasing evidence for related CÿH
activations involving IrIII (and perhaps IrIVand IrV) centres has
accumulated. For example, the intermediacy of [Cp*IrMe2]
has been proposed during the sequential activation of two
molecules of C6H6 by the complexes [Cp*IrMe2(L)] (L�
DMSO,[4] PPh3


[5]) to give the corresponding bis(phenyl)
derivatives as the final products. This suggestion was in
agreement with the inhibiting role played by the added ligand
L. A more electrophilic compound [Cp*IrMe(OTf)(PMe3)]
(OTf�OSO2CF3) and the cation [Cp*IrMe(PMe3)]� result-
ing from triflate abstraction are also able to activate the sp3


CÿH bonds of alkanes under mild conditions[6] by means of
IrIII intermediates.


Owing to the existence of well-characterised inorganic and
organometallic compounds of IrV, for example, [Cp*IrMe4],[7a]


[IrH4(SiR3)(PPh3)2][7b] and [IrH4(C6H3-2,6-(CH2PtBu2)2],[7c] it
appears possible that these reactions, seemingly of the s-bond
metathesis type, could actually proceed through IrV inter-
mediates formed by oxidative addition of a CÿH bond to an
IrIII active species. Maitlis and co-workers have already
advanced this hypothesis.[4] Nevertheless, for the more
electrophilic systems[6] a concerted s-bond metathesis of the
kind postulated for complexes of the f and early d elements[1]


also seems to be a plausible reaction pathway. Other CÿH
activations such as those of substituted alkenes by the dication
[Cp*Ir(S)3]2� (S� solvent molecule) are best described as
heterolytic CÿH bond cleavages, the MÿC bond being formed
concomitantly with H� extrusion.[8]
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Recent work from our laboratory has focused on the study
of CÿH activation reactions by Rh and Ir complexes of the
hydrotris(pyrazolyl)borate ligands, Tp'.[9] This paper centres
upon the activation of the CÿH bonds of C6H6 and of cyclic
ethers (for example tetrahydrofuran) by the active intermedi-
ate [TpMe2Ir(CH�CH2)(C2H5)] (TpMe2� tris(3,5-dimethylpyr-
azol-1-yl)hydroborato ligand). As already reported, this
species forms from the IrIII complex [TpMe2IrH(CH�CH2)-
(C2H4)],[9b] by the migratory insertion of C2H4 into the IrÿH
bond. Part of this work has been communicated briefly.[10]


Results


The activation of C6H6 by the IrIII complex
[TpMe2IrH(CH�CH2)(C2H4)] (2): Previous work from our
laboratory has shown that the IrI ± ethylene complex
[TpMe2Ir(C2H4)2] (1) is transformed irreversibly into the
thermodynamically more stable hydride ± vinyl isomer 2
(Scheme 1) under thermal or photochemical conditions.[9a,b]


Scheme 1. Rearrangement of the bis(ethylene) complex 1. Note: [Ir]*�
TpMe2Ir in all the schemes.


The thermal reaction (cyclohexane solvent) does not stop at
the formation of 2. As shown in Scheme 1, under the same
conditions this compound undergoes further rearrangement
to give the hydride ± allyl complex 3 as a result of the coupling
of the hydrocarbon-based ligands.


The use of C6H6 as the reaction solvent prevents the CÿC
coupling process that leads to 3; the new complex 4 (and also
the insoluble compound 5, depending upon the reaction
conditions, vide infra), is obtained instead. When 2 is
employed as the starting material, conversion to 4 is fast (in
less than 1 h) and no intermediates can be detected by 1H
NMR spectroscopy. From 1, however, the overall reaction is
slower and the presence of 2 as an active intermediate can be
readily ascertained. The new derivative 4 exhibits a character-
istic strong IR absorption at 2190 cmÿ1 that can be assigned to
nÄ(N�N) of a terminal N2 ligand. NMR studies reveal the
presence of phenyl groups, and all these data, coupled with the
microanalytical results, suggest its formulation as
[TpMe2Ir(C6H5)2N2] (4). Interestingly, rotation around the
IrÿC6H5 bonds is slow on the NMR time scale,[2d, 3, 11] as
demonstrated by the observation of five distinct CÿH
aromatic resonances in the phenyl region of the 1H and


13C{1H} NMR spectra of 4. As in other related derivatives,[9c]


this is a clear manifestation of the severe steric constraints
imposed by the bulky TpMe2 ligand. Scheme 2 shows the


Scheme 2. Activation of C6H6 by 1.


generation of this bis(phenyl) derivative starting from 2; the
evolution of C2H4 and C2H6, but not of C4 hydrocarbons, has
been demonstrated by 13C NMR studies of the volatiles
generated in the course of the reaction. Kinetic studies carried
out on C6D12ÿC6H6 mixtures (Figure 1) reveal a linear


Figure 1. Variation of kobs with [C6H6] for the thermal decomposition of 2.


dependence of kobs on the concentration of C6H6 (kobs� kallyl�
k[C6H6] with k� (5.4� 0.8)� 10ÿ3 molÿ1 dm3 minÿ1; see Dis-
cussion Section). No saturation effects can be detected at
concentrations of the aromatic hydrocarbon of up to 2.5m.


As briefly mentioned above, a very insoluble second
complex 5 may also result from this reaction in amounts
depending upon the conditions, in particular the concentra-
tion of the starting product 1 or 2. Its IR spectrum shows no
band attributable to nÄ(N�N), but a Raman absorption at
2130 cmÿ1 indicates the existence of a symmetrical IrÿN�NÿIr
entity. This and other data favour the formulation in
Scheme 3, a conclusion further supported by the X-ray studies


Scheme 3. Equilibrium between mononuclear and binuclear IrIII ± di-
nitrogen complexes.


described below. Compounds 4 and 5 interconvert under
appropriate conditions (Scheme 3), but there is a substantial
kinetic barrier for the two transformations.
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Reactivity studies on these complexes are best effected with
the monomer species 4 because of its higher solubility. This
compound is a rather reactive molecule even though it has a
high thermal stability and remains unaltered after being
heated in C6H6 at 60 8C under N2. However, that phenyl
exchange involving free benzene does take place under these
conditions is demonstrated unambiguously by the deuteration
experiments depicted in Equation (1), Scheme 4. Substitution


Scheme 4. Some chemical reactions of 4.


of the coordinated N2 ligand by other donor molecules such as
PMe3, CO and CNtBu is also feasible under the conditions
described above and generates the corresponding adducts 6 ±
8 [Eq. (2), Scheme 4]. These new compounds have NMR
properties very similar to those of 4, including restricted
rotation around the IrÿC6H5 bond. In addition they exhibit IR
absorptions characteristic of the coordinated Lewis base; for
example the nÄ(CO) and nÄ(CN) values of 7 and 8, are 2026 and
2163 cmÿ1, respectively. As Scheme 4 [Eq. (3)] also shows,
compound 4 reacts with H2 at 80 8C to produce the known
tetrahydride [TpMe2IrH4].[12] An interesting transformation
that occurs when 4 is heated in THF will be discussed in the
following section.


In an attempt to trap possible intermediates of the C6H6


activation reaction, complex 2 was heated in C6H6, under N2,
in the presence of PMe3. This experiment cannot be carried
out with 1 because of the facility with which the substitution
reaction that gives [TpMe2Ir(C2H4)(PMe3)] takes place, even at
room temperature.[9f] NMR spectroscopy reveals the forma-
tion of the complexes shown in Scheme 5; 9 is the only one of
these that is formed in the absence of C6H6 (with C6H12 or neat


Scheme 5. PMe3-trapping experiments carried out with 2.


PMe3 as the solvent).[9b] However, the formation of this
species becomes important only when the concentration of
PMe3 is very high (C6H6:PMe3� 1:1, v/v), whereas 11 and 6
are strongly favoured at low concentrations of PMe3. Com-
plexes 6, 9 and 10 are very soluble in C6H6. However, 11 is
only sparingly soluble in most common solvents although it
has been completely characterised by NMR spectroscopy in
[D6]DMSO. Particularly relevant in this respect are the
2J(H,P) value of 14 Hz for the PMe3 group and the 1J(C,P)
coupling constant of 35 Hz for the methylene carbon bound to
phosphorus, which clearly suggest the existence of a zwitter-
ionic [IrÿCH2CH�


2 PMe3] functionality.[13] It looks likely that
complex 11 results from the nucleophilic attack of PMe3 on
the ethylene ligand of the unobserved species
[TpMe2Ir(C6H5)2(C2H4)] (A) and also that its insolubility
allows its isolation. When 11 is heated at 60 8C in CH2Cl2 it
is converted irreversibly into complex 6 (Scheme 6).


Scheme 6. Thermal transformation of the zwitterion 11.


The successful trapping of the ethylene derivative A in the
form of the zwitterionic compound 11 by the action of PMe3


led us to attempt its isolation or detection. However, heating 1
or 2 in C6H6 under Ar gives only a very complex mixture of
products, mostly unidentified, and if an ethylene atmosphere
is used the metallated species 12 can be observed in 70 % yield
along with other unidentified species (Scheme 7). As expect-
ed, complex 12 is also obtained when the dinitrogen species 4


Scheme 7. Involvement of A in a series of reactions.


is heated with C2H4 in C6H6 solution. It is clear that the
postulated ethylene adduct is generated under these con-
ditions. This is further supported by the preferential produc-
tion of 6 and 11 in the presence of small amounts of PMe3. It
can be concluded that A is kinetically very labile with respect
to both the extrusion and the insertion pathways. This
prevents its isolation and even its detection as a free complex.


Regioselective, double CaÿH activation of cyclic ethers by
TpIrIII complexes : When compound 1 or 2 is heated at
60 8C in THF, the purported vinyl ± ethyl intermediate[9b]
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[TpMe2Ir(CH�CH2)(C2H5)] can progress along two compet-
itive reaction pathways. One is responsible for the formation
of the hydride ± allyl species 3 ; the other involves the
activation of tetrahydrofuran and leads to the new product
13 (Scheme 8), which is readily isolable from the reaction


Scheme 8. Activation of THF by 2.


mixture by fractional crystallisation. The characterisation of
this compound required extensive one- and two-dimensional
NMR investigations, the proposed structure being subse-
quently confirmed by X-ray studies (vide infra). A hydride
signal at ÿ17.90 and a distinctively low-field 13C{1H} reso-
nance at d� 258.8[14] are clear indications of the presence of
the IrÿH and Ir�C< functionalities, respectively. The hy-
dride ± vinyl complex 2 is again the active species, but the
results of the reactions depicted in Schemes 2 and 8 indicate
that THF is much less efficient than C6H6 in trapping the
reactive [TpMe2Ir(CH�CH2)(C2H5)] intermediate.


It is evident that compound 13 results from a regioselective
double CÿH activation at one of the a-carbon atoms of THF.
Formally, one the H atoms becomes incorporated into the
alkyl chain derived from the coupling of the two original C2


ligands, whereas the other remains bound to the metal centre.
Monitoring of the reaction by 1H NMR spectroscopy reveals
no detectable intermediates, and also that, as expected,[9b] the
allyl species 3 is stable in THF under the reaction conditions.
At variance with the PMe3 trapping experiments already
described for the C6H6 activation, only the PMe3 adduct
[TpMe2Ir(CH�CH2)(C2H5)(PMe3)] (9)[9b] is formed when 2 is
heated in THF in the presence of an excess of PMe3.


Diethyl ether appears not to be activated by this system, but
other cyclic ethers, when used as neat solvents, do participate
in the sequence of chemical events summarised in Scheme 8
(Table 1). After the statistical corrections, it is clear that the


methyl group of 2-MeTHF favours the CÿH activation
(probably by enhancing the coordination capability of the
ether functionality; vide infra), since the resulting carbene,
obtained as a 1:1 mixture of stereomers, amounts to approx-
imately 55 % of the reaction products. A second ether
functionality in the ring has only a very modest effect on the
reactivity of the OCH2 group (see the entry for diolane in
Table 1), and six-membered cyclic ethers are less prone than
their C4O counterparts to undergo this transformation. This
may be attributable to steric hindrance associated with the
coordination to the Ir centre and it could be responsible for
the lack of observable activation of tetrahydropyran. In
accord with the expectations, 2,5-Me2THF and 2,2,5,5-
Me4THF give only the allyl product 3 when used as the
reaction solvents.


With the asymmetry of these complexes and the nonsym-
metrical nature of the majority of the carbene ligands studied,
restricted rotation around the Ir�C bond could give rise to
more than one rotamer. However, only one species is
observed in each case, in accord with the existence of just
one rotamer in solution or, alternatively, with fast rotation
around the Ir�C bond in the temperature range studied (down
to ÿ70 8C). For complex 15, which contains a symmetrical
�C(OCH2)2 cyclic carbene ligand, the two methylene carbon
nuclei are equivalent and moreover the OCH2CH2O protons
appear as an AB multiplet. While we realize that 15 is a rather
singular species within the series investigated (the presence of
two heteroatoms bound to the carbene carbon shifts the
corresponding 13C resonance to d� 206, that is, 50 ppm to
lower field than the other members of the series), the data
obtained suggest that the rotation around the Ir�C bond must
be fast on the NMR time scale. A similar situation has been
found for related Ir�C< moieties[14] whereas for
[Os(NH3)4(H2)(�COCH2CH2CH2)]2� the barrier to rotation
appears to be of the order of 24 kcal molÿ1.[15]


To try to understand the mechanism of the activation of
THF we thermolysed 1 in [D8]THF; we found lower yields of
the CÿD activation product, due to a significant isotope effect
([H]13 :[Dn]13� 2.2:1). The deuterospecies [Dn]13 can never-
theless be isolated from the reaction mixture, and NMR
studies indicate almost complete deuteration at the metal and


incorporation of 2 ± 3 deuterium atoms at the a


and b carbon atoms of the hydrocarbon chain
(n� 9 ± 10). The complexity of the NMR spectra
of 13 and [Dn]13 prevents a more detailed analysis
of this transformation.


We have found that other TpMe2Ir complexes
that are able to generate a {TpMe2Ir(R)(R')} frag-
ment (R, R'�H, alkyl, aryl), and have in addition
a vacant or readily accessible coordination site,
are able to activate THF. For example, the
complexes [TpMe2IrH(R)(C2H4)][9f] give rise,
cleanly, to the carbene species 18 and 19
(Scheme 9) when they are heated in THF. In this
case the CÿH bond activation becomes the only
accessible reaction route. Once more, the addition
of PMe3 inhibits this process by formation of the
known [TpMe2Ir(C2H5)(R)(PMe3)] adducts (R�
H, C2H5


[9f]). Similarly the bis(phenyl) derivative


Table 1. Thermal decomposition of complex 1 in cyclic ethers.[a]


[a] All reactions performed at 60 8C to completion (ca. 8 h); percentage yields are in
parentheses and refers to the crude materials (1H NMR); [Ir]*�TpMe2IrH(nBu).
[b] Mixture of the two possible diasteroisomers (1:1) ratio. [c] No carbene formed in more
than trace amounts.
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Scheme 9. Activation of THF by [TpMe2IrH(R)(C2H4)] complexes.


4 undergoes a related reaction to produce the carbene 20
(Scheme 10). When complex [D0]4 is heated in [D8]THF, the
deuteride complex [D7]20 and C6H5D are formed. This clearly
rules out the intermediacy of an IrI ± benzyne complex in this
transformation.


Scheme 10. Detection of a THF adduct in the reaction of 4 with
tetrahydrofuran.


Pertinent to the comments above on the initial step of the
THF activation is the detection (by 1H NMR monitoring) of
an intermediate species that can be formulated as the THF
adduct B. It is noteworthy that because of a kinetic isotope
effect of approximately 3:1 (no attempt has been made to
quantify this more precisely), [D8]B, clearly formed by
treatment of 4 with [D8]THF, has a long enough lifetime to
allow its relative concentration to become about 60 % within
this product mixture. Hence NMR characterisation is feasible
and proves the presence of two phenyl groups, whose rotation
around the IrÿC6H5 bonds is less restricted than for other
analogous compounds (four somewhat broad resonances
associated with the ortho and meta protons can be detected
at room temperature). The 2H NMR spectrum of [D8]B shows
two 1:1 resonances with chemical shifts very close to those of
free [D8]THF. All these data, and the facility with which this
compound reverts smoothly to 4 when heated under N2,
support the proposed formulation.


Crystal and molecular structures of complexes 5 and 13 : A
survey of the literature reveals that the two CÿH activations
under study possess some unusual features and produce
uncommon compounds with unexpected structures. Since
structural characterisation of some of these complexes by
X-ray techniques seemed essential, we directed our efforts to
isolating them in the form of single crystals. Most surprisingly,
only a few Ir ± N2 complexes have been reported yet,[16] and at
the time of our original report none had been structurally
authenticated by X-ray crystallography. During the prepara-
tion of this paper a second example has appeared in the
literature.[16c] As for the carbene derivatives, the observed
nonradical-mediated, double CÿH activation under such mild
conditions was also unprecedented at the time of our original
report[10a] (see below). Moreover compound 13, and other
members of the same family reported here, contain a metal
fragment bound to a hydride, an alkyl and a carbene
functionality, a situation we believe to have been previously
unknown .


The dinitrogen-bridged binuclear compound 5 crystallises
in the space group C2/c and consists of molecules that have
the geometry shown in Figure 2. A summary of selected


Figure 2. ORTEP drawing and atom-labelling scheme for 5. For clarity
only one of the two Ir fragments bound to N2 is shown.


bonding parameters is contained in Table 2. As can be seen in
Figure 2, a partial ORTEP representation of only one of the
two Ir fragments in addition to the bridging N2 ligand, the
coordination geometry is close to a distorted octahedron. The
three coordinated N atoms of the TpMe2 group define the
vertices of one of the triangular faces, the opposite face being


Table 2. Selected bond lengths [�] and angles [8] for complex 5.


Ir1ÿN12 1.99 (2) Ir2ÿN12' 2.14 (2)
Ir1ÿN22 2.16 (2) Ir2ÿN22' 2.01 (2)
Ir1ÿN32 2.20 (2) Ir2ÿN32' 2.14 (2)
Ir1ÿN1 1.93 (2) Ir2ÿN1' 1.94 (2)
Ir1ÿC41 2.06 (2) Ir2ÿC41' 2.03 (2)
Ir1ÿC51 2.05 (2) Ir2ÿC51' 2.09 (3)
N1ÿN1' 1.13 (3)


C41-Ir1-C51 95(1) C41'-Ir2-C51' 94.0 (9)
N1-Ir1-C51 95.6 (8) N1'-Ir2-C51' 90.4 (9)
N1-Ir1-C41 91.0 (8) N1'-Ir2-C41' 95.5(8)
N32-Ir1-C51 87.9(8) N32'-Ir2-C51' 176.3 (8)
N32-Ir1-C41 176.9 (8) N32'-Ir2-C41' 89.6 (8)
N32-Ir1-N1 88.1 (7) N32'-Ir2-N1' 89.2 (8)
N22-Ir1-C51 171.9 (9) N22'-Ir2-C51' 93.5 (9)
N22-Ir1-C41 89.1 (8) N22'-Ir2-C41' 84.9 (8)
N22-Ir1-N32 88.0 (7) N22'-Ir2-N1' 176.0 (7)
N12-Ir1-C51 86.3 (8) N22'-Ir2-N32' 86.8 (7)
N12-Ir1-C41 92.2 (8) N12'-Ir2-C51' 89.9 (8)
N12-Ir1-N1 176.1 (7) N12'-Ir2-C41' 173.6 (8)
N12-Ir1-N32 88.6 (7) N12'-Ir2-N1' 90.2 (7)
N12-Ir1-N22 86.7 (7) N12'-Ir2-N32' 87.4 (7)
Ir1-N1-N1' 174.2 (2) N12'-Ir2-N22' 89.2 (7)


Ir2-N1'-N1 174 (2)
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determined by the two coordinated phenyl carbons
and an N atom of the bridging N2 unit. As expected,
the strongest IrÿN(pyrazolyl) interaction is that cor-
responding to the pyrazolyl ring trans to the most
weakly bound N2 ligand (1.99 compared with 2.18 �,
on average). The two IrÿC bond lengths (at 2.05 �) are
identical within experimental error and compare well
with the values found in other IrIIIÿC6H5 complexes
already reported in the literature.[2c,d] From a structural
point of view, the most interesting interaction is that of
the bimetallic IrÿN�NÿIr central unit, which is char-
acteristically linear (Ir-N-N'� 174(2)8) and indicative
of a relatively strong IrÿN2ÿIr bonding interaction
(compare, for example, the Ir1ÿN1 separation of
1.93(2) � with the IrÿN(pyrazolyl) shortest distance
of 1.99(2) �, which are essentially identical within
experimental error). Within the N2 ligand, the NÿN
bond length is very similar to that of the free ligand
(1.13(3) compared with 1.10 �) and close to those
reported for other MÿN2ÿM linkages.[16] Considering
that the Ir atom has a formal oxidation state of� iii, the
strength of the IrÿN bonds in this complex (and by
extension in the mononuclear species 4) appears
remarkable.


Figure 3 shows an ORTEP perspective view of the
molecules of the Fischer carbene complex 13 ; struc-
tural parameters and other X-ray data for this com-
pound are collected in Tables 3 and 4. The tendency of
the Tp' ligands to impose six-coordinated, approxi-
mately octahedral geometry, as already encountered
for 5, is manifested by the distorted octahedral environment
of the Ir centre of 13 with almost rectangular N-Ir-N angles
(approximately 868 on average). As expected, the IrÿN bond


trans to the hydride ligand (IrÿN32) is the longest
(2.170(5) �), although it is not very different from the other
two, which are identical within experimental error (approx-


imately 2.150 �). The separation of the Ir
centre from the carbene carbon, 1.881(5) �, is
consistent with partial double bond character
for this interaction and it is in the range found
for other neutral Fischer carbene complexes of
IrIII (1.87 � in [IrCl3(�CCl2)(PPh3)2] for exam-
ple[17]). It is, however, significantly shorter than
in some cationic compounds of IrIII that contain
the same 2-oxacyclopentylidene ligand.[14, 18]


Discussion


Work described in the Results section and in a
previous paper[9b] clearly demonstrates that the
chemical pathway followed by compound 1
during its participation in different CÿH or
CÿC bond activation or formation reactions
consists of its isomerisation to the hydride ±
vinyl IrIII isomer 2, followed by migration of
the hydride ligand onto the remaining molecule
of ethylene to generate a highly reactive inter-
mediate species (Scheme 11). This could be
stabilised by a b-CÿH agostic interaction[19] or,
less probably, by h2 coordination of the vinylFigure 3. Molecular structure of the Fischer carbene 13.


Table 3. Crystal and refinment data for complexes 5 and 13.


5 13


formula C54H64B2N14Ir2 C23H38BN6IrO
Mr 1339.3 617.6
crystal system monoclinic triclinic
space group C2/c P1
a [�] 54.89 (2) 10.435 (8)
b [�] 10.920 (5) 10.809 (4)
c [�] 19.791 (7) 13.888 (2)
a [8] 81.54 (2)
b [8] 91.90 (3) 68.43 (4)
g [8] 63.02 (3)
Z 8 2
V [�3] 11856 (1) 1298.8 (6)
1calcd [g cmÿ3] 1.50 1.58
F(000) 5296 616
T [K] 295 293
diffractometer Enraf-Nonius CAD4 Enraf-Nonius CAD4
radiation graphite-monochromated


(MoKa) (l� 0.71069 �)
graphite-monochromated
(MoKa) (l� 0.71069 �)


m [cmÿ1] 45.1 65.8
crystal dimensions [mm] 0.4� 0.07� 0.07 0.13� 0.13� 0.5
q range [8] 1< q< 25 1< q< 27
scan technique W/2q q/2q


data collected (ÿ65,0,0) to (65,13,23) (ÿ13,ÿ 13,0) to (13,13,17)
unique data 10386 5642
unique data [I� 2s(I)] 5123 2521
R(int) [%] 3.5 0.01
standard reflections 3/58 3/216
weighting scheme unit w� 1/(a� bF0)2


RF [%] 6.3 2.6
wRF [%] 8.2 2.9
average shift/error 0.004 0.001
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Scheme 11. Proposed mechanism for the evolution of 2.


ligand.[20] In the absence of a suitable substrate, C is converted
into hydride ± allyl products in a CÿC bond-forming rearran-
gement[9b] whereas Lewis bases [pyridine, N�CR, DMSO;
PMe3 starting with 2] lock the ethyl ± vinyl structure and yield
[TpMe2Ir(CH�CH2)(C2H5)(L)] adducts that display a different
kind of reactivity.


Interestingly, and in contrast to soft substrates such as PMe3


or CO,[9f] C6H6 is unable to displace ethylene directly from 1,
but, as illustrated in this and other reports,[9c] C is able to
induce the activation of the CÿH bonds of aromatic molecules
and of cyclic ethers through different reaction pathways that
probably require prior coordination of the organic molecule
to the IrIII centre. In the case of C6H6, the bis(phenyl)
compound 4 is formed. From the nature of the liberated
hydrocarbons, the dependence of kobs on the concentration of
benzene and the results of the trapping experiments carried
out with PMe3, the sequence of events presented in
Scheme 12 can be proposed for this transformation. Adducts


containing weakly bound benzene[21] are proposed as active
intermediates and, whereas we have no direct evidence for
their formation, the direct or indirect characterisation of
related adducts that contain C2H4 in place of C6H6, for
example [TpMe2Ir(C6H5)2(C2H4)] (vide infra), [TpMe2IrH-
(C2H5)(C2H4)][9f] or [TpMe2IrH(CH�CH2)(C2H4)] (2), can be
taken to favour this hypothesis. Two alternative reaction
pathways, routes 1 and 2, involving H transfer from the
activated molecule of C6H6 to the Ir-bound carbon atom of the
ethyl and to the vinyl hydrocarbon fragments, respectively,
may be considered for the first CÿH activation step.
Proceeding along the first pathway (route 1, Scheme 12) the
activated H5C6 ± H atom could bind to the ethyl a-C, liberat-
ing C2H6 and forming intermediate E. The detection of the
PMe3 adduct 10 in the course of the trapping experiments
previously described may be considered in support of this
proposal. Alternatively (or additionally), C'' could be con-
verted into the ethyl ± phenyl species D (route 2) by H
transfer to the a-carbon of the vinyl group. Then D could
undergo C2H6 elimination to give E, by means of a vinylic
CÿH activation similar to that occurring in other related
species such as the postulated [TpMe2Ir(CH�CH2)(Et)(C2H4)]
formed upon reaction of 2 with C2H4.[9b] This second
mechanistic pathway is also in accord with the results of the
THF activation reaction (see below). As discussed below, the
generation in the latter process of an n-butyl chain is best
rationalised by means of the migratory insertion of C2H4 into
the IrÿC2H5 bond of an intermediate that results from H
transfer to the vinyl a-C during the first CÿH activation step
of THF. If route 2 is the reaction pathway we have to conclude
that the [TpMe2Ir(R)(C2H5)(C2H4)] intermediates evolve dif-
ferently depending upon the nature of R (for R�C6H5 or
CH�CH2, by vinylic activation; and for R�C4H7O, by
insertion).


Intermediate A has not been isolated or detected by
spectroscopic methods; nevertheless the formation of com-


plexes 4, 6, 11 and 12 under the conditions of
Scheme 12 argues in favour of the interme-
diary role assigned to this species. Its con-
version into the N2 complex 4 can be
considered unusual for the following reasons.
Firstly, whereas on electronic grounds and on
the basis of the observed chemical behaviour
the TpMe2IrIIIÿC2H4 bond is not expected to
be particularly strong, several neutral com-
plexes prepared in our laboratory are more
stable towards extrusion of the olefin,[22] and
do not form ylides with PMe3, a reaction
more typical of cationic ethylene deriva-
tives.[23] Secondly, replacement of the C2H4


ligand by N2 (from the inert atmosphere)
gives the IrÿN2 compounds 4 and 5, which
have remarkable thermal stability: they
survive prolonged heating at 60 8C, under
an atmosphere of N2. In marked contrast, the
few known IrIIIÿN2 complexes exhibit poor
thermal stability.[16, 24]


It is conceivable that the instability of
intermediate A towards loss of ethylene is


Table 4. Selected bond lengths [�] and angles [8] for complex 13.


IrÿC1 2.106 (5) IrÿH1 1.8 (1)
IrÿC5 1.881 (5) C5ÿC6 1.498 (7)
IrÿN12 2.150 (4) C5ÿO 1.325 (8)
IrÿN22 2.148 (4)
IrÿN32 2.171 (6)


C1-Ir-N12 175.5 (2) H1-Ir-C1 79(1)
C1-Ir-C5 92.0 (2) Ir-C5-O 120.8 (4)
C5-Ir-N22 175.4 (2) Ir-C5-C6 131.4 (5)
H1-Ir-N32 170.1 (1) C6-C5-O 107.8 (5)
H1-Ir-C5 79 (1)


Scheme 12. Proposed mechanisms for the CÿH bond activation of C6H6 by 2.
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mostly steric in origin, a consequence of the steric congestion
introduced by the two phenyl groups in the already sterically
demanding {TpMe2Ir} fragment. Similar arguments may be
used to explain the unexpected thermodynamic and kinetic
stability of 4 and 5. Electronic effects, albeit weak, operate in
the right direction. A nÄ(N2) absorption for 4 appears at
2190 cmÿ1: although this is in the high-energy limit for nÄ(N�N)
in M ± N2 complexes (approximately 2210 ± 1900 cmÿ1),[16, 24] it
is indicative of some IrÿN2 back-donation. The small cone
angle of the linear N2 ligand also allows it to satisfy the
coordination unsaturation of the {TpMe2Ir(C6H5)2} fragment
without adding extra steric pressure. This, and the unavail-
ability for these compounds of common low-energy decom-
position pathways such as a- and b-H eliminations, could
account for their enhanced kinetic stability. The formation of
a [TpMe2Ir(h2-benzyne)] complex appears to be unfavourable
and this decomposition route can be ruled out on the grounds
that the reaction of [D0]4 with [D8]THF gives [D7]20 plus
C6H5D.[25]


The purported [TpMe2Ir(CH�CH2)(C2H5)] intermediate C
is also able to activate the sp3 CÿH bonds of cyclic ethers. This
activation is regiospecific and involves two CÿH bonds
adjacent to the ether functionality. However, in this case the
reaction yields, along with the CÿH activation complex 13, the
hydride ± allyl isomer 3 derived from the CÿC coupling of the
vinyl and the ethyl groups. Clearly, THF is much less efficient
than C6H6 in the trapping of C. Tetrahydropyran is even less
effective in this regard, to the point that no carbene product is
generated in this reaction, only the hydride ± allyl 3. The
enormous difference in the reactivity of C compared with
C6H6 and cyclic ethers is additionally demonstrated by the
formation of the phenyl ± carbene complex 20 when 2 is
heated in an approximately 400:1 THF ± C6H6 mixture.


Scheme 13 summarises a plausible mechanistic pathway for
this reaction. Coordination of the ether to the IrIII centre


Scheme 13. Proposed mechanism for the formation of Fischer carbene
complexes.


before CÿH activation (intermediate C'''') is supported by the
detection of the THF adduct B of Scheme 10. Thereafter H
transfer to the vinyl group would give intermediate F, which
has the C2H4 and C2H5 ligands needed to construct the n-C4H9


chain by migratory insertion chemistry. In the final step, the
vacant coordination site of the Ir centre is taken up by a
hydride ligand resulting from an a-H elimination within the 2-


oxacyclopentyl ± iridium linkage. The deuteration studies
disclosed in the Results section indicate that both the
coordination of THF and the first CÿH activation step are
reversible. Clearly, the second activation is driven by the high
thermodynamic stability of Fischer carbene complexes of this
kind.[26, 27] In this transformation H transfer from THF to the
Ir ± C2H5 moiety of C'''' does not seem to occur; otherwise the
n-butyl chain could not be formed. Nevertheless, it is unlikely
that this is a very high-energy process, since the IrIII


derivatives [TpMe2IrH(R)(C2H4)] (R�H, C2H5) give rise to
the related complexes 18 and 19 (Scheme 9) in reactions that
require a similar transfer to an IrÿC2H5 bond.


The activation of cyclic ethers presented in this paper
constitutes a new, unprecedented route to cyclic Fischer
carbene complexes. Before we made our original report[10a] we
were only aware of a photochemically induced radical process
that produces an {M(�CC(CH2)3O)} fragment.[28] Subsequent-
ly, a series of [Os(H2)(carbene)] complexes has been obtained
directly from cyclic ethers,[15] and other reports concerning
similar activation of ethers, including Et2O, have appeared in
the literature.[29, 30] Also, the formation of {M�C< } fragments
in reactions that give rise to double CÿH bond activations has
received attention recently.[31] An important transformation
that effects the removal of the two H atoms of ÿOCH2ÿ
groups is their oxidation, whether stoichiometric[32] or cata-
lytic,[33] to the corresponding cyclic lactone.


There are two further important issues. The first concerns
the TpMe2IrIII formulation proposed for all active intermedi-
ates, which is in marked contrast to the participation of Cp'IrI


species in the related CÿH bond activations induced by
iridium complexes of the cyclopentadienyl ligands. For
example, whereas [Cp*Ir(h2-butene)] seems to be a relevant
intermediate in the activation of C6H6 by [Cp*IrH(h3-
C4H7)],[3] a low-energy route to an analogous [TpMe2Ir(h2-
butene)] species, starting from the ethyl ± vinyl intermediate
C, does not seem feasible. As discussed at length previously,[9b]


this may be a consequence of the high propensity of the Tp'
ligands to impose pseudooctahedral six-coordination of the
metal centre, as first suggested by Curtis and co-workers.[34]


This is not a general situation, however, and the high stability
of the IrIII oxidation state is an additional important factor.
Our own experience in the analogous Rh system[9e] and the
results of Graham,[35] Jones,[36] Bergman[37] and co-workers for
other related reactions, favour Tp'RhI intermediates. This fact
has been addressed theoretically[38] and may reflect the
differences in the stability of the oxidation state for these
two elements.


The second issue of concern relates to the detailed
mechanism of the CÿH bond activation, that is, whether it
occurs through IrV intermediates formed by CÿH oxidative
addition or by s-bond metathesis without a change in the
oxidation state of the metal. In a previous section we have
shown that there is evidence in support of the coordination of
the ether to the metal before the H atom is transferred. For
C6H6, the evidence is (at best) indirect, but nonetheless the
suggestion of h2-coordination is not unreasonable. This,
however, does not answer the above question.[39] The argu-
ments of Maitlis [4] in favour of CÿH oxidative addition to
[Cp*IrMe2], however well-founded they may be, are not
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directly applicable to our case because of the differences in
the nature and behaviour of the Cp' and the Tp' ligands. For
[Cp*IrMe(PMe3)]� , recent theoretical studies also support
this view.[40] Tp'IrV is accessible, as demonstrated by the
preparation in our laboratory of several stable TpMe2IrV


compounds,[41] most notably [TpMe2IrH4].[12] Moreover,
{TpMe2Ir(R)(R')} fragments exhibit considerable electrophi-
licity at the metal, as demonstrated, for instance, by the
reactivity of [TpMe2Ir(C6H5)2(C2H4)], or the fact that CH3CN
is a very efficient reagent for trapping [TpMe2Ir(R)(R')] units,
whilst PMe3 is less effective and the strong p-acceptor carbon
monoxide has a very low kinetic propensity for coordina-
tion.[9b] Thus, oxidative addition to IrIII is possible and may
play a dominant role under conditions of not very severe steric
hindrance, for example, when several of the remaining
coordination positions are occupied by hydride ligands.[41] In
systems with very bulky environments (for example when R
and R' are hydrocarbon groups), direct transfer from the
coordinated substrate to R or R' (s-bond metathesis) would
seem a more reasonable mechanistic pathway. It is evident
that further work is needed on these and related systems in
order to clarify this important question.


Experimental Section


All preparations and manipulations were carried out under oxygen-free
nitrogen or argon following conventional Schlenk techniques. Solvents
were dried rigorously and degassed before use. Light petroleum, b.p. 40 ±
60 8C, was used. The complexes [TpMe2Ir(C2H4)2][2b] and [TpMe2IrH(R)-
(C2H4)] (R�H, Et)[2f] were prepared according to literature procedures.
Microanalysis were by Pascher Microanalytical Laboratory, Remagen
(Germany) and the Microanalytical Service of the University of Sevilla
(Spain). Infrared spectra were recorded on Perkin-Elmer 683 and 883
spectrometers, NMR spectra on Varian XL-200 and Bruker AMX-300 and
AMX-500 spectrometers. The 1H and 13C resonances of the solvent were
used as internal standards, but chemical shifts are reported with respect to
TMS. 31P NMR shifts were referenced to external 85 % H3PO4. Most of the
NMR assignments are based on extensive 1H ± 1H decoupling experiments,
NOE-DIFF measurements and homo- and heteronuclear two-dimensional
spectra (pyr� pyrazolyl).


Synthesis of the complexes 4 and 5 : A solution of compound 1 (0.35 g,
0.55 mmol) in C6H6 (5 mL) was heated under N2 at 60 8C for 3 h. The
yellowish suspension was pumped off to dryness and the residue was
treated with petroleum ether (15 mL). Upon concentration and cooling of
the resulting solution to ÿ20 8C, pale yellow crystals of 4 (0.1 g) were
obtained. The remaining solid was extracted with a Et2O ± CH2Cl2


mixture(1:1, v/v; 20 mL). Filtration followed by concentration and cooling
produced 5 (0.3 g) as pale yellow needles.


[TpMe2Ir(C6H5)2(N2)] (4): 1H NMR (500 MHz, C6D6, 20 8C): d� 8.32, 7.31,
7.03, 6.79, 6.57 (dt, td, tt, td, dt, 3J(H,H)� 7.6, 4J(H,H)� 1.6 Hz, 2H each;
o-, m-, p-, m'-, o'-H of the phenyl rings), 5.51, 5.46 (s, 2H, 1 H; CHpyr), 2.14,
2.09, 1.56, 1.14 (s, 6H, 3 H, 6 H, 3H; 6 Me); 13C{1H} NMR (125 MHz, C6D6,
20 8C): d� 152.7, 151.1, 143.5, 143.2 (1:2:1:2; Cq (pyr)), 130.2 (Cq of the
phenyl rings), 139.3, 135.2, 126.7, 126.6, 122.7 (CH of the phenyl rings),
108.4, 107.3 (1:2; CHpyr), 15.8, 12.7, 12.5, 12.0 (1:2:1:2 ratio; 6 Me); IR
(Nujol): nÄ � 2190 cmÿ1 (N�N); C27H32BN8Ir (671.6): calcd C 48.3, H 4.8, N
16.7; found C 47.5, H 4.9, N 15.9.


[TpMe2Ir(C6H5)2]2(m-N2) (5): 1H NMR (500 MHz, C6D6, 20 8C): The
spectrum of this very insoluble material consists in the aromatic region
(9.2 ± 6.2) of a complex pattern of multiplets that are in accord with the
presence of two sets of slowly rotating phenyl rings; that is, there is no
effective symmetry element interchanging the two halves of the molecules;
Raman: nÄ � 2130 cmÿ1 (N�N); C54H64B2N14Ir2 (1316.5): calcd C 49.2, H 4.9,
N 14.9; found C 49.4, H 5.0, N 14.6.


Synthesis of the complexes 6, 7 and 8 : Neat PMe3 (0.02 mL, 0.2 mmol) was
added to a solution of 4 (0.1 g, 0.16 mmol) in C6H6 (10 mL). The reaction
mixture was heated at 60 8C for 3 h. The volatiles were removed under
vacuum and the residue was dissolved in petroleum ether (10 mL). After
partial evaporation, the solution was cooled at ÿ20 8C affording 6 as pale
brown crystals (70 % yield). Compound 7 was prepared, in a similar way, in
a Fisher ± Porter bottle pressurised with CO (2 atm) and was obtained in
80% yield as pale brown crystals.By the same procedure, complex 8 was
synthesised as yellow crystals in 77% yield.


[TpMe2Ir(C6H5)2(PMe3)] (6): 1H NMR (200 MHz, C6D6, 20 8C): d� 7.97,
6.89, 6.67, 6.41, 6.29 (dt, td, tt, td, dt, 3J(H,H)� 7.4, 4J(H,H)� 1.6 Hz, 2H
each; o-, m-, p-, m'-, o'-H of the phenyl rings), 5.84, 5.65 (s, 2 H, 1 H; CHpyr),
2.51, 2.43, 1.49, 0.57 (s, 6H, 3 H, 6H, 3 H; 6Me), 1.45 (d, 9H, 2J(P,H)�
9.5 Hz; PMe3); 13C{1H} NMR (50 MHz, CD3COCD3, 20 8C): d� 151.5,
151.3, 144.8, 143.5 (1:2:2:1; Cq (pyr)), 131.8 (d, 2J(P,C)� 8 Hz; Cq of the
phenyl rings), 143.0, 141.1, 125.5, 125.3, 121.3 (s, d, s, s, s, J(P,C)� 5 Hz; CH
of the phenyl ring), 108.8, 108.4 (d, s, 2:1, 4J(P,C)� 4 Hz; CHpyr), 17.3 (d,
1J(P,C)� 37 Hz; PMe3), 16.8, 14.8, 13.2, 13.1 (2:1:2:1; 6 Me); 31P{1H} NMR
(80 MHz, C6D6, 20 8C): d�ÿ52.2; C30H41BN6IrP (720.3): calcd C 50.0, H
5.7, N 11.7; found C 51.1, H 6.3, N 10.8.


[TpMe2Ir(C6H5)2(CO)] (7): 1H NMR (200 MHz, C6D6, 20 8C): d� 8.46, 7.24,
7.00, 6.77, 6.68 (dt, td, tt, td, dt, 3J(H,H)� 7.5, 4J(H,H)� 1.6 Hz, 2 H each;
CH of the phenyl rings), 5.52, 5.47 (s, 1H, 2 H; CHpyr), 2.11, 2.10, 1.66, 1.17
(s, 6H, 3H, 6 H, 3H; 6Me); 13C{1H} NMR (50 MHz, C6D6, 20 8C): d� 169.7
(CO), 152.6, 151.3, 143.4 (1:2:3; Cq (pyr)), 129.2 (Cq of the phenyl rings),
138.8, 138.1, 127.1, 123.0 (1:1:2:1, CH of the phenyl rings), 108.3, 107.2 (1:2;
CHpyr), 15.3, 13.7, 12.3, 12.1 (1:2:1:2; 6Me); IR (Nujol): nÄ � 2026 cmÿ1


(CO); C28H32BN6IrO (672.2): calcd C 50.0, H 4.8, N 12.5; found C 50.0,
H 5.2, N 12.1.


[TpMe2Ir(C6H5)2(CNtBu)] (8): 1H NMR (200 MHz, C6D6, 20 8C): d� 8.43,
7.35, 7.07, 6.85 (d, t, m, m, 2 H, 2H, 2 H, 4H; CH of the phenyl rings), 5.66,
5.63 (s, 2 H, 1H; CHpyr), 2.20, 1.73, 1.32, 1.00 (s, 6H, 6H, 3 H, 3H; 6Me),
1.00 (s, 9H; CMe3); 13C{1H} NMR (75 MHz, C6D6, 20 8C): d� 151.9, 150.8,
142.9, 142.7 (Cq (pyr)), 132.9 (Cq of the phenyl rings), 140.2, 137.7, 126.4,
126.0, 121.6 (CH of the phenyl rings), 107.9, 106.8 (1:2; CHpyr), 56.4 (CMe3),
30.0 (CMe3), 15.6, 13.8, 12.5, 12.3 (1:2:1:2; 6Me). The IrCNtBu was not
located; IR (Nujol): nÄ � 2163 cmÿ1 (CN); C32H41BN7Ir (727.3): calcd C 52.8,
H 5.7, N 13.5; found C 53.0, H 5.9, N 13.9.


Synthesis of [TpMe2Ir(C6H5)2(CH2CH2PMe3)] (11): Neat PMe3 (0.1 mL,
0.1 mmol) was added to a solution of 1 (0.1 g, 0.18 mmol) in C6H6 (2 mL).
The reaction mixture was heated at 60 8C for 3 h to give a yellow solution
and a white solid. The volatiles were removed under vacuum and the
residue was investigated by 1H NMR. The zwitterionic species 11 was
detected in 80 % yield. This complex was purified by recrystallisation from
Et2/CH2Cl2 mixtures (1:1). 1H NMR (300 MHz, [D6]DMSO, 20 8C): d�
7.62, 6.77, 6.43, 6.25 (d, t, t, m, 3J(H,H)� 7.3 Hz, 2H, 2H, 2 H, 4H; CH of the
phenyl rings), 5.74, 5.66 (s, 1H, 2 H; CHpyr), 2.39, 2.38, 1.20, 0.68 ( s, 3H, 6H,
6H, 3H; 6Me), 1.91, 1.13 (m, 2 H, 2 H; CH2P, IrCH2), 1.57 (d, 2J(H,P)�
14 Hz, 9H; PMe3); 13C{1H} NMR (75 MHz, [D6]DMSO, 20 8C): d� 149.0,
148.1, 145.3, 141.4 (2:1:1:2; Cq (pyr)), 140.4 (Cq of the phenyl rings), 142.1,
135.6, 124.1, 123.2, 117.2 (CÿH of the phenyl rings), 106.4, 106.0 (2:1;
CHpyr), 26.0 (d, 1J(C,P)� 35 Hz; CH2P), 15.1, 12.7, 12.6, 12.4 (1:2:1:2; 6Me),
7.0 (d, 1J(C,P)� 53 Hz; PMe3), ÿ17.0 (d, 2J(C,P)� 10 Hz; IrCH2); 31P{1H}
NMR (120 MHz, [D6]DMSO, 20 8C): d� 20.1; C32H45BN6IrP (748.3): calcd
C 51.3, H 6.1, N 11.2; found C 51.0, H 5.7, N 11.1.


Reaction of [TpMe2Ir(C6H5)2N2] with C2H4 : The dinitrogen complex 4 was
dissolved in C6H6 and heated at 60 8C under C2H4 (1 atm) for 3 h. The
resulting solution was taken to dryness and the residue analysed by 1H
NMR. The metallacyclic compound [TpMe2Ir(CH2CH2-o-C6H4)(C2H4)] (12)
was observed in 70% yield along with other unidentified species. 1H NMR
(300 MHz, C6D6, 20 8C): d� 7.28, 7.19, 7.05, 6.84 (d, d, t, t, 3J(H,H)� 7.6 Hz,
1H each; CH of the phenyl ring), 5.67, 5.58, 5.28 (s, 1 H each; CHpyr), 3.94,
3.57 (m, AA'XX' spin system, C2H4), 3.52, 3.24, 2.90 (dd, t, t, dd, 1:1:1:1,
3J(H,H)� 17.0, 3J(H,H)� 10.3, 3J(H,H)� 9.4, 3J(H,H)� 8.5 Hz;
IrÿCH2CH2), 2.22, 2.16, 2.13, 2.09, 1.97, 1.52 (s, 3H each; 6Me); 13C{1H}
NMR (75 MHz, C6D6, 20 8C): d� 159.1 (Cq of the phenyl ring), 151.6, 150.1,
149.2, 142.5 (1:1:1:1:2; Cq (pyr)), 137.4 (Cq of the phenyl ring), 135.0, 123.6,
122.8, 121.6 (1:1:1:1; CH of the phenyl ring), 109.1, 108.5, 108.4 (1:1:1;
CHpyr), 59.2 (1J(C,H)� 162 Hz; C2H4), 40.8 (IrÿCH2CH2), 14.7, 14.5, 12.8,
12.7, 12.4 (1:1:1:1:2; 6 Me), ÿ4.4 (IrÿCH2CH2).
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Synthesis of the complexes 13 and 14 : A solution of 1 (0.15 g, 0.27 mmol) in
THF (10 mL) was heated at 60 8C for 8 h. After removal of the volatiles 1H
NMR of the residue showed the presence of two compounds in a 1:1 ratio,
identified as the hydride ± allyl species 3 and the carbene 13. They were
isolated as white and yellow microcrystalline powders, respectively, by
fractional crystallisation from petroleum ether solution. With 2-MeTHF
the two diastereoisomers 14 were obtained by the same procedure (55 % by
1H NMR) and crystallised from petroleum ether.


[TpMe2IrH(CH2CH2CH2CH3)�C(CH2)3O)] (13): 1H NMR (500 MHz, C6D6,
20 8C): d� 5.80, 5.67, 5.61 (s, 1H each; CHpyr), 3.8 (m, 2 H; OCH2), 3.4, 1.97
(m, 1 H each; IrÿCH2Pr), 2.70, 2.25, 2.18, 2.15, 2.14, 1.80 (s, 3H each; 6Me),
2.13 (m, 2H; Ir�CCH2), 1.77 (m, 2H; (CH2)2CH2CH3), 1.47, 1.35 (m, 1H
each; CH2CH2Et), 1.32 (m, 2H; CH2CH2CH2O), 1.15 (t, 3J(H,H)� 7.5 Hz,
3H; (CH2)3CH3), ÿ17.90 (s, 1H; IrH); 13C{1H} NMR (125 MHz, C6D6,
20 8C): d� 258.8 (Ir�C), 152.1, 148.9, 148.0, 143.6, 142.8, 142.5 (6Cq (pyr)),
106.0, 105.8, 104.8 (CHpyr), 78.2 (1J(C,H)� 150 Hz; CH2O), 56.6 (1J(C,H)�
129 Hz; Ir�CCH2), 36.2 (CH2CH2Et), 28.0 ((CH2)2CH2CH3), 22.8
(1J(C,H)� 132 Hz; CH2CH2CH2O), 15.0 ((CH2)3CH3), 14.6, 14.4, 13.3,
12.4, 12.2 (1:1:1:2:1; 6Me), ÿ12.2 (1J(C,H)� 120 Hz; IrCH2); IR (Nujol):
nÄ � 2128 cmÿ1 (IrH); C23H38BN6IrO (617.6): calcd C 44.7, H 6.1, N 13.6;
found C 43.7, H 6.3, N 13.0.


[TpMe2IrH(CH2CH2CH2CH3)(�C(CH2)2CH(Me)O)] (14): As mentioned
above, this compound was obtained as a 1:1 mixture of diastereomers. 1H
NMR (200 MHz, C6D6, 20 8C): d�ÿ18.12, ÿ17.98 (IrH); 13C{1H} NMR
(50 MHz, C6D6, 20 8C): d� 260.0 (Ir�C), 87.9, 87.5 (OCHMe), 57.5, 56.8
(Ir�CCH2), ÿ12.0, 12.4 (IrCH2).


Synthesis of the complexes 15, 16 and 17: A solution of 1 (0.15 g,
0.28 mmol) in 1,3-diolane (5 mL) was heated at 60 8C for 8 h. The residue
obtained after the evaporation of the solvent was studied by 1H NMR
spectroscopy, which confirmed the presence of the hydride ± allyl species 3
and the two carbene isomers 15 and 16 in a 1:2.5:1.5 ratio. Complexes 15
and 16 could not be isolated separately by fractional crystallisation, but
both were characterised spectroscopically as a mixture. Complex 17 was
obtained similarly from dioxane.


[TpMe2IrH(CH2CH2CH2CH3)(�CO(CH2)2O)] (15): 1H NMR (500 MHz,
C6D6, 20 8C): d� 5.77, 5.64, 5.55 (s, 1H each; CHpyr), 3.23 (s, 4 H;
OCH2CH2O), 3.08, 1.86 (m, 1H each; IrCH2Pr), 2.67, 2.23, 2.15, 2.13,
2.02, 1.76 (s, 3H each; 6Me), 1.55 ( m, 2H; (CH2)2CH2CH3), 1.3 (m, 2H;
CH2CH2Et), 0.98 (t, 3J(H,H)� 7.3 Hz, 3H; (CH2)3CH3), ÿ17.66 (s, 1H;
IrH); 13C{1H} NMR (125 MHz, C6D6, 20 8C): d� 206.4 (Ir�C), 151.9, 148.9,
147.9, 143.6, 142.7, 142.4 (Cq (pyr)), 106.2, 106.0, 105.0 (CÿHpyr), 67.2
(OCH2), 36.5 (CH2CH2Et), 27.7 ((CH2)2CH2CH3), 15.0 ((CH2)3CH3), 14.7,
14.6, 13.3, 12.4, 12.1 (1:1:1:2:1; 6Me), ÿ12.2 (IrCH2); IR (Nujol): nÄ �
2140 cmÿ1 (IrH); C22H36BN6IrO2 (619.6): calcd C 42.9, H 5.8, N 14.3;
found C 43.9, H 5.6, N 13.7. These microanalytical data are for the 15/16
mixture.


[TpMe2IrH(CH2CH2CH2CH3)(�CCH2OCH2O)] (16): 1H NMR (500 MHz,
C6D6, 20 8C): d� 5.82, 5.64, 5.62 (s, 1 H each; CHpyr), 4.75 (almost collapsed
AB system, 2 H; OCH2O), 3.63, 3.51 (AB quartet, 2J(H,H)� 17 Hz, 2H;
Ir�CCH2), 2.86, 2.07 (m, 1H each; IrCH2Pr), 2.67, 2.26, 2.20, 2.18, 2.16, 1.96
(s, 3 H each; 6Me), 1.69 (2 H; (CH2)2CH2CH3), 1.62, 1.60 (m, 2 H;
CH2CH2Et), 1.10 (t 3J(H,H)� 7.3 Hz, 3 H; (CH2)3CH3), ÿ18.59 (s, 1H;
IrH); 13C{1H} NMR (125 MHz, C6D6, 20 8C): d� 151.1, 148.8, 147.9, 143.0,
142.4, 142.0 (6 Cq (pyr)), 106.0, 105.8, 104.7 (CHpyr), 103.1 (OCH2O), 92.2
(Ir�CCH2), 35.5 (CH2CH2Et), 28.1 ((CH2)2CH2CH3), 15.1 ((CH2)3CH3),
14.4, 14.2, 13.5, 12.3, 12.2 (1:1:1:2:1; 6Me), ÿ12.4 (IrCH2); IR (Nujol): nÄ �
2130 cmÿ1 (IrH).


[TpMe2IrH(CH2CH2CH2CH3)(�CCH2O(CH2)2O)] (17): 1H NMR
(300 MHz, C6D6, 20 8C): d� 5.83, 5.66, 5.60 (s, 1H each, CHpyr), 3.78, 3.70
(AB quartet, 2J(H,H)� 20 Hz, 2H; Ir�CCH2), 3.39, 3.31 (m; OCH2), 3.31,
1.18 (m, 1 H each; IrCH2Pr), 3.18 (m, 2H; OCH2), 2.67, 2.23, 2.14, 2.13, 1.89
(s; 6 Me), 1.56 (m, 2 H; (CH2)2CH2CH3), 1.12, 0.97 (m, 2 H; CH2CH2Et),
0.96 (t, 3J(H,H)� 7.3 Hz, 3 H; (CH2)3CH3), ÿ18.9 (s, 1H; IrH); 13C{1H}
NMR (75 MHz, C6D6, 20 8C): d� 255.8 (Ir�C), 151.9, 148.7, 147.9, 143.5,
142.6, 142.3 (6Cq (pyr)), 86.4 (Ir�CCH2), 69.2 (CH2O), 62.2 (CH2O), 35.6
(CH2CH2Et), 27.7 ((CH2)2CH2CH3), 15.2 ((CH2)3CH3), 14.4, 14.3, 13.3,
12.4, 12.2 (1:1:1:2:1, 6 Me),ÿ11.7 (IrCH2); IR (Nujol): nÄ � 2120 cmÿ1 (IrH);
C23H38BN6IrO2 (633): calcd C 43.5, H 6.0, N 13.3; found C 43.8, H 6.2, N
13.1.


Synthesis of complexes 18 and 19 : A solution of the compound
[TpMe2IrH2(C2H4)] (0.04 g, 0.08 mmol) in THF (10 mL) was heated at
60 8C for 12 h. The solution was pumped off and the residue was dissolved
in C6D6 and analysed by 1H NMR spectroscopy, which showed that 18 was
the only product. The ethyl derivative 19 was prepared similarly, but with
[TpMe2IrH(C2H5)(C2H4)] as the starting material. It was obtained as a
yellow microcrystalline solid from petroleum ether solutions.


[TpMe2IrH2(�CC(CH2)3O)] (18): 1H NMR (500 MHz, C6D6, 20 8C): d�
5.73, 5.58 (s, 2H, 1 H; CHpyr), 3.61 (t, 2H; OCH2), 2.32 (t, 2H; Ir�CCH2),
2.67, 2.27, 2.18, 1.95 (s, 3 H, 6H, 3H, 6 H; 6 Me), 1.11 (q, 3J(H,H)� 7.5 Hz,
2H; CH2CH2CH2), ÿ16.94 (s, 2 H; IrH); 13C{1H} NMR (125 MHz, C6D6,
20 8C): d� 258.0 (Ir�C), 151.7, 148.5, 143.0, 142.5 (1:2:1:2, 6 Cq (pyr)), 105.1,
104.8 (1:2, CHpyr), 77.9 (OCH2), 62.8 (Ir�CCH2), 23.1 (CH2CH2CH2), 17.2,
15.2, 12.2 (1:2:3, 6 Me).


[TpMe2IrH(CH2CH3)�C(CH2)3O)] (19): 1H NMR (300 MHz, C6D6, 20 8C):
d� 5.80, 5.67, 5.61 (s, 1 H each; CHpyr), 3.67 (m, 2 H; OCH2), 3.35 (dq,
2J(H,H)� 12.2 Hz, 1H; IrCHAHBCH3), 2.75, 2.27, 2.19, 2.18, 2.02, 1.80 (s,
3H each; 6Me), 2.0 (m, 1 H; IrCHAHBCH3), 2.0 (m, 2H; Ir�CCH2), 1.15
(m, 2H; CH2CH2CH2), 1.14 (t, 3J(H,H)� 7.8 Hz, 3H; IrCH2CH3), ÿ17.92
(s, 1H; IrH); 13C{1H} NMR (75 MHz, C6D6, 20 8C): d� 258.5 (Ir�C), 151.8,
148.6, 147.7, 143.3, 142.5, 142.2 (6 Cq (pyr)), 106.0, 105.8, 104.8 (CHpyr), 78.3
(1J(C,H)� 154 Hz; OCH2), 56.5 (1J(C,H)� 128 Hz; Ir�CCH2), 22.8
(CH2CH2CH2), 18.0 (IrCH2CH3), 15.0, 14.6, 13.3, 12.4, 12.2 (1:1:1:2:1;
6Me), ÿ20.9 (IrCH2); IR (Nujol): nÄ � 2127 cmÿ1 (IrH); C21H34BN6IrO
(589): calcd C 42.9, H 5.8, N 14.3; found C 43.9, H 5.6, N 13.7.


Synthesis of [TpMe2IrH(C6H5)�C(CH2)3O)] (20): A solution of 4 (0.12 g,
0.18 mmol) in THF (10 mL) was heated at 60 8C for 3 h. The solvent was
removed under vacuum and the residue was extracted with petroleum ether
(15 mL). Filtration, concentration and cooling of the resulting solution at
ÿ20 8C afforded complex 20 as a microcrystalline solid (52 % yield). 1H
NMR (500 MHz, C6D6, 20 8C): d� 8.70, 7.37, 7.08, 6.92, 6.85 (br d, br t, t, br t,
br d, 1H each; C6H5), 5.83, 5.65, 5.51 (s, 1 H each; CHpyr), 3.71, 3.56 (m, 1H,
1H; OCH2), 2.32, 2.22, 2.15, 1.92, 1.86, 1.59 (s, 3 H each; 6Me), 2.30, 2.09
(m, 1 H, 1H; Ir�CCH2), 1.03 (m, 2 H; CH2CH2CH2), ÿ17.31 (s, 1H; IrH);
13C{1H} NMR (125 MHz, C6D6, 20 8C): d� 262.7 (Ir�C), 152.8, 148.7, 148.6,
143.1, 142.9, 142.7 (6Cq (pyr)), 137.2 (Cq of the phenyl ring), 145.8, 139.9,
125.9, 120.9 (1:1:1:2; CH of the phenyl ring), 106.3, 106.1, 105.9 (CHpyr), 79.3
(OCH2), 55.6(Ir�CCH2), 22.1 (CH2CH2CH2), 15.0, 14.8, 14.4, 12.7, 11.8, 11.7
(6Me); IR (Nujol): nÄ � 2132 cmÿ1 (IrH); C25H34BN6IrO (638.3): calcd C
47.0, H 5.4, N 13.2; found C 46.9, H 5.3, N 13.0.


Crystal structure determinations of 5 and 13
Compound 5 : A yellow prism-shaped crystal of complex 5 was coated with
epoxy resin and mounted on a kappa diffractometer. The cell dimensions
were refined by least-squares fitting of the q values of 25 reflections. The
intensities were corrected for Lorentz and polarisation effects. Scattering
factors for neutral atoms and anomalous dispersion corrections for Ir were
taken from ref. [42]. The structure was solved by Patterson and Fourier
methods. An empirical absorption correction[43] was applied at the end of
the isotropic refinement. A final mixed refinement was undertaken with
fixed isotropic factors and coordinates for H atoms. Most of the
calculations were carried out with the X-Ray 80 system.[44]


Compound 13 : A pale green crystal was mounted on the diffractometer
and the cell dimensions were refined by least-squares fitting of the setting
angles of 25 reflections. Three reflections monitored periodically during
data collection revealed no crystal decomposition. The intensities were
corrected for Lorentz and polarisation effects. Scattering factors for neutral
atoms and an anomalous dispersion correction for the Ir atom were taken
from ref. [42]. The structure was solved by Patterson and Fourier methods.
An empirical absorption correction[43] was applied at the end of the
isotropic refinement. The H1 atom was located in a final difference Fourier
synthesis at the highest peak of the map. In order to prevent bias on DF
versus F0 or (sin q)/l, the last steps of the refinement were carried out with
weights w� 1/(a� bF0)2. A final refinement was performed with fixed
isotropic temperature factors and calculated positions for H atoms (except
for H1, the coordinates of which were refined). X-Ray 80 was used for most
of the calculations.[44] Crystallographic data (excluding structure factors)
for the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publications,
refcode YEBLIA for complex 5 and refcode PALTUR for complex 13.
Copies of the data can be obtained free of charge on application to CCDC,
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Synthesis, Conformation, and Binding Properties of Cyclodextrin Homo-
and Heterodimers Connected through Their Secondary Sides
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Abstract: The synthesis of homo- and
heterocyclodextrin (CD) dimers, con-
taining two CD moieties that are linked
through their secondary sides by ali-
phatic or 2,2'-bipyridyl spacers is descri-
bed. In these dimers, the glucose units to
which the spacers are linked have been
transformed into altrose units. The dim-
ers with an octamethylene spacer show
self-complexation of the spacer in one of
the CD moieties in aqueous solution, as
revealed by 1H and 13C NMR spectro-
scopy. Using high-resolution (600 and
800 MHz) NMR spectroscopy and a


variety of 2D NMR techniques, an
assignment of nearly all of the 1H
NMR signals of two of the CD dimers
was made, affording detailed informa-
tion about the structure of these com-
pounds in water. The self-inclusion of
the spacers leads to lower binding affin-
ities for ditopic guest molecules like


p-toluidino-6-naphthalene sulfonate
(TNS) derivatives and porphyrins. When
a rigid 2,2'-bipyridyl group is used to
connect the two CD moieties, self-in-
clusion of the spacer is not possible. This
results in the formation of different
complexes with ditopic guest molecules,
for example, a 2:2 complex with a
porphyrin.
The CD heterodimers described in this
paper contain an a-CD and a b-CD
moiety. These dimers display site-specif-
ic binding of guest molecules.


Keywords: cyclodextrins ´ fluores-
cence spectroscopy ´ inclusion com-
pounds ´ NMR spectroscopy ´ site-
specific binding


Introduction


There is currently great interest in cyclodextrins (CDs) that
are covalently linked by flexible or rigid spacer molecules.[1]


Because of favorable cooperative binding effects, such dimers
are found to display high affinities for organic guest mole-
cules. For instance, by using CD dimers connected through
their primary sides, Breslow and Chung[1g] were able to
achieve binding constants as high as 1010mÿ1 for certain types
of ditopic guests. This association is nearly as strong as that
between antigens and antibodies. CD dimers offer interesting
possibilities in the field of catalysis, because they can
immobilize a substrate in a well defined geometry with
respect to a catalytically active center.[1h, 1k] Also for develop-


ing selective sensor systems CD dimers are of great potential
value.[1l, 1m]


The synthesis and properties of CD dimers that are linked
through their primary sides are well documented. Few reports,
however, have appeared on CD dimers that are connected by
their secondary sides. The synthesis of these compounds is
more complicated, because selective modification is more dif-
ficult to achieve at the secondary side of a CD than at the
primary side and, in addition, their purification is more trouble-
some. Away to overcome this problem is to protect the primary
side of CDs by reversible silylation,[2] because the protected
compounds can be readily purified by flash chromatography.
We recently reported the syntheses of both homo-[3] (1, 2, and
5) and hetero-CD dimers[4] (3, 4) in pure form, starting from
silylated mono-functionalized CD derivatives. In the dimers,
the CDs are connected at their secondary faces by flexible
aliphatic spacers or by a rigid 2,2'-bipyridyl spacer. In this
paper we give a detailed account of the synthesis and
characterization of these dimers, including nearly complete
assignments of the 600 and 800 MHz 1H NMR spectrum of
two of them, and the interpretation of the spectrum in terms
of the conformational preference of the particular dimer. In
addition, we report on the complexation properties of the
dimers as studied by fluorescence spectroscopy.
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Results and Discussion


Synthesis and characterization : The syntheses of the homo-
CD dimers 1, 2, and 5, and those of the hetero-CD dimers 3
and 4 have been outlined in preliminary communications.[3, 4]


The synthetic routes are summarized in Scheme 1 and Scheme 2
(for synthetic details see the Experimental Section). It should
be noted that mono-functionalization as described in these
schemes results in the presence of one altrose unit per CD
moiety.[5] We found that the use of the dimethylthexylsilyl
group for the synthesis of 18 does not have any advantages
over the use of the tert-butyldimethylsilyl group. We therefore
used 18 only for the synthesis of 1.


As guest molecules for the binding studies, we used tetra-
kis(4-benzoic acid)porphyrin (TcPP), tetrakis(4-sulfonato-
phenyl)porphyrin (TsPP), and p-toluidino-6-naphthalene sul-
fonate (TNS). We also synthesized the guests: 2-(p-(2'-hy-
droxyethyl)anilino)-6-naphthalene sulfonate (6) and 2-(p-
(3',6',9'-trioxa-11'-hydroxyundecane)anilino)-6-naphthalene
sulfonate (7), for which we propose the abbreviations ENS
and TENS, respectively .


The fluorescence probe ENS was prepared by a Bucherer
reaction[6] from 6-amino-2-naphthalene sulfonic acid and 2-
(4'-aminophenyl)ethyl alcohol (Scheme 3). The synthesis of
TENS involved four reaction steps (Scheme 3). Monotosyla-
tion of triethyleneglycol using NaH as a base gave 34,[7] which
was protected with a triphenylmethyl (Trt) group. The
protected compound 35[7] was allowed to react with the
alkoxy anion of 2-(4'-aminophenyl)ethyl alcohol to give 36,
which was deprotected and treated with 6-amino-2-naphtha-
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lene sulfonic acid under Bucherer conditions to provide
TENS.


NMR studies : The one-dimensional 13C and 1H NMR spectra
of compounds 2 and 4 have been described in a preliminary
communication.[4] The full assignment of the high-resolution
proton spectrum (600 MHz) of 2 was published by us
recently.[8] In order to allow a proper discussion of the present
high-resolution (800 MHz) 2D NMR study of dimer 4, the
most important results are summarized here. Mono-function-
alization of cyclodextrins breaks up the C7 symmetry, thus
making the NMR spectra extremely complicated.[9] The
behavior of dimer 2 is illustrated by the 13C NMR spectra in
[D6]DMSO and in D2O (Figure 1a and b).


When dissolved in D2O, this compound shows eight signals
for the octamethylene spacer in the region of d� 20 ± 40,
while a priori only four signals are expected for these carbon
atoms as a result of the symmetry in the molecule (Figure 2a).
Also the CD carbon atom, which resonates at d� 52 (C-3',
next to the amide bond), and the carbonyl atom of the spacer
(d� 177, not shown) appear as two signals instead of one. The
proton spectrum of 2 in D2O also displays twice as many
signals as expected for the spacer group (Figure 1d).


We propose that this doubling of signals is the result of the
presence of two conformations in solution, in which the alkyl
chain is complexed by either one of the cavities as is shown in
Figure 2b and c. The complexation of alkyl chains by cyclo-
dextrins is known to be an energetically favorable process.[10]


In an attempt to break down this self-inclusion complex, we
increased the temperature of the aqueous solution. Also an
equal volume of [D6]DMSO was added to the D2O solution to
break any possible hydrogen bonds present. Neither of these
experiments resulted in a substantial change in the proton
spectrum. The interpretation could be that the two con-
formers do not exchange on the NMR timescale, but since the
conformers of 2 are identical it is difficult to determine
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whether exchange indeed takes place. No line broadening was
observed even at high temperatures, suggesting that exchange,
if any, is slow on the NMR timescale. When compound 2 was
dissolved in pure [D6]DMSO, both the 13C and the 1H NMR
spectra were simplified (Figure 1). Apparently, the spacer is


released in pure DMSO and as a result the symmetric
structure (Figure 2a) is obtained. Since the spacer is not
released upon heating the samples in D2O, we can conclude
that the conformations in which the alkyl chains are bound in
the CD cavities are very stable.


Scheme 1. Synthesis of the homodimers 1 and 2 and the heterodimers 3 and 4.
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Scheme 2. Synthesis of the 2,2'-bipyridyl dimer 5.


The 13C NMR spectrum of the CD heterodimer 4 in D2O
solution shows sixteen signals for the octamethylene spacer in
the d� 20 ± 40 region (spectra shown in ref. [4]). In addition,
four signals are observed for the carbon atoms at C-3' of the
altrose units, which contain the spacer and four signals for the
carbonyl carbon atoms in the spacer. This multitude of signals
can be explained by assuming that the spacer is bound either
in an a-CD or in a b-CD cavity, which results in two
conformations (Figure 2b and c). These exchange slowly on
the NMR timescale. In contrast to dimer 2, dimer 4 is
dissymmetric, and the two conformations are not equivalent,
resulting in an extra doubling of the signals observed for
compound 4 when compared to 2. The 13C NMR spectrum of 4
in [D6]DMSO was recorded and was again in accordance with
a structure in which the spacer is released (see structure
shown in Figure 2a). Two separate signals remained for both
carbon atoms at C-3' and for the two carbonyl carbon atoms of
the spacer group, which are the result of the inherent
dissymmetry in the structure of the heterodimer.


The 13C NMR spectrum of 4 in D2O at 310 K showed
another interesting feature, since all signals for corresponding
carbon atoms appeared in the same ratio, that is 2:1,
supporting the presence of the two proposed conformers.
The fact that this ratio was observed for all pairs of carbon
atoms indicated that relaxation effects could be ignored. The
two carbonyl carbon signals with the highest intensity in the
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Scheme 3. Synthesis of ENS and TENS.


Figure 1. 100 MHz 13C NMR spectrum of 2 in [D6]DMSO a) and D2O
b) and 400 MHz 1H NMR spectrum of 2 in [D6]DMSO c) and D2O d).


13C spectrum of 4 in D2O, that is those at d� 176.9 and 177.8,
resonated at the same frequency as the carbonyl signals of
compound 2 in D2O (d� 177). We therefore ascribe these two
signals to the conformation in which the alkyl chain is bound
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Figure 2. Possible conformations of the cyclodextrin dimers in solution.


in the b-CD unit. Given this assignment, we may conclude that
the spacer of compound 4 is included in the b-CD unit for ap-
proximately 2�3 of the time and in the a-CD unit for 1�3 of the time.


Since the two conformers of 4 are not identical, in contrast
to 2, the exchange equilibrium between them can be studied
by variable-temperature NMR spectroscopy. When the tem-
perature was raised, the exchange equilibrium was found to
shift to the b-CD complexed form. This shift could be
quantified by integrating the H-2 signals of the altrose units
belonging to the a and b-CDs that contain the spacer group.
The temperature variation of these ratios was used to
construct an Arrhenius plot, from which the thermodynamic
parameters of the exchange reaction were calculated: DH8�
2.7� 0.1 kcal molÿ1 and DS8� 10.1� 0.4 cal molÿ1 Kÿ1. The
sign of both parameters suggests that the complexation in
the b-CD cavity is mainly entropy driven.


The conformation in which the alkyl spacer is included in
the CD cavity appeared to be extremely stable in water (vide
supra). To exclude other possibilities that could explain the NMR
results (like hindered rotation around the amide bonds or
chair ± chair interconversions of the two altrose residues in the
CD units), we decided to assign all proton signals in the 1H NMR
spectra of compound 2 in D2O using high-frequency NMR
spectroscopy (600 MHz) and 2D techniques. The complete
assignment and the chemical shifts of the protons of 2 were
presented by us recently[8] and are summarized in Table 1.


The most interesting results were the variations in the
chemical shifts found for the H-3 protons. If the values for the


units a and h (Figure 3) were not considered, the chemical
shifts of the H-3 protons of b-CD I were all between d� 4.002
and 3.934, whereas those of b-CD II were shifted upfield,
giving d values lying between 3.860 and 3.666. This suggests
that the C8 spacer is included in the cavity of b-CD II, and this


Figure 3. Labeling of the pyranoside units of 2, seen from the primary side.


was confirmed by off-resonance ROESY experiments, which
showed through-space interactions between protons of the
spacer group and some H-3 signals of b-CD unit II.


The self-inclusion of the spacer also affected the NH amide
signals of the altrose units a and h, which appeared as two
doublets. Since the shifts of amide protons in peptides as a
function of temperature can be used as a measure of the
degree of exposure of the amide group to the water phase, we
decided to determine these temperature coefficients for
compound 2 in a mixture of H2O and D2O (95:5, v/v). The
values were quite different and amounted to ÿ10.1 and
ÿ3.4 ppb per K, for NHa and NHh, respectively. These
numbers indicate that the amide group of b-CD II is either


Table 1. Chemical shifts of protons in the 600 MHz spectrum of compound
2 in D2O.


Pyranoside H-1 H-2 H-3 H-4 H-5 H-6,6'' N-H
unit [a]


a 4.961 3.785 4.203 3.909 4.273 3.812 8.063
b 4.981 3.664 4.002 3.606 3.939 ±
c 5.149 3.687 3.956 3.598 ± ±
d 5.151 3.703 3.937 3.588 ± ±
e 5.076 3.653 3.977 3.621 ± ±
f 5.047 3.630 3.994 3.597 3.898 -
g 5.069 3.634 3.934 3.710 3.698 ±
h 4.999 4.146 4.552 4.124 3.952 3.791 7.503
i 5.079 3.516 3.666 3.595 ± 3.892
j 5.070 3.643 3.860 3.600 ± ±
k 5.093 3.666 3.861 3.614 3.700 ±
l 5.095 3.672 3.852 3.626 3.701 3.896
m 5.085 3.674 3.853 3.662 3.706 3.910
n 5.104 3.625 3.766 3.688 3.759 3.924


[a] For the labeling of the pyranoside units of 2, seen from their primary
sides, see Figure 3.
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protected from the solvent or forms a strong intramolecular
hydrogen bond. Both explanations are in agreement with the
self-inclusion of the spacer in the cavity of b-CD II.


Another interesting observation was the difference in
coupling constants found for the altrose units a and h. For
unit a the 3J coupling constants were J12� 7.2 Hz, J23�
10.7 Hz, J34� 3.8 Hz, and JNH,H3�8.8 Hz, whereas for unit h
the values were: J12� 1.7 Hz, J23� 3.2 Hz, J34� 4.3 Hz, J45�
10.4 Hz, and JNH,H3� 9.0 Hz. The measured coupling constants
are in agreement with the following conformations (Figure 4):


O
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O O O
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Figure 4. 4C1 and 1C4 conformation of the altrose units.


altrose unit a in a 1C4 conformation, and altrose unit h in a 4C1


conformation. The coupling constants for the other glucopyr-
anose units were J12� 3.6 Hz and J23� 9.7 Hz, which indicate
that these units are in the most stable 4C1 conformation.


In aqueous solution, the conformational free energies of the
4C1 and the 1C4 conformation of a-d-altrose are nearly
identical.[11] The observation that the altrose unit h in 2
prefers the 4C1 conformation can be explained by inspection
of CPK models. The axial position of the spacer substituent in
the 4C1 conformation directs the spacer towards the cavity,
and thus favors inclusion. This interaction slows down the
conformational equilibrium (Figure 4) for altrose unit h and


shifts it to the 4C1 conformation. The 1C4 conformation of
altrose unit a might be stabilized by a hydrogen bond between
the hydroxyl group at C-2 of the altrose unit and the OH
group at C-3 of the adjacent glucose unit.[12] However, there is
no experimental evidence to support such a hydrogen bond.
An extra indication that the 4C1 conformation of h in water is
stabilized by the self-inclusion of the spacer is obtained from
the coupling constant of the H-1 protons of units a and h (for
both units J12� 7.1 Hz) of compound 2 dissolved in
[D6]DMSO. These values show that in this solvent both units
a and h prefer the 1C4 conformation.


Since the self-inclusion of the spacer in compound 2 could
be very well studied by high-resolution 2D NMR spectro-
scopy, we were interested in performing the same type of
experiments with the heterodimer 4. Because of the inherent
dissymmetry present in dimer 4, the 600 MHz proton spectra
were even more complicated than those of 2, and were not
very revealing. To obtain better resolved spectra, a 800 MHz
NMR spectroscopy study was carried out. Some results are
presented in Figure 5.


For the assignment of the proton signals of 4, the same
strategy was used as for 2.[8] Figure 5a shows the remarkable
increase in resolution observed in the indirect dimension of a
semi-soft COSYexperiment. Homonuclear decoupling during
the t1 evolution decay further improved the resolution of the
spectra, as is shown in Figures 5b ± d.


The chemical shifts of the protons of 4 in D2O can be
divided into two groups, corresponding to the two conformers
present in solution (Figure 2b and c). The chemical shifts of
the protons of the conformer with the spacer in the b-CD
cavity are collected in Table 2, while Table 3 contains the
proton chemical shifts of the conformer with the spacer in the
a-CD cavity. If the altrose units (A, H, N, and U, Figure 6) are
not considered, comparison of the two tables reveals that the


Figure 5. 800 MHz 2D semi-soft 1H NMR spectra of 2 in D2O with homonuclear decoupling in the indirect dimension; a) COSY spectrum; b) single RELAY;
c) double RELAY; d) phase-sensitive TOCSY (MLEV17 composite sequence for mixing, mixing time 70 ms).
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Figure 6. Labeling of the pyranoside units of 4, seen from the primary side.


chemical shifts of the H-3 signals of the CD units containing
the spacer (B ± G and V ± Z) are all below 3.951, whereas
those of the empty CDs (I ± M and O ± T) display values
higher than d� 3.970. This upfield shift is attributed to the
shielding effect of the included spacer, just as was observed
for 2. The assignment of the filled cavities was supported by
recording a ROESY spectrum, which revealed that only H-3
protons of occupied cavities, that is those whose signal is
below d� 3.951, give rise to cross peaks with the aliphatic
spacer protons (Figure 7).


Figure 7. Contour plot of a 800 MHz semi-soft ROESY experiment of 4 in
D2O, showing through-space interactions between the aliphatic protons
and the protons of the cyclodextrins. Aliphatic protons were excited by a
2708 gaussian pulse for 3.5 ms (their evolution thus created the indirect
dimension). Mean spin-lock angle 54.78, mixing time 100 ms.


A study of the coupling constants of the altrose units
showed that units A and U are in the 4C1 conformation (J12�
1.5 Hz), whereas units H and N are in the 1C4 conformation
(J12� 6.9 Hz). This again is in accordance with the observation
made for dimer 2 : altrose units of filled CDs are forced into a
4C1 conformation by the inclusion of the spacer.


In the ROESY spectrum, we could also identify cross peaks
between spacer protons and the H-4 protons of units M and T,
which belong to empty CD units. Since the H-4 protons are
situated at the outside of the cyclodextrin wall, this means that
the empty CD is located very close to the spacer group. We,
therefore, tentatively propose a structure as depicted in
Figure 2d, in which the empty CD forms a cap over the filled
CD unit.


Binding studies with fluorescent guests : The binding proper-
ties of the homodimers 1 and 2 and the heterodimers 3 and 4
were investigated with the help of the fluorescent guests TNS,
ENS, and TENS. Titrations in which the fluorescence
intensities were monitored as a function of the concentration
of the host molecule, at a fixed concentration of the guest
molecule, afforded the binding constants Kb. These constants
are summarized in Table 4 together with the observed


Table 2. Chemical shifts of protons in the 800 MHz spectrum of compound
4 in D2O. Conformer with the spacer included in the b-CD cavity.


Pyranoside unit [a] H-1 H-2 H-3 H-4 H-5


A 5.043 4.190 4.592 4.169 ±
B 5.124 3.560 3.711 3.640 ±
C 5.116 3.686 3.902 3.650 ±
D 5.137 3.707 3.903 3.657 ±
E 5.142 3.687 3.951 3.670 ±
F 5.129 3.701 3.895 3.712 ±
G 5.150 3.669 3.808 3.732 ±
H 5.014 3.843 4.220 3.952 ±
I 5.024 3.704 4.076 3.622 3.988
J 5.179 3.746 3.994 3.647 3.930
K 5.129 3.716 4.033 3.663 ±
L 5.092 3.661 3.997 3.657 ±
M 5.091 3.648 4.062 3.748 ±


[a] For the labeling of the pyranoside units see Figure 6.


Table 3. Chemical shifts of protons in the 800 MHz spectrum of compound
4 in D2O. Conformer with the spacer included in the a-CD cavity.


Pyranoside unit [a] H-1 H-2 H-3 H-4 H-5


N 5.004 3.844 4.262 3.951 ±
O 5.033 3.713 4.041 3.649 3.968
P 5.186 3.742 3.983 3.632 ±
Q 5.189 3.730 4.000 3.641 3.884
R 5.093 3.677 4.035 3.640 ±
S 5.120 3.699 4.021 3.658 ±
T 5.114 3.677 3.970 3.751 ±
U 5.095 4.178 4.623 4.232 ±
V 5.152 3.562 3.769 3.711 ±
W 5.140 3.716 3.894 3.672 ±
X 5.154 3.708 3.934 3.718 ±
Y 5.154 3.721 3.911 3.770 ±
Z 5.157 3.664 3.869 3.818 ±


[a] For the labeling of the pyranoside units see Figure 6.
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maximum emission wavelengths lmax. For comparison the Kb


values for a-CD and b-CD were also determined.
All guests are bound more tightly by the symmetrical b-CD


dimers 1 and 2, than by monomeric b-CD, which indicates a
cooperative binding process in the former CDs. On going
from TNS to ENS and then to TENS, the binding constants
decrease for CD dimers 1 and 2. This can be explained by
inspecting CPK models of the dimers and the guests. The
hydrophobic aromatic regions of the guests are approximately
14 � long, whereas the length of the hydrophobic region of
the CD dimers is larger than 16 � (value for two CD rings in
close proximity). This means that TNS cannot completely fill
the cavities of the CD dimer, while ENS and TENS will use
their relatively hydrophilic hydroxyethyl and ethylene glycol
chains for binding. The result of this will be that the energy
gain upon complexation, due to hydrophobic interactions, will
be smaller for ENS and TENS than for TNS, which leads to
the observed binding profile. For the heterodimers 3 and 4,
the opposite effect is observed: despite the fact that the guests
become more hydrophilic on going from TNS to ENS and
then to TENS, the binding constants increase in this direction.
This may be due to the larger length of the side chains in ENS
and TENS as compared to TNS. The first two guests, in
contrast to TNS, can form a more stable complex with the a-
CD part of the dimer, because their side chains fit in more
tightly. This more favorable fit compensates for the negative
effect of binding a hydrophilic chain in an apolar cavity. The
binding profiles observed for heterodimers 3 and 4 in
combination with the binding profiles of the symmetrical
dimers 1 and 2 are indicative of a site-specific guest binding in
the former set of host molecules.


Table 2 reveals that the CD dimers with short linkers (1 and
3) display higher binding constants than the dimers with long
spacers (2 and 4). This would be consistent with the
observations of Petter et al,[13] who proposed that the longer
the linking spacer between two CDs is, the more entropy must
be quenched to form a highly ordered inclusion complex. Our
NMR spectroscopy studies on the CD dimers, however,
suggest a more likely explanation of the results (vide supra).
Before the substrate can be bound in the CD dimers, it is
necessary to remove the spacers from the CD cavities. This
process is energetically unfavorable, which is reflected in the
lower binding constants.[14]


The positions of the emission maxima (lmax) in the fluores-
cence spectra of the complexes of the anilinonaphthalene
sulfonates with the CD derivatives provide information on the
extent of shielding of the guests from the aqueous solution.[15]


The values found for the complexes between TNS and the
monomeric CDs, and for the complexes between this guest
and the dimers 1 and 2 (Table 2) indicate that TNS is
encapsulated by both CD cavities of the dimers. This also
indicates that the shielding effect of a dimer is more efficient
(lower value of lmax) than the shielding of two noncovalently
linked CD molecules. The same holds for ENS and TENS.
With dimer 2 a more efficient shielding of the guests is
achieved than with 1. This is probably caused by an additional
shielding effect of the larger apolar spacer in the former CD
dimer. In the case of the heterodimers, the lmax values are
close to those measured for the 1:1 complexes of b-CD.
Table 4 shows that the encapsulation of a guest by a free a-CD
results in a lower value of lmax than encapsulation by a free b-
CD. This decrease is not clearly observed in the case of the
complexes with the heterodimers, suggesting that the shield-
ing contribution of a-CD in the heterodimers is different from
the shielding by free a-CD. A possible explanation for this
result may be that the lmax value depends on the binding
geometry of the guest-a-CD complex.[16] In the free a-CD, the
encapsulation of the aniline part of the guest will occur
through the primary side. This may result in a more efficient
shielding (a lower value of lmax) than is possible for a complex,
in which the aniline part is encapsulated through the
secondary side. In the complexes with 3 and 4, the guest can
only enter through the secondary side of the a-CD ring, which
may cause the observed effect.


Binding studies with porphyrins : As part of our studies on the
supramolecular chemistry of porphyrins,[17] we were interest-
ed in binding porphyrin derivatives in the cavities of the CD
dimers. For these studies compounds 1, 2, and 5 were chosen
as the hosts, and the porphyrins TcPP and TsPP as the guests.
Fluorescence spectroscopy was again used as the technique to
follow the binding process. We first investigated the aggrega-
tion behavior of TcPP and TsPP in water by making use of the
fact that aggregation leads to quenching of the fluorescence of
these molecules.[18] These experiments showed that the host ±
guest titrations had to be performed below 0.5 mm of
porphyrin to prevent aggregation from occurring.


The binding of porphyrins in the cavities of the CD dimers 1
and 2 resulted in a decrease of the fluorescence intensities,
yielding titration curves corresponding to the formation of 1:1
(porphyrin:CD dimer) complexes. The binding constants (Kbs)
of these complexes, calculated from curve fitting of the data
points, are summarized in Table 5.[19] For comparison, the bind-
ing constants of complexes between the unsubstituted b-CD
monomer and the two porphyrins are also given in Table 5.


The very high binding constants found for our CD dimers,
as compared to those observed for b-CD itself, indicate a
strong chelate effect.[20] Since encapsulation of a porphyrin in
dimer 2 requires the self-included octamethylene spacer to be
removed first, this dimer shows a lower binding constant when
compared to dimer 1.


Table 4. Binding constants of complexes between fluorescent guests and
hosts.[a]


Binding constant [mÿ1]
Host TNS ENS TENS


a-CD 25� 10 (453) 25� 10 (442) 30� 10 (440)
b-CD (1:1) 2100 (459) 2400 (453) 2500 (451)
(2:1) 200� 100 (446) ±[b] ±[b]


1 10500 (440) 8000 (434) 6000 (433)
2 6700 (436) 4100 (430) 3800 (430)
3 2800 (453) 3000 (450) 4000 (447)
4 600 (453) 1000 (450) 1400 (448)


[a] Maximum emission wavelength in parentheses. The estimated error in
the binding constants is 5% unless indicated otherwise. Excitation wave-
lengths are 322, 318, and 319 nm for TNS, ENS and TENS, respectively;
[guest]� 1� 10ÿ5m, [CD]� 1� 10ÿ3m, [CD dimer]� 1� 10ÿ4m. [b] Not
determined.
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In order to study the binding geometries (syn or anti,[21]


Figure 8a), of the CD dimer ± porphyrin complexes, 1H NMR
spectra of the complexes between TsPP and dimers 1 and 2
were recorded in CD3OD/D2O (1:3, v/v) at ÿ10 8C.[19] The
observed patterns indicated that the 1 ± TsPP complex has a
syn structure, and the complex between 2 ± TsPP a mixed


Figure 8. a) Syn and anti binding geometries of CD dimer porphyrin
complexes; b) proposed mechanism for the subsequent formation of 1:1,
1:2, and 2:2 CD dimer porphyrin complexes from the CD dimer 5 and TsPP.


syn/anti structure.[19] From the intensity of the signals the ratio
of the syn/anti conformers could be calculated to be 2:1. The
geometry of the anti complex could also be deduced from the
d values of the methylene spacer protons, which showed an
upfield shift (broad signals at d� 1 ± ÿ 2) due to the shielding
effect of the porphyrin core.


When porphyrin TsPP was titrated with CD dimer 5, the
titration curve was clearly different from the titration curve of
dimers 1 and 2.[19] This curve had a sigmoidal shape and could
not be fitted assuming simple 1:1 (CD dimer:porphyrin) complex
formation. The sigmoidal shape, however, can be explained if
such a 1:1 complex is formed first, followed by formation of a
2:1 (CD dimer:porphyrin) complex. In a subsequent step, the
two remaining empty CD units then encapsulate a second
porphyrin to form a 2:2 complex (Figure 8b). The formation
of such a complex was confirmed by gel chromatography
experiments.[19] The 5 ± TsPP complex was eluted faster than
the complexes 1 ± TsPP and 2 ± TsPP, which suggests that the
former complex has a higher molecular weight, supporting the
idea of the formation of a 2:2 complex.


Since the bipyridine spacer of CD dimer 5 is capable of
binding metal ions, we also performed the titration of TsPP in
the presence of 0.5 equivalent of Znii ions.[19] The formation of
the 2:2 complex was facilitated, probably because the metal
ion coordinates the bipyridine units of two molecules of 5 in a
tetrahedral fashion (Figure 9). This 2:2 cross dimer structure
was supported by 1H NMR spectroscopy studies.[18] The
binding constants for both the 5 ± TsPP complex and the 5 ±
TsPP ± Zn2� complex are very high: the estimated values
amounted to Kb� 5� 107mÿ 1.


Conclusion


The studies presented here reveal that CD dimers linked by a
long aliphatic spacer undergo self-complexation in aqueous
solution. This self-inclusion leads to more signals in the 1H
and 13C NMR spectra than are expected on the basis of the
symmetric structures of the CD dimers. Using soft-pulse 2D
NMR spectroscopy techniques, we were able to assign nearly
all of the 1H NMR signals of CD dimers 2 and 4. This allowed
us to get detailed information on the conformations of the
dimers, in particular on those of the altrose moieties to which
the aliphatic spacers are attached. The altrose unit belonging
to the CD which includes the spacer has the 4C1 and the other
the 1C4 conformation. Although the conformational free
energies of the 4C1 and the 1C4 conformations of a-d-altrose
itself are rather similar, the inclusion of the spacers in 2 and 4
stabilizes the 4C1 conformation of one of the altrose units,
probably because in this conformation the spacer is more
favorably directed towards the cavity.


The self-inclusion of the spacer affects the affinities of the
CD dimers for ditopic guests like TNS and TNS analogues,
and porphyrins, as was demonstrated by host ± guest binding
studies. When the CD rings are connected by a rigid 2,2'-
bipyridyl spacer, the self-inclusion process of this spacer is not
possible, leading to a higher affinity for porphyrin guests. The
results obtained with the TNS analogues show that site-
specific binding in CD dimers is possible if host and guest are
well tuned to one another.


Table 5. Binding constants of complexes between porphyrins and CD
dimers.[a]


Binding constant [mÿ1]
Host TsPP TcPP


b-CD 1400 1700
1 0.8� 106 1.9� 106


2 0.4� 106 0.9� 106


5 > 5� 107[b] ±


[a] At 25.0� 0.1 8C; phosphate buffer 0.1m, pH 7.0, lexc� 415 nm, lem�
635 nm. The estimated error in the binding constants is smaller than
10%. [b] Estimated value.
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Experimental Section


General methods : THF and toluene were distilled from sodium and
benzophenone. Ethanol was dried by refluxing for at least 8 h over
magnesium (activated by a little iodine) followed by distillation. Pyridine
and acetonitrile were dried by refluxing for at least 8 h over CaH2 (5 g Lÿ1)
followed by distillation. DMF was dried by stirring overnight on CaH2


followed by distillation under reduced pressure (1 mm Hg). All dry solvents
were kept over molecular sieves (3 �). Ethyl acetate was distilled in vacuo.
All other solvents were used as received. Flash column chromatography of
cyclodextrin derivatives was performed on silica gel (Merck, particle size
<0.063 mm). Other compounds were purified on silica 60 (Merck). The
TLC plates used were precoated silica gel 60 F254 on glass plates (Merck).
Compounds containing a cyclodextrin unit were detected by spraying with
a 10% solution of H2SO4 in ethanol followed by heating with a heat gun.
Eluents used in chromatography were mixtures (v/v) of ethyl acetate,
ethanol, and water (A: (100:4:2); B: (100:8:4); C: (100:14:8); D:
(100:30:16); E: (100:2:1)) and a mixture (v/v) of n-propanol:ethyl
acetate:water:ammonia (F: (5:3:3:1)). Tosyl chloride was recrystallized
from hexane before use. 2-Bromo-5-methylpyridine was prepared from
commercially available 2-amino-5-methylpyridine in 92% yield using a
procedure described by Adams et al.[22] for 2-bromo-3-methylpyridine. The
Raney nickel was dried before use as follows: water was removed and the
solid was repeatedly washed with ethanol under argon, twice with ethanol,
technical grade, and twice with ethanol, analytical grade. The last traces of
ethanol were removed in vacuo. The potassium salt of N-hydroxysuccini-
mide was prepared as described before.[23] All other reagents were used as
received.


NMR spectra were recorded on Bruker WH-90, Bruker AC-100, or Bruker
AM-400 instruments. Chemical shifts (d) are reported in ppm downfield
from internal (CH3)4Si (TMS). In order to facilitate the interpretation of
the 13C NMR spectra of the cyclodextrin derivatives, 13C 135-DEPT spectra
were recorded, which enabled the assignment of the CH2 and the
quarternary carbon atoms. FAB mass spectra were recorded on a VG
7070E instrument or a Finnigan MAT 90 spectrometer. The matrix for
these measurements was m-nitrobenzylalcohol (NBA) for the silylated
cyclodextrin derivatives and glycerol for the desilylated cyclodextrins.
Melting points were determined on a Reichert Thermopan microscope and
are uncorrected. IR spectra were measured on a Perkin Elmer 298
spectrophotometer. Elemental analyses were carried out on a Carlo Erba
EA 1108 instrument.


2D NMR experiments : 600 MHz 1H NMR spectra were acquired on a
Bruker AMX-600 spectrometer, upgraded with a multichannel interface
and a cooling unit. Sample concentrations were 5mm and the temperature
was set at 298 K. For soft pulses, typically a 7 ms Gaussian 2708 pulse and a
18.5 ms G3 Gaussian Cascade pulse were used for the selective excitation
and refocusing of the anomeric proton signals. All spectra except RELAYs


were acquired in the phase sensitive mode using the TPPI
method. The 800 MHz spectra were recorded on a Bruker
DRX-800 spectrometer, equipped with a 15N/13C/1H 5 mm
inverse probehead. Thanks to digital filtering the non-
anomeric CD protons could be detected separately.


Fluorescence measurements : Fluorescence measurements
were performed on a Perkin Elmer LS50B luminescence
spectrometer. A 1.00 cm quartz cuvette (4 mL) was used,
which was placed in a thermostated (25.0� 0.1 0C) cuvette
holder. All measurements were carried out using a 0.1m
buffer (pH 7.0) of KH2PO4 in distilled or demineralized
water. The concentration of the fluorophore was kept
constant in every experiment by using stock solutions of
known concentrations. Typical concentrations were 1�
10ÿ5m for the TNS derivatives and 2� 10ÿ7m for the
porphyrins. A known amount of CD (dimer) was added to
a portion of these stock solutions, yielding a solution with
known concentrations of CD and fluorophore. The concen-
tration of CD (dimer) that was used, depended on the
binding constant of the complex and was chosen in such a
way that the titration yielded at least 10 data points in the
region where 20 ± 80% of complex is formed. This region
allows the most accurate determination of binding con-


stants.[24] The excitation wavelengths that were used, are (nm): TNS, 322;
ENS, 318; TENS, 319; TsPP, 413; and TcPP, 415. The excitation slits were
2.5 nm and the emission slits were between 2.5 ± 10 nm depending on the
fluorescence intensity of the probe under investigation. No oxygen
quenching of the fluorescence was observed for TNS derivatives. Signifi-
cant photodecomposition of the porphyrins occurred if the excitation slits
were>2.5 nm, and if the scan speeds were<60 nm minÿ1. A scanning speed
of 120 nm minÿ1 over a region of only 20 nm therefore was used in the case
of the porphyrins studied. The titrations were carried out by starting with a
solution of the probe compound (2000 mL) and adding small portions of the
CD stock solution (5 ± 1000 mL). After every addition a spectrum was
recorded, which was stored in a computer. By substracting the first from the
last spectrum, a difference spectrum was obtained, which revealed at what
wavelength the maximum change in the fluorescence intensity had
occurred. Subsequently, the fluorescence intensity at this wavelength was
determined in the stored spectra. Intensities were plotted as a function of
the CD (dimer) concentration, and data were fitted assuming a 1:1
complex.[7]


Gel chromatography of porphyrin dimer complexes: Gel chromatography
was performed using standard procedures for column packing. A column
(length 30 cm, bed volume 200 mL) was filled with Fractogel (TSK HW-40
(F), Merck). The flow rate was 13.2 mL hÿ1. The exclusion limit of the
column for carbohydrates was Mr 7000 as quoted by the manufacturer.
Compounds were detected with a UV detector (LKB Uvicord S 2138) at
278 nm. The fractions that gave a signal on the detector were checked after
lyophilization for the presence of CD derivatives and porphyrins by 1H
NMR spectroscopy (90 MHz).


NMR spectra of porphyrin dimer complexes: 1H NMR spectra (400 MHz)
were recorded in a mixture of D2O and CD3OD (75:25, v/v). [porphyrin]�
1.5� 10ÿ3m, [cyclodextrin dimer]� 3 ± 4.5� 10ÿ3m. Before acquisition, the
sample was presaturated to reduce the HDO signal.


N,N''-Bis[mono(3-deoxy)-b-CD]-butan-1,4-diamide (1): To a solution of
dimer 21 (0.77 g, dried at 40 8C, 2 h, 0.05 mm Hg) in THF (25 mL) was
added a solution of TBAF (3.20 mL, 1.0m) in THF. After 18 h refluxing,
water (25 mL) was added, and the reaction mixture was concentrated in
vacuo. The resulting residue was dissolved in a minimum amount of water
and precipitated in ethanol (100 mL, analytical grade). The precipitate was
collected by centrifugation. The precipitation was repeated two times to
remove all tetrabutylammonium salts. Yield: 0.39 g (95 %). M.p.: 265 ±
268 8C; Rf(E)� 0.1; 1H NMR (400 MHz, D2O): d� 5.09 (d, 1 H; H-1),
5.03 ± 4.96 (m, 12H; H-1), 4.90 (d, 1 H; H-1), 4.21 ± 4.15 (m, 4 H), 3.96 ± 3.75,
and 3.66 ± 3.52 (2�m, ca. 84 H; H-2, H-3, H-4, H-5, H-6), 2.57 (m, 4H; CH2


spacer); 13C NMR (100 MHz, D2O): d� 176.12 (C�O), 105.06 ± 102.41 (C-
1), 82.32 ± 81.21, 74.41 ± 71.11, 61.58 (C-2, C-3, C-4, C-5), 60.97 (C-6), 59.38,
and 52.20 (CÿNH), 32.28 (CH2); IR (KBr): nÄ � 1680 ± 1610, 1560 ±
1550 cmÿ1 (amide I and II); MS (FAB): m/z : 2349.9 [M�1];
C88H144N2O70 ´ 15H2O: calcd C 40.34, H 6.69, N 1.07; found C 39.92, H
6.52, N 1.07.


Figure 9. Computer-generated model of the 5-TsPP-Zn2� complex.







Cyclodextrin Homo- and Heterodimers 2237 ± 2250


Chem. Eur. J. 1998, 4, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2247 $ 17.50+.25/0 2247


N,N''-Bis[mono(3-deoxy)-b-CD]-decane-1,10-diamide (2): Deprotection of
22 was performed as described for compound 1. Using dried dimer 22
(0.59 g) and a solution of TBAF (2.70 mL, 1.0m) in THF yielded the pure
product after work up. Yield: 0.31 g (88 %). M.p.: 246 ± 248 8C; Rf(E)� 0.1;
1H NMR (600 MHz, D2O): see Table 1. 13C NMR (100 MHz, D2O): d�
177.84 and 176.98 (C�O), 105.02 ± 102.30 (C-1), 82.41 ± 80.05 and 77.86 ±
69.06 (C-2, C-3, C-4, C-5), 61.90 ± 60.71 (C-6), 52.45 and 52.13 (CÿNH),
37.62, 36.87, 30.28, 30.16, 29.12, 28.77, 26.95 and 26.32 (8�CH2 ± spacer); IR
(KBr): nÄ � 1670 ± 1610, 1560 ± 1550 cmÿ1 (amide I and II); MS (FAB): m/z :
2430.5 [Mÿ 2]; C94H156N2O70 ´ 7H2O: calcd C 44.10, H 6.69, N 1.09; found C
44.01, H 6.91, N 1.17.


N-[Mono(3-deoxy)-b-CD]-N''-[mono(3-deoxy)-a-CD]-butane-1,4-diamide
(3): To a solution of compound 25 (140 mg) in THF (10 mL) was added
TBAF (0.57 mL of a 1.0m stock solution in THF, 15 equiv). The mixture
was refluxed (24 h) until the reaction was completed according to TLC
(eluent E). The reaction mixture was concentrated in vacuo, and the
residue was dissolved in a minimum amount of water. This solution was
poured into acetone yielding a white precipitate. Repeating this procedure
twice afforded pure compound 3. Yield: 42 mg (50 %). M.p.: >280 8C
(decomp); Rf(E)� 0.1; 1H NMR (400 MHz, D2O): d� 5.06 (m, 3 H; H-1),
5.00 (m, 6 H; H-1), 4.95 (m, 2H; H-1), 4.89 (m, 2 H; H-1), 4.17 ± 4.13 (m,
4H), 3.93 ± 3.76 and 3.64 ± 3.52 (2�m, ca. 74H; H-2, H-3, H-4, H-5, H-6),
2.56 (br.s, 4 H; CH2 ± spacer); 13C NMR (100 MHz, D2O): d� 176.07
(CÿO), 105.48 and 105.00 (C-1A and C-1A'), 103.16 ± 101.62 (C-1), 82.79 ±
81.21, 79.75, 77.28, 74.37 ± 72.43, 71.36 and 71.06 (C-2, C-3, C-4, C-5), 62.01 ±
60.91 (C-6), 52.19 and 51.98 (CÿNH), 32.25 (CH2--spacer); IR (KBr): nÄ �
1680 ± 1610, 1560 ± 1520 cmÿ1 (amide I and II); MS (FAB): m/z : 2189
[M�1]; C82H134N2O65 ´ 5H2O: calcd C 43.24, H 6.37, N 1.23; found C 43.08,
H 6.30, N 1.30.


N-[Mono(3-deoxy)-b-CD]-N''-[mono(3-deoxy)-a-CD]-decane-1,10-diamide
(4): Deprotection of compound 4 was achieved as described for 3. Starting
with compound 26 (140 mg), a crude product was obtained after removal of
the solvent. This was dissolved in a minimum amount of water and poured
into ethanol (analytical grade), yielding a white precipitate. Repeating this
precipitation afforded compound 4, which was still contaminated with
tetrabutylammonium salts. The latter salts could be removed by running
the compound, dissolved in water, over a cation exchange column in the
NH�


4 form. Yield: 60 mg (71 %). M.p.:> 310 8C (decomp); Rf(E)� 0.1; 1H
NMR (400 MHz, [D6]DMSO): d� 4.90 ± 4.57 (5�m, 13H; H-1), 4.03 (m,
4H), 3.90 (m, 2H), 3.76 ± 3.25 (2�m, ca. 74H; H-2, H-3, H-4, H-5, H-6),
2.06 (br.t, 4H; CH2ÿCO) 1.48 (br.s, 4 H; CH2 ± spacer), 1.24 (br.s, 8H;
CH2 ± spacer), see also Table 2 and 3 for 800 MHz spectrum in D2O; 13C
NMR (100 MHz, [D6]DMSO): d� 172.21 and 172.03 (2�C�O), 104.72
and 104.35 (C-1A and C-1A'), 102.49 ± 101.15 (C-1), 82.92, 81.96 ± 80.53,
79.66, 79.47, 76.59, 73.54 ± 71.72, 70.58 (C-2, C-3, C-4, C-5), 59.92 ± 59.45
(C-6), 50.20 and 49.63 (CH2ÿCO spacer), 35.65, 28.87 and 25.27 (CH2 ±
spacer); IR (KBr): nÄ � 1670 ± 1600, 1560 ± 1520 cmÿ1 (amide I and II); MS
(FAB): ÿm/z : 2271 [Mÿ 1]; C88H146N2O65 ´ 4 H2O: calcd C 45.09, H 6.62, N
1.20; found C 45.12, H 6.49, N 1.24.


N,N''-Bis[mono(3-deoxy)-b-CD]-5,5''-dicarboxamide-2,2''-bipyridine (5):
Compound 31 (640 mg) was dried (1 h, 0.05 mm Hg, 40 8C) and dissolved
in THF (15 mL). After addition of a stock solution of TBAF (2.4 mL, 1.0m)
in THF (15.5 equiv), the reaction mixture was refluxed for 24 h. After
concentration in vacuo, the crude product was dissolved in a minimum
amount of water. This solution was poured into ethanol (analytical grade),
and the product was collected by centrifugation. Repeating this procedure
twice afforded pure compound 5 as a slightly purple precipitate. Yield:
260 mg (67 %). M.p.: 325 ± 327 8C (decomp); 1H NMR (400 MHz, D2O):
d� 8.90 (s, 2 H; ArÿH), 8.24 (br.s, 2H; ArÿH), 8.13 (br.s, 2H; ArÿH),
5.08 ± 4.98 (m, 14H; H-1), 4.45, 4.21 (2� br.s, 2� 2H) and 4.07 ± 3.49 (2�
m, ca. 80 H; H-2, H-3, H-4, H-5, H-6); 13C NMR (100 MHz, D2O): d� 168.9
(C�O), 157.7 (bipy-C-2), 149.5 (bipy-C-6), 138.5 (bipy-C-4), 131.4 (bipy-
C-5), 123.3 (bipy-C-3), 105.0, and 103.2 ± 102.5 (C-1), 82.4, 82.1, 81.9, 81.4,
74.4 ± 72.6, and 71.07 (C-2, C-3, C-4, C-5), 61.5 ± 61.1 (C-6), 53.0 (CÿNH);
IR (KBr): nÄ � 1625, 1510 cmÿ1 (amide I and II, and bipyridine C�C); MS
(FAB): m/z : 2477 [M�1]; C96H146N4O70 ´ 10H2O: calcd C 43.41, H 6.30, N
2.11; found C 43.49, H 6.31, N 2.09.


2-(p-(2''-Hydroxyethyl)anilino)-6-naphthalene sulfonate (ENS, 6): The
synthesis of this compound was carried out as described by Cory et al.[6]


2-Amino-6-naphthalene sulfonate (1.75 g, 7.88 mmol), NaOH (291 mg,
7.28 mmol), and NaHSO3 (17 g) were dissolved in water (50 mL). After the


addition of 2-(4'-aminophenyl)ethyl alcohol (2.0 g, 14.6 mmol), the reac-
tion mixture was refluxed for 72 h. On cooling a precipitate was formed,
which was removed by filtration. After recrystallization (twice) from water,
the resulting slightly yellow solid was collected and dried in vacuo. Yield:
1.40 g (53 %). M.p.:> 350 8C; 1H NMR (90 MHz, D2O:[D6]DMSO, 10:1,
v/v): d� 8.3 (s, 1 H; HÿAr), 8.0 (d, 1 H; HÿAr), 7.7 (m, 2H; HÿAr), 7.5 (m,
2H; HÿAr), 7.3 (m, 4 H; HÿAr), 3.8 (t, 2 H, CH2ÿOH), 2.8 (t, 2H,
CH2ÿAr); MS (FAB): m/z : 365 [M�1]; C18H16NSO4Na: calcd C 59.17, H
4.41, N 3.83; found C 58.95, H 4.30, N 3.81.


2-(p-(3'',6'',9''-Trioxa-11''-hydroxyundecane)anilino)-6-naphthalene sulfo-
nate (TENS, 7): 2-Amino-6-naphthalene sulfonate (98 mg, 0.40 mmol)
and NaOH (16 mg, 1 equiv) were dissolved in water (5 ml). This solution
was added to compound 37 (107 mg, 1 equiv). After addition of sodium
bisulphite (2.5 g), the reaction mixture was refluxed for 48 h. Hereafter,
water (25 mL) was added and the aqueous solution was extracted with ethyl
acetate to remove unconverted 37. The water layer was concentrated in
vacuo, and the resulting residue was extracted by stirring with ethanol (3�),
and the combined ethanol fractions were concentrated to a small volume.
This solution was poured into hexane, and the resulting red precipitate was
collected by centrifugation. Yield: 13.9 mg (7%). M.p.:> 350 8C; 1H NMR
(90 MHz, D2O): d� 8.1 ± 6.6 (m, 10 H; ArÿH), 3.8 ± 3.1 (m, 14 H; CH2ÿO),
2.8 (t, 2H; CH2ÿAr); MS (FAB): m/z : 520 [M�Na]; C24H28NSO7Na ´
4H2O: calcd C 49.23, H 6.20, N 2.39, S 5.47; found C 49.09, H 6.04, N
2.74, S 5.96.


Hexakis(6-O-tert-butyldimethylsilyl)-a-CD (10): This compound was pre-
pared as compound 11, except for some modifications: To dried a-
cyclodextrin (19.0 g, 100 8C, 0.05 mm Hg, 9 h) in THF (350 mL) was added,
at 0 8C over a period of 1 h, tert-butyldimethylsilyl chloride (22.6 g,
7.7 equiv) in dry pyridine (50 mL). After stirring for 24 h at room
temperature, the reaction mixture was poured into ice/water (1 L) and
stirred for 15 min. The white precipitate was filtered over Celite and
dissolved in dichloromethane. The solution was washed twice with HCl
(1m), once with a saturated NaHCO3 solution (100 mL), and once with
brine. The organic layer was dried (MgSO4) and concentrated in vacuo to
yield a crude product (40 g). Repeated column chromatography (1.6 kg
silica, eluent A) resulted in a TLC-pure compound. Yield: 22.6 g (69 %
yield ). M.p.: 331 8C (decomp), (ref. [25] 323 ± 326 8C, (decomp); Rf(C)� 0.4;
1H NMR (400 MHz, CDCl3): d� 4.88 (d, 6 H; H-1), 4.01 (t, 6H; H-3), 3.91
(dd, 6 H; H-6), 3.84 (d, 6 H; H-6), 3.75 (d, 6 H; H-5), 3.64 (dd, 6 H; H-2),
3.59 (t, 6H; H-4), 0.89 (s, 54H; CH3ÿC), 0.03 (s, 36H; CH3ÿSi); 13C NMR
(100 MHz, CDCl3): d� 101.39 (C-1), 81.40, 74.45, 73.04, and 72.19 (C-2,
C-3, C-4, C-5), 61.95 (C-6), 25.97 (CH3ÿC), 18.42 (CH3ÿC), ÿ5.19
(CH3ÿSi). MS (FAB): m/z : 1681 [M�1]; C72H144O30Si6: calcd C 52.15, H
8.75; found C 52.39, H 8.53.


Heptakis(6-O-tert-butyldimethylsilyl)-b-CD (11): Compound 11 was syn-
thesized according to modified literature methods refs. [2, 26]. b-Cyclo-
dextrin was dried (100 8C, 0.05 mm Hg, 10 h) yielding a product (33 g),
which was dissolved under vigorous stirring in dry pyridine (500 mL). At
0 8C, tert-butyldimethylsilyl chloride (37.28 g, 8.5 equiv) in dry pyridine
(100 mL) was added in 1.5 h. After stirring overnight at room temperature,
the reaction mixture was poured into ice/water (1 L) and stirred for 15 min.
The white precipitate was filtered (over Celite) and dissolved in ethyl
acetate (800 mL), washed twice with aqueous HCl (100 mL, 1m), once with
a saturated NaHCO3 solution (100 mL), and once with brine. The resulting
organic layer was dried (MgSO4) and concentrated in vacuo yielding 66 g of
crude product. Repeated column chromatography (1.4 kg silica, eluent A)
resulted in a TLC-pure compound 11 (in our hands, purification by
recrystallization as mentioned in refer. [26] did not yield a TLC-pure
compound). Yield: 44.4 g (79 % yield). M.p.: 287 ± 289 8C (crystals from
MeOH/CHCl3, 95:5, v/v); Rf(C)�0.40; 1H and 13C NMR data were in close
agreement with reported literature values.[2] MS (FAB): m/z : 1957
[M�Na], 2067 [M�Cs]; C84H168O35Si7 ´ 2H2O: calcd C 51.17; H 8.84; found
C 51.07; H 8.85.


Mono(2-O-tosyl)hexakis(6-O-tert-butyldimethylsilyl)-a-CD (12): This
compound was synthesized from 10 as described for compound 13 from
11. Starting with a solution of compound 10 (2.87 g, dried at 80 8C,
0.05 mm Hg, 6 h) in THF (150 mL) and a dispersion of NaH (103 mg,
1.5 equiv, 60%) in mineral oil, and tosyl chloride (495 mg, 1.5 equiv)
yielded a crude product (3.0 g), which was subjected twice to column
chromatography (first run 800 g silica, eluent A, second run 800 g silica,
eluent E). In this way, pure starting material 10 (600 mg, 21 %) was
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recovered. Yield 800 mg (25 %). M.p.: 218.5 8C (decomp); 1H NMR
(400 MHz, CDCl3:CD3OD, 10:1, v/v): d� 7.89 (d, 2H; ArÿH), 7.31 (d,
2H; ArÿH), 5.11, 4.91, 4.86, 4.81, 4.76 (5�d, total 6 H; H-1), 4.13 ± 3.90 and
3.76 ± 3.49 (4�m, 35 H; H-2, H-3, H-4, H-5, H-6), 3.32 (dd, 1H), 2.43 (s,
3H; ArÿCH3), 0.88 (s, 54H; CÿCH3), 0.04 (s, 36H; SiÿCH3); 13C NMR
(100 MHz, CDCl3:CD3OD, 10:1, v/v): d� 145.42 and 132.03 (CÿAr),
129.51, 129.05 (CHÿAr), 102.95 ± 101.36 and 99.32 (C-1), 81.62 ± 80.03,
73.46 ± 71.91, 69.32 (C-2, C-3, C-4, C-5), 62.11 ± 61.94 (C-6), 25.96
(CH3ÿAr), 21.71 (CH3ÿC), 18.43 and 18.29 (CH3ÿC), ÿ5.07 and ÿ5.20
(CH3ÿSi); C79H150O32Si6S: calcd C 52.35, H 8.34, S 1.77; found C 52.34, H
8.30, S 1.63.


Mono(2-O-tosyl)heptakis(6-O-tert-butyldimethylsilyl)-b-CD (13): To
dried compound 11 (15.43 g, 80 8C, 0.05 mm Hg, 5 h) dissolved in dry
THF (200 mL) was added a dispersion of NaH (335 mg, 1.05 equiv, 60%) in
mineral oil. The solution was stirred for at least 17 h at room temperature
and 1 h at reflux temperature. To this refluxing solution was added tosyl
chloride (1.37 g, 0.9 equiv). After 1 h, TLC (C) showed the formation of
two major new products. The reaction mixture was concentrated in vacuo,
the product was dissolved in ethyl acetate, and the solution washed with
water/brine (50:50, v/v), and dried (MgSO4). After removal of the solvent
in vacuo, the resulting crude product (15.5 g) was subjected twice to column
chromatography (1.4 kg silica, eluent A). In this way also pure starting
material 11 (6.3 g) could be recovered. Yield 4.56 g: (27 %, or 46%
according to the consumed amount of 11). M.p.: 204 ± 206 8C; Rf(C)� 0.56;
1H and 13C NMR data were in close agreement with reported values.[2] MS
(FAB): ÿm/z : 2086 [Mÿ ], 2239.5 [M�NBAÿ 1]; C91H174O37Si7S: calcd C
52.32, H 8.40, S 1.53; found C 51.92, H 8.40, S 0.99.


Mono(2A,3A-anhydro)heptakis(6-O-tert-butyldimethylsilyl)-b-CD (15): To
a solution of compound 13 (500 mg) in dry ethanol (3 mL) was added
sodium ethoxide (5 mL, 55 mg of sodium in 50 mL of dry ethanol). After
the reaction mixture had been refluxed overnight it was concentrated in
vacuo, the residue dissolved in ethyl acetate, and the solution washed with
water and brine, dried (MgSO4) and concentrated to dryness. Further
purification was achieved by column chromatography (100 g silica, eluent
A, (1 L), followed by eluent B). In this way, compound 15 was obtained as a
white solid. Yield: 300 mg (65 %). M.p.: 258 8C; Rf(C)� 0.38; MS (FAB):
m/z : 1938.5 [M�Na]; C84H166O34Si7 ´ H2O: calcd C 52.15, H 8.75; found C
52.11, H 8.88.


Mono(3-amino-3-deoxy)hexakis(6-O-tert-butyldimethylsilyl)-a-CD (16):
Using the method described for compound 17, dried compound 12
(700 mg, 100 8C, 0.05 mm Hg, 1 h), ethanol (60 mL), and sodium ethoxide
(6.0 mL) in ethanol (stock: 81 mg Na in 50 mL ethanol) yielded, after work
up, crude product, which was purified by column chromatography (50 g
silica, eluent B). Yield: 405 mg (63 %). Rf(D)� 0.42; 1H NMR (400 MHz,
CDCl3:CD3OD, 2:1, v/v): d� 4.77 and 4.73 (2br.s, 5H; H-1), 4.52 (d,
3J(H,H)� 6 Hz, 1H; HA-1), 4.05 ± 3.23 and 3.03 (4�m; H-2, H-3, H-4, H-5,
H-6, CD3OH), 0.75 (s, 54 H; CÿCH3),ÿ0.05 (m, 36H; CH3ÿ Si); 13C NMR
(100 MHz, CDCl3:CD3OD, 2:1, v/v): d� 104.98, 102.70, 102.50, 101.89, and
100.85 (C-1), 81.05 ± 71.61 (C-2, C-3, C-4, C-5) 62.37 ± 61.33 (C-6), 52.09
(CÿNH2), 25.65 ± 25.54 (CH3ÿC), 18.02 ± 17.87 (CH3ÿC), ÿ5.44 ± ÿ 5.84
(CH3ÿ Si); MS (FAB): m/z : 1658 [M�1], 1789 [M�Cs]; C72H145O29Si6N ´
2H2O: calcd C 51.07, H 8.87, N 0.83; found C 51.36, H 8.74, N 0.80.


Mono(3-amino-3-deoxy)heptakis(6-O-tert-butyldimethylsilyl)-b-CD (17):
To a refluxing solution of dried compound 13 (2.52 g, 80 8C, 0.05 mm Hg,
1 h) in dry ethanol (20 mL) was added a stock solution of sodium ethoxide
(14.4 mL, 1.1 equiv) in ethanol (106 mg Na in 50 mL ethanol). After the
starting material had been converted into 15 with a yield of more than 90%
(6 h, according to TLC, eluent C), the reaction mixture was cooled to 0 8C
and saturated with ammonia gas. This mixture was transferred into an
autoclave and heated at 80 8C for 36 h. After removal of the solvent in
vacuo, the crude product was dissolved in dichloromethane. The solution
was washed with water and brine, dried (MgSO4), and concentrated to
dryness. The crude product (2.5 g) was purified by column chromatography
(150 g silica, eluent B followed by eluents C and D). Yield: 1.45 mg (62 %).
M.p.: 245 ± 255 8C (decomp); Rf(C)� 0.1; 1H NMR (400 MHz, CDCl3): d�
4.95 ± 4.75 (m; H-1 and HDO), 4.2 ± 3.3 (m, 42 H; H-2, H-3, H-4, H-5, H-6),
1.00 ± 0.75 (m, 63H; CÿCH3), 0.2 ± 0.0 (m, 42 H; CH3ÿSi); 13C NMR
(100 MHz, CDCl3): d� 104.9, 102.9, 102.6, 102.3, 102.1, 101.8, and 101.3
(C-1), 82.5 ± 71.9 (C-2, C-3, C-4, C-5) 61.9 ± 61.5 (C-6), 52.9 (CÿNH2), 25.9
(CH3ÿC), 18.2 (CH3ÿC), ÿ5.1 (CH3ÿSi); MS (FAB): m/z : 1934 [M�1],


1956 [M�Na]; C84H169O34Si7N ´ 3H2O: calcd C 50.75, H 8.87, N 0.70; found
C 50.70, H 8.80, N 0.67.


Mono(3-amino-3-deoxy)heptakis(6-O-dimethylthexylsilyl)-b-CD (18): This
compound was synthesized following the procedure described for com-
pound 17. The only difference was the use of dimethylthexylsilyl chloride
(11 molar equiv) instead of tert-butyldimethylsilyl chloride (8.5 equiv) used
for the synthesis of compound 17. Starting from dried (3.63 g, 5 h, 50 8C,
0.05 mm Hg) mono(2-O-tosyl)heptakis(6-O-dimethylthexylsilyl)-b-CD,
pure product 18 (2.81 g, 83% based on the monotosylate) could be
obtained. M.p.: 230 8C (decomp); Rf(C)� 0.18; MS (FAB): m/z : 2130.5
[M�1]; C98H197O34Si7N: calcd C 55.26, H 9.32, N 0.66; found C 55.05, H
9.81, N 0.80.


Succinic acid bis(4-nitrophenyl)ester (19): Succinic acid (2.04 g), p-nitro-
phenol (6.01 g), and a catalytic amount of 4-dimethylaminopyridine
(DMAP) were dissolved in dichloromethane (50 mL). At 0 8C, a solution
of N,N'-dicyclohexylcarbodiimide (7.47 g) in dichloromethane (25 mL) was
added. After 25 h at room temperature the reaction mixture was filtered
and evaporated to dryness. Purification of the crude product by column
chromatography (silica 60, 150 g, CH2Cl2) resulted in decomposition of the
compound. The product could however be purified by crystallization from
chloroform. Yield 2.11 g (34 %). M.p.: 184 8C; 1H NMR (100 MHz,
[D6]DMSO): d� 8.30 (d, 3J(H,H)� 9.0 Hz, 4H; ArÿH), 7.39 (d,
3J(H,H)� 9.0 Hz, 4H; ArÿH), 3.06 (s, 4 H; CH2); MS (CI) m/z : 361.2
[M�1]; C16H12O8N2: calcd C 53.34, H 3.36, N 7.78; found C 53.26, H 3.34, N
7.72.


Sebacic acid bis(4-nitrophenyl)ester (20): This compound was synthesized
as described for 19. The reaction of sebacic acid (4.85 g), p-nitrophenol
(10.04 g), a catalytic amount of DMAP, and N,N'-dicyclohexylcarbodiimide
(11.60 g) yielded pure 20 after work up and purification by repeated
crystallizations from acetonitrile. Yield 6.39 g (60 %). M.p.: 107 8C; 1H
NMR (100 MHz, [D6]DMSO): d� 8.13 (d, 3J(H,H)� 9.0 Hz, 4 H; ArÿH),
7.13 (d, 3J(H,H)� 9.0 Hz, 4 H; ArÿH), 2.5 (t, 4H; CH2ÿO), 1.8 ± 1.1 (m,
12H; CH2); MS (CI) m/z : 306 [M-(p-nitrophenol)]; C22H24O8N2: calcd C
59.46, H 5.44, N 6.30; found C 59.82, H 5.41, N 6.58.


N,N''-Bis[mono(3-deoxy)heptakis(6-O-dimethylhexylsilyl)-b-CD]-butan-1,4-
diamide (21): Monoamino-functionalized cyclodextrin 18 was thoroughly
dried (40 8C, 4 h, 0.05 mm Hg) and the dry compound (1.82 g) was dissolved
in THF (25 mL). After addition of compound 19 (0.15 g), the reaction
mixture was refluxed until the reaction was completed according to TLC
(24 h). The solvent was evaporated, and the residue was dissolved in
dichloromethane. This solution was washed with a saturated aqueous
solution of NaHCO3 (twice) and with brine (twice), dried (MgSO4),
filtered, and concentrated in vacuo. The crude product was subjected to
column chromatography (150 g silica, eluent B). Yield: 1.35 g (76 %). M.p.:
260 8C (decomp); Rf(D)� 0.54; 1H NMR (400 MHz, CDCl3): d� 6.56 ± 5.82
(OH), 5.57 ± 4.80 (3�m; H-1 and OH), 3.92 ± 3.45 (m, ca. 86H; H-2, H-3,
H-4, H-5, H-6), 3.28 (t, 2H), 2.96 ± 2.69 (m, 4H; CH2 ± spacer), 2.17 ± 1.98,
1.67 ± 1.56, 1.28 ± 1.24 (m, 3 H), 0.98 ± 082 (m, 168 H; CH3ÿC), 0.12 ± 0.07 (s,
84H; CH3ÿSi); 13C NMR (100 MHz, CDCl3): d� 172.22 (C�O), 105.18 ±
101.91 (C-1), 81.66, 81.46, 74.97 ± 67.11 (C-2, C-3, C-4, C-5), 63.17 ± 61.01
(C-6), 52.47 (CÿNH), 34.18 (CH ± thexyl), 32.73 (CH2 ± spacer), 25.17,
25.05, 23.04, 20.98, 18.47 (C ± thexyl), ÿ3.02, ÿ3.30, and ÿ3.44 (CH3ÿSi);
IR (KBr): nÄ � 1680 ± 1610, 1570 ± 1550 cmÿ1 (amide I and II); C200H396O76-


Si14N2 ´ H2O: calcd C 55.12, H 9.20, N 0.64; found C 55.12, H 9.92, N 0.73.


N,N''-Bis[mono(3-deoxy)heptakis(6-O-tert-butyldimethylsilyl)-b-CD]-decan-
1,10-diamide (22): Compound 22 was obtained in the same way as
described for 21. Starting from dry compound 17 (1.65 g) and compound 20
(180 mg), a crude product was obtained after work up that was purified by
column chromatography (first 150 g silica, eluent B; second 150 g silica,
eluent A). Yield: 1.63 g (57 %). M.p.: 265 ± 270 8C (decomp); Rf(C)� 0.28;
IR (KBr): nÄ � 1680 ± 1610, 1570 ± 1550 cmÿ1 (amide I and II); MS (FAB):
m/z: 4028.2 [Mÿ 3]; C178H352O70Si14N2 ´ H2O: calcd C 52.76, H 8.81, N 0.69;
found C 52.05, H 8.72, N 0.79.


Coupling product of b-cyclodextrin derivative 17 with compound 19 (23):
To a solution of dried compound 17 (334 mg, 80 8C, 2 h, 0.05 mm Hg) in
THF (30 mL) was added compound 19 (500 mg, 8 equiv). The reaction
mixture was heated at 40 8C for 24 h and subsequently concentrated in
vacuo. The crude product was immediately subjected to column chroma-
tography (10 g silica, eluent A). To prevent decomposition during the
purification procedure, the column should not be too long and the elution
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rate not be too low. Yield: 188 mg (51 %). Rf(C)� 0.53; MS (FAB): m/z:
2154 [Mÿ ], 2014 [M-(p-nitrophenol)]. Because of its instability, the
product was directly converted into compound 25 without further analysis.


Coupling product of b-cyclodextrin derivative 17 with compound 20 (24):
Compound 24 was obtained as described for 23. Starting from dried 17
(280 mg) and compound 20 (760 mg, 12 equiv), a crude product was
obtained, which was immediately subjected to column chromatography
(75 g silica, eluent A). The decomposition of 24 during purification was less
(but not negligible) than observed for compound 23. Yield: 205 mg (63 %).
Rf(C)� 0.47; 1H NMR (90 MHz, CDCl3): d� 8.7 and 7.3 (2� d, 4H;
ArÿH), 4.9 (br.s, 7H; H-1), 4.3 ± 3.5 (br.m, ca. 42 H; H-2, H-3, H-4, H-5,
H-6), 2.7, 2.5, 1,8, and 1.4 (4� br.m, ca. 16 H; CH2 ± spacer), 0.9 (br.s, ca.
63H; CH3ÿC), 0.0 (br.s, ca. 42 H; CH3ÿSi); MS (FAB): m/z: 2239.5 [M�],
2261 [M�Na].


N-[Mono(3-deoxy)heptakis(6-O-tert-butyldimethylsilyl)-b-CD]-N''-[mono-
(3-deoxy)hexakis(6-O-tert-butyldimethylsilyl)-a-CD]-butan-1,4-diamide (25):
To a solution of compound 23 (188 mg) in THF (10 mL) was added
compound 16 (150 mg). The reaction mixture was refluxed until the
reaction was completed according to TLC (eluent C, 20 h). After
concentration in vacuo, the residue was directly subjected to column
chromatography (25 g silica, eluent A). Yield: 195 mg (61 %). 1H NMR
(90 MHz, CDCl3): d� 4.8 (br. signal; H-1), 4.2 ± 3.4 (br. m; H-2, H-3, H-4,
H-5, H-6), 2.5 (br. signal; CH2 ± spacer), 0.8 (br. s; CH3ÿC), 0.0 (br.s;
CH3ÿSi); MS (FAB): m/z: 3673 [M�].


N-[Mono(3-deoxy)heptakis(6-O-tert-butyldimethylsilyl)-b-CD]-N''-[mono-
(3-deoxy)hexakis(6-O-tert-butyldimethylsilyl)-a-CD]-decan-1,10-diamide
(26): This compound was synthesized from compound 24 (135 mg) as
described for 25. The crude product was purified by column chromatog-
raphy (40 g silica, eluent A). Yield: 180 mg (80 %). MS (FAB): m/z: 3755
[M�].


5,5''-Dimethyl-2,2''-bipyridine (27): The synthesis of compound 27 was
performed using a procedure of Breitmaier et al. ,[27] which was modified as
follows: Under argon, 2-bromo-5-methylpyridine (40.95 g) was dissolved in
toluene (150 mL). This solution was added to a suspension of dried Raney
nickel (8.0 g) in toluene (50 mL). After refluxing for 3 days, the solution
was cooled to room temperature, and the precipitate was collected by
filtration. The filtrate was rinsed with toluene to remove unconverted 2-
bromo-5-methylpyridine. The green residue was dried in vacuo yielding
27 ´ NiBr2 (45.5 g, 96%). An amount of this product (25.4 g) was dissolved
in aqueous HCl (300 mL, 6m) and an aqueous NH3 solution (25 %) was
added until the former solution was basic. Many (approx. 50!) extractions
with CHCl3 were necessary to obtain a crude product (10 g). Compound 27
was obtained as white needles, after purification by column chromatog-
raphy (Silica 60, CHCl3) followed by recrystallization from ethanol. Yield:
8.7 g (74 %). M.p.: 114 ± 115 8C (ref. [28]: 114.5 ± 115 8C); 1H NMR (90 MHz,
CDCl3): d� 8.4 (s, 2 H; ArÿH-6), 8.3 (d, 2 H; ArÿH-3), 7.5 (d, 2H; ArÿH-
4), 2.3 (s, 6 H; CH3); C12H12N2: calcd C 78.23, H 6.56, N 15.20; found C
78.14, H 6.82, N 14.98.


[2,2''-Bipyridine]-5,5''-dicarboxylic acid (28): Compound 27 was oxidized
with KMnO4 following a procedure described by Case,[29] which was
modified as follows: A mixture of KMnO4 (30.8 g) and compound 27 (5.6 g)
in water (500 mL) was heated at 70 8C for 24 h. After filtration of the
reaction mixture and washing the brown filtrate with aqueous NaOH (1M,
50 mL), the combined water fractions were collected and washed three
times with CHCl3 to remove unconverted 27. The aqueous solution was
neutralized with HCl (2m) and concentrated (300 mL). After acidifying to
pH 6, the light blue precipitate was collected by centrifugation, washed
with ethanol (three times), and dried in vacuo. Yield: 5.25 g (71 %). M.p.:
>350 8C; 1H NMR (90 MHz, D2O, NaOD): d� 8.9 (s, 2H; ArÿH-6), 8.2 (d,
2H; ArÿH-3), 7.7 (d, 2 H; ArÿH-4); IR (KBr): nÄ � 1680 (CO), 1590 cmÿ1


(Ar).


[2,2''-Bipyridine]-5,5''-dicarboxylic acid bis(N-hydroxysuccinimide) ester
(30): Compound 28 (2.17 g) was dissolved in SOCl2 (40 mL) and refluxed
for 24 h. After removal of the excess of SOCl2 in vacuo, the resulting diacid
chloride was directly dissolved in CH2Cl2 and the potassium salt of N-
hydroxysuccinimide (5.0 g, 3.7 equiv) was added. After 6 h of stirring at
room temperature, the reaction was quenched by addition of an aqueous
saturated solution of NaHCO3 (200 mL). The aqueous layer was extracted
15 times with CH2Cl2 (150 mL). The combined organic layers were dried
(Na2SO4) and concentrated in vacuo yielding a crude product (2.4 g).


Removal of unconverted compound 28 was achieved by dissolving the
crude product in CH2Cl2 (1 L), followed by washings with aqueous NaOH
(0.5m), a saturated solution of NaHCO3 and with brine. The resulting
compound was recrystallized from acetonitrile to give light yellow crystals.
Yield: 1.7 g (43 %). M.p.: 300 8C (decomp); 1H NMR (100 MHz,
[D6]DMSO): d� 9.40 (s, 2 H; ArÿH), 8.73 (s, 4 H; ArÿH), 2.94 (s, 8H;
CH2); C20H14N4O8: calcd C 54.80, H 3.22, N 12.78; found C 55.18, H 3.27, N
12.58.


N,N''-Bis[mono(3-deoxy)heptakis(6-O-tert-butyldimethylsilyl)-b-CD]-5,5''-
dicarboxamide-2,2''-bipyridine (31): To a solution of dried (2.45 g, 1 h,
40 8C) monoamino-functionalized cyclodextrin 17 in THF (30 mL) was
added compound 30 (277 mg, 1 equiv). After addition of two drops of
triethylamine, the reaction mixture was refluxed for 40 h. After removal of
the organic solvents in vacuo, the resulting solid was dissolved in ethyl
acetate. The solution was washed with NaOH (twice, 1m) and brine (twice),
dried over MgSO4, and concentrated in vacuo to yield a crude product
(2.5 g). Compound 31 was purified by column chromatography (300 g silica,
eluent A) yielding a white solid. Yield: 1.15 g (45 %). M.p.:> 350 8C; 1H
NMR (400 MHz, CDCl3): d� 9.5 ± 7.8 (5� br. s, ca. 6H; ArÿH), 5.1 ± 4.6
(br. m, 14H; H-1), 4.4 ± 3.2 (br. m; H-2, H-3, H-4, H-5, H-6), 0.9 ± 0.6 (br. s;
CH3ÿC), 0.2 ± ÿ 0.2) (br. s; CH3ÿSi). The peaks in the NMR spectra of this
compound were broad, which may be due to the presence of more than one
conformer in solution; 13C NMR (100 MHz, CDCl3): d� 168, 156, 149,
147.5, 138, 137.5, 129.5, 124 (ArÿC and CO, more signals than expected
probably due to the presence of more conformers), 104.3 ± 100.5 (C-1),
83.1 ± 71.7 (C-2, C-3, C-4, C-5), 62.7 ± 61.4 (C-6), 26.7 ± 25.8 (CH3ÿC), 18.3
(CH3ÿC), ÿ4.8 ± ÿ 5.5) (CH3ÿSi); C180H342N4O70Si14 ´ 4H2O: calcd C 52.12,
H 8.50, N 1.35; found C 52.12, H 8.55, N 1.29.


13-(4''-Aminophenyl)-1,1,1-triphenyl-2,5,8,11-tetraoxatridecane (36): Com-
pound 35 (2.6 g, 4.76 mmol) and 2-(4'-aminophenyl)ethyl alcohol (627 mg,
0.95 equiv) were dissolved in THF (60 mL), and potassium tert-butoxide
(513 mg, 0.95 equiv) was added in one portion. After 6 h, the reaction
mixture was concentrated in vacuo, and the residue dissolved in ethyl
acetate. The solution was washed with water and brine, dried over MgSO4,
and concentrated. The crude product was purified by column chromatog-
raphy (200 g silica 60; eluent 1% MeOH (v/v) in CHCl3). This yielded
compound 36 as an orange oil. Yield: 1.7 g (70 %). 1H NMR (90 MHz,
CDCl3): d� 7.5 ± 7.1 (m, 15 H; H-Trt), 6.9 ± 6.8 (d, 2H; ArÿH), 6.5 ± 6.4 (d,
2H; ArÿH), 3.8 ± 3.3 (m, 12 H; CH2ÿO), 3.2 (t, 2H; CH2ÿOTrt), 2.8 (t, 2H,
CH2ÿAr).


11-(4''-Aminophenyl)-3,6,9-trioxaundecanol (37): Compound 36 (805 mg,
1.37 mmol) was dissolved in acetic acid (150 mL) and kept at 40 8C for 24 h.
Subsequently, aqueous HCl (150 mL, 1m) was added, and the reaction
mixture was washed with ethyl acetate to remove unconverted starting
compound. NaOH was added to the mixture until the pH was 12. The
product was extracted with ethyl acetate and the organic layers were dried
over MgSO4 and concentrated. After purification by column chromatog-
raphy (80 g silica 60, eluent 3 % MeOH (v/v) in CHCl3) compound 37 was
obtained as an orange oil. Yield: 248 mg (59 %). 1H NMR (90 MHz,
CDCl3): d� 6.9 ± 6.8 (d, 2H; ArÿH), 6.5 ± 6.4 (d, 2H; ArÿH), 3.8 ± 3.3 (m,
14H; CH2ÿO), 2.8 (t, 2H; CH2ÿAr); MS (EI) m/z: 269 [M�1].
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Nonaromatic Planar Si12 Ring System of Approximate D6h Symmetry
in Ca7Mg7.5�dSi14
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Abstract: Ca7Mg7.5�dSi14 is the correct stoichiometry of the so called Ca7Mg6Si14 of
Gladishevskii et al.[1] Ca7Mg7.5�dSi14 is an approximate or unusual Zintl phase with
metallic conductivity that is expected to be highly anisotropic. The crystal structure
(P6/mmm (no. 191), a� 12.696(2), c� 4.4025(5) �, Z� 1) contains planar hexasilyl-
hexasilacyclohexene anions (Si12) of D6h symmetry, with a formal charge of ÿ (21�
2d), besides isolated Si4ÿ


4 anions. Quantum mechanical calculations based on the
Extended Hückel and LMTO-ASA methods establish metallic properties due to a
p* ± p* interaction of the ecliptically stacked Si12 units. The planar ring system does
not show aromaticity, but contains approximately 1.75 double bonds that are equally
delocalized.


Keywords: conducting materials ´
crystal structure ´ electronic struc-
ture ´ electron localization function
´ silicon ´ Zintl phases


Introduction


We are studying ternary silicides MxM'ySi because there is
evidence that the ratio x :y has a pronounced effect on the
structure of the Zintl anions that occur at relatively high
silicon contents. In general, such compounds are semiconduc-
tors and follow a generalized (8-N) rule, the so called Zintl ±
Klemm concept.[2±8] Therefore, if M and M' do not belong to
the same group of elements, for example, they transfer
different numbers of valence electrons to the silicon cluster
anions, a variation in the latter must occur according to the
change in electronic structure. For the case that the metal
components M and M' belong to the same group and transfer
the same number of valence electrons, more subtle effects
determine the structure of the Zintl anions Sim


nÿ ; these arise
from acid ± base interactions, size factors, and electronegativ-
ity differences.


High-pressure experiments by Evers et al.[9±12] have shown
that the structures of Zintl anions can be changed by
application of fairly moderate external pressure. From a
number of investigations we know that magnesium has quite a


different effect on Zintl anions than the heavier alkaline earth
metals calcium, strontium, and barium.[13, 14] Indications for
this difference are already obvious from the comparison of the
binary alkaline earth metal silicides. In the binary Mg/Si
system only the saltlike Mg2Si[15] is known, containing isolated
Si4ÿ anions with a large formal charge transfer, while the
heavier homologues form a number of binary silicides with
different Zintl anions.


There are seven binary phases bordering the ternary system
Ca/Mg/Si. Mg2Si and the Laves-phase CaMg2


[16] are the only
binary phases in their systems, while five well-characterized
binary Ca/Si compounds have been reported. In Ca2Si[17]


isolated Si4ÿ anions are found. Ca5Si3
[18] again contains


isolated Si4ÿ together with Si6ÿ
2 dumbbells. CaSi[19±22] forms


planar 11[Si2ÿ] chains, and in CaSi2
[10, 23, 24] corrugated layers of


21[Siÿ] are present. A two dimensional silicon framework is
found in Ca14Si19.[25] There is a report on a sixth binary
compound Ca3Si4,[26] but no structural data have been given.
Our own investigations support the existence of isotypic
binary and ternary compounds with the composition Ca3Si4


and Ca(3ÿx)MgxSi4, respectively.[27] The results concerning
these investigations will be reported elsewhere. Currently,
references to two ternary compounds can be found in the
literature. CaMgSi contains isolated Si4ÿ anions and was
characterized by single-crystal X-ray diffraction.[28, 29] With
some diligence a Russian conference proceeding can be found
that reports the existence of a ternary compound Ca7Mg6-


Si14.[1] The lattice constants and overall structure given in this
abstract reveal that the compound has to be identical to the
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one we present and thus has the stoichiometry Ca7Mg7.5�dSi14.
Here, d is a measure of insecurity of the composition from the
X-ray refinement rather than a measure of phase width, as we
will outline in the following. Crystal structure analysis,
magnetic and conductivity measurements, as well as
quantum mechanical investigations based on the Extended
Hückel (EHMO) and LMTO-ASA methods have been
carried out.


Experimental Section


Preparation : Ca7Mg7.5�dSi14 was prepared by direct synthesis from stoi-
chiometric amounts of the elements in niobium ampoules (length: 45 mm;
diameter: 15 mm; wall thickness: 1 mm). The ampoule was heated in a
closed quartz tube under argon atmosphere up to 1120 K for 4 hours.
According to differential thermal investigations the compound decom-
poses peritectically to the saltlike CaMgSi and elemental silicon above
1253 K. Decomposition and back formation of Ca7Mg7.5�dSi14 was proved to
be reversible by DTA and X-ray powder methods. No indication for shifts
of X-ray lines or line broadening was observed. Thus, we believe that there
is no significant phase width. For further purification of the compound, the
primary product was crushed in a mortar and the resulting powder was
pressed into a pellet (diameter: 13 mm; thickness: 2 mm), welded in a
niobium ampoule (length: 35 mm), and heated up first to 1200 K for
5 hours and then kept for another 90 hours at 1070 K. The resulting sample
is a nearly pure phase Ca7Mg7.5�dSi14 with minor CaSi2 impurity. Small gray
single crystals with metallic luster could be separated from the pellet. The
compound is stable in air for month, but reacts with diluted mineral acids
under formation of silanes and amorphous silicon.


Results and Discussion


Physical properties : In order to get more information on the
physical properties of the compound, magnetic and conduc-
tivity measurements were performed on pellets of the
powdered material. To reduce the effects of grain boundaries
the pellets (diameter: 13 mm; thickness: 3 mm) were heated
up to 1070 K for another 10 hours in niobium ampoules. The
conductivity measurements were performed with a square
arrangement of four rhodium electrodes, which were pressed
against the plane surface of the pellet. Two electrodes were
used to apply a constant current of 0.1 A, and the other two
electrodes were used to measure the voltage changes. The
sample was cooled down by a closed circuit helium cryostat.
Figure 1 shows a plot of the resistance versus temperature.


Isotropic susceptibility measurements were performed in
the temperature range from 2 K to 300 K with a SQUID
magnetometer (MPMS 5S, Quantum Design) in a field of 1 T.
For the measurements a piece of the pellet was placed in a
polyethylene sample holder. The material was found to be
diamagnetic with a molar magnetic susceptibility of � ÿ 9.0�
10ÿ4 cm3 molÿ1 at 300 K. If one takes into account the
diamagnetic increments of the Ca2� and the Mg2� ions
according to ref. [30], one will end up with a diamagnetic
increment of ÿ59.0� 10ÿ6 cm3 molÿ1 for anionic silicon in
Ca7Mg7.5�dSi14 that is comparable with ÿ42.5� 10ÿ6 cm3 molÿ1


found for anionic silicon in Ca14Si19;[25] however, this com-
pound is a classical Zintl phase containing only SiÿSi single
bonds. The delocalized p-systems of the Si12 unit may give rise
to an enhanced diamagnetism, but it is not known to what


Figure 1. Temperature dependence of the resistance of Ca7Mg7.5�dSi14 .


extent. This must be subject of further investigations. At
present no reliable guess is possible for a temperature
independent Pauli paramagnetism, which would be expected
for a metallic conductor. So far the magnetic properties are
not in agreement with the resistivity measurements and the
theoretical investigations discussed later.


Figure 2 shows a plot of the molar magnetic susceptibility
versus the temperature. At about 50 K there is a change of
slope in the c versus T curve that is also matched by a change


Figure 2. Temperature dependence of the molar magnetic susceptibility of
Ca7Mg7.5�dSi14.


of slope in the temperature-dependent resistivity. This change
may be an indication of a localization phenomenon at low
temperatures.


Refinement and crystal structure : Data collection for
Ca7Mg7.5�dSi14 was performed on a four-circle diffractometer
(STAD14, STOE) with graphite monochromator and MoKa


radiation (0.71073 �). Crystallographic data are summarized
in Table 1.[31] Three standard reflections were checked every
180 minutes. Four unique sets were measured for the Laue
group 6/m. An empirical absorption correction (y-scan) with
10 reflections was carried out, and the data were corrected for
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Lorentz and polarization effects. The structure was solved by
Patterson methods with SHELXS86[32] and refined with
SHELXL96.[33] Anisotropic displacement parameters were
applied for all atoms in the final full-matrix least-squares
calculations (Tables 2 and 3).


The crystal structure contains isolated silicon atoms and a
planar Si12 group of D6h symmetry (Figures 3 and 4). The
calcium and silicon sites are fully occupied, whereas the
magnesium positions are not. Both the occupation and
displacement parameters of the Mg positions were refined
freely and yielded a composition of Ca7Mg7.7(2)Si14. Consider-
ing the forbidden short distances between Mg (split) positions,
several constraints for combined occupancies can be formu-
lated: common occupancies of Mg1ÿMg3 and Mg3ÿMg3


Figure 3. Perspective view on the crystal structure of Ca7Mg7.5�dSi14 along
[001].[48]


Figure 4. Geometry of the planar Si12 unit.[49]


are impossible (see Table 4). As the Mg3 positions form a
small triangle, the resulting constraint is 2 SOF(Mg3)�
SOF(Mg1)� 1 (SOF� site occupation factor). This is fulfilled
even in the free refinement. The second correlation of the
split positions Mg21 and Mg22 allows for only one atom on
the three neighboring positions giving rise to SOF(Mg21)�
2SOF(Mg22)� 1, which is also a direct result of the uncon-
strained refinement. However, the Mg neighbor pairs Mg1
and Mg22 tend to be slightly over-occupied with respect to the
necessary constraint SOF(Mg1)� SOF(Mg22)� 1. The con-
straint refinement converges to reliability factors that are
almost indistinguishable to those of the free refinement. The
observed variations of the displacement parameters are
within twice the standard deviations of the corresponding
parameters, which are very reasonable for both cases. The
constraint refinement yields a stoichiometry of Ca7Mg7.6(2)Si14.
The simplest ordered model that we could generate utilizes a
fourfold unit cell (a'� 2a, b'� 2b, c'� c, see Figure 5) and
yields a composition of Ca7Mg7.25Si14, which is just within twice


Table 1. Crystal data and structure refinement for Ca7Mg7.5�dSi14.


formula Ca7Mg7.6Si14


Mr [gmolÿ1] 856.6
T [K] 298(2)
crystal system hexagonal
space group P6/mmm (No. 191)
V [�3] 614.5(1)
a [�] 12.696(2)
c [�] 4.4025(5)
Z 1
1calcd [gcmÿ3] 2.315
absorption coefficient m [mmÿ1] 2.378
F(000) 423
crystal size [mm] 0.15� 0.10� 0.05
data collection four-circle diffractometer STOE


STADI 4, Learned Profile Method [51]


with w-q scan
monochromator, wavelength graphite, l MoKa� 0.71073 �
2q range 28� 2q� 658
index range ÿ 21�h� 18, ÿ21� k� 18, 0� l� 7
reflections collected 4874
independent reflections 692,[d] Rint� 0.076
absorption correction Y scan
solution refinement method SHELXS-86, SHELXL-96
data/restraints/parameters 692/0/29
reflections with [F2


o > 2s(F2
o)] 430


goodness of fit[e] 1.161
R1[a] [F2


o > 2s(F2
o)] 0.042


wR2[b] [F2
o > 2s(F2


o)] 0.069 (a� 0.0068; b� 2.50)
R1[a] (all data) 0.089
wR2[b] (all data) 0.089
largest difference peak/hole 2.31/ÿ 1.07 e�ÿ3


[a] R1�S(FoÿFc)/SFo. [b] wR2�
����������������������������������
S�w�F 2


o ÿ F 2
c �2�


q
/Sw(F 2


o )2
, w� 1/s2(F 2


o )


� (aP)2� bP, P� (Max(F 2
o,0)� 2F 2


c )/3. [c] GooF�
������������������������������������
S�w�F 2


o ÿ F 2
c �2��


q
/(nÿ


p), n�no. of reflections, p�no. of parameters. [d] Rint� (SF 2
o ÿFÅ2


o)/SF 2
o.


[e] Rs�Ss(F 2
o )/SF 2


o


Table 2. Atomic coordinates, thermal displacement parameters (esd)
[pm2] and site occupation factors (esd) for Ca7Mg7.5�dSi14 . Ueq is defined
as 1/3 of the trace of orthogonalized Uij.


Atom Site x y z Ueq/Uiso Occupation


Ca1 1a 0 0 0 110(4) 1
Ca2 6l 0.1819(1) 2x 0 221(3) 1
Si1 6k 0.1820(1) 0 1/2 211(3) 1
Si2 6k 0.3648(1) 0 1/2 193(3) 1
Si3 2c 1/3 2/3 0 161(5) 1
Mg1 6m 0.4109(2) 2x 1/2 263(8) 0.591(6)
Mg21 3f 1/2 0 0 270(62) 0.150(15)
Mg22 6l 0.4683(3) 2x 0 180(10) 0.409(6)
Mg3 6m 0.2716(5) 2x 1/2 201(27) 0.178(7)


Table 3. Coefficients for anisotropic thermal displacement parameters
(esd) for Ca7Mg7.5�dSi14. Uij are defined according to exp[ÿ2 p2(U11h2a*2� ´
´ ´�2 U23klb*c*)].


Atom U11 U22 U33 U12 U13 U23


Ca1 119(5) U11 91(8) 0 0 1/2 U11


Ca2 245(4) 274(6) 152(4) 0 0 1/2 U22


Si1 104(5) 93(6) 432(9) 0 0 1/2 U22


Si2 169(4) 367(8) 109(5) 0 0 1/2 U22


Si3 136(6) U11 213(11) 0 0 1/2 U11


Mg1 217(12) 249(17) 332(18) 0 0 1/2 U22


Mg3 286(45) 164(46) 112(39) 0 0 1/2 U22
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Figure 5. Projection of a possible ordered model of Ca7Mg7.5�dSi14 along
[001].


the standard deviation of the refined Mg content. We believe
this is tolerable for such a model structure. This is the reason
for the formulation Ca7Mg7.5�dSi14, which is not so much
indicative of a phase width as of the insecurity of the
experimental composition. Despite numerous synthetic at-
tempts we could not find any indication for a stoichiometric
variation other than within the boundaries given here. The
chemical analysis is not as reliable as the structural inves-
tigations because very small amounts of CaSi2 impurities
cannot be excluded. If the number of electrons is reduced, by
replacement of magnesium by lithium, a completely different
compound with the composition Ca7Li1.4Mg2.6Si8 results that
does not contain silicon rings.[27]


Although the formal average charge of silicon in
Ca7Mg7.5�dSi14 is close to ÿ2, it neither contains the linear
chains found in MSi (M�Ca, Sr, Ba) nor the functionalized
chain of SrMgSi2 with (3b) Siÿ, (2b) Si2ÿ, and (1b) Si3ÿ. (The
expression (nb) indicates that there are n bonds assigned to the
atomic center in question.) The formula may be split into


cations and Zintl anions according to (Ca7Mg7.5�d)(29�2d)�-
[Si12](21�2d)ÿ(Si4ÿ)2. The isolated Si4ÿ anions are predominantly
coordinated to Mg atoms with some quite close contacts
(258.7 pm). Such short distances have also been observed in
other ternary silicides like Li8MgSi6 (253.7, 257.1 and
259.7 pm, ref. [34]). Some of the statistically occupied Mg
sites are so close that they exclude each other and they cannot
be occupied at the same time. Several reasonable local
coordination models can be generated for the isolated Si3
atom. A completely ordered model may be derived for a
fourfold unit cell in which a and b axes are doubled. Such a
model was used for the quantum mechanical band-structure
investigations (Figure 5).


On screening many different ternary alkaline earth metal
silicides of magnesium the following trend can be found: the
small, hard and polarizing Mg2� stabilizes highly charged
silicon atoms that are either terminally coordinated or
isolated. On the other hand, the larger and softer Ca2�, Sr2�,
and Ba2� prefer highly interconnected, low-charged silicon
atoms. In the case of Ca7Mg7.5�dSi14 these trends are also
observed. The isolated Si4ÿ and the singly bonded terminal Si
in the Si12 group are coordinated by one Ca and four Mg sites,
whereas the silicon atoms in the six ring of the Si12 group are
exclusively surrounded by calcium. This central unit is a
fragment of the AlB2 structure in which the silicon atoms of
the ring are found at the center of trigonal prisms of Ca atoms.
This building block motif changes at the terminal Si atoms
into a square antiprism (Mg4Ca4).


The displacements of the Si atoms of the Si12 unit have a
quite peculiar pattern that cannot be explained by thermal
movement. However, consideration of the disorder of Mg2�


cations provides a means of explanation. This may lead to
concerted movements displayed in Scheme 1. Such deforma-
tions are reasonable. This is supported by the fact that no rigid


Table 4. Atomic distances (esd) [pm] for Ca7Mg7.5�dSi14; n denotes the frequency of the corresponding distance.


Atom pair d n Atom pair d n Atom pair d n


Ca1ÿSi1 319.1(1) 12 Si3ÿMg3 258.6(6) 6 Mg22ÿMg21 69.7(5)
Ca1ÿCa2 399.8(1) 6 Si3ÿMg1 278.5(3) 6 Mg22ÿMg22 139.3(10)


Si3ÿMg22 296.8(5) 3 Mg22ÿMg1 253.8(3) 2
Ca2ÿMg3 295.6(7) 2 Si3ÿCa2 333.0(2) 3 Mg22ÿSi2 287.7(2) 4
Ca2ÿMg22 316.5(3) 2 Si3ÿMg21 366.50(5) 3 Mg22ÿSi3 296.8(5)
Ca2ÿSi1 318.9(1) 4 Mg22ÿCa2 316.5(3) 2
Ca2ÿSi2 319.5(1) 4 Mg1ÿMg3 156.1(4) 2 Mg22ÿMg3 338.7(4) 4
Ca2ÿSi3 333.1(2) Mg1ÿMg22 253.8(3) 2 Mg22ÿMg1 345.0(5) 2
Ca2ÿMg21 351.0(1) 2 Mg1ÿSi2 260.5(3) 2 Mg22ÿCa2 394.8(4) 2
Ca2ÿMg1 362.8(1) 4 Mg1ÿSi3 278.5(3) 2
Ca2ÿMg22 394.8(4) 2 Mg1ÿMg21 294.7(3) 2 Mg3ÿMg1 156.1(4) 2
Ca2ÿCa2 400.0(1) 3 Mg1ÿMg1 295.4(6) 2 Mg3ÿMg3 235.2(18) 2


Mg1ÿMg3 306.3(11) Mg3ÿSi3 258.7(6) 2
Si1ÿSi1 231.0(2) 2 Mg1ÿMg22 345.0(5) 2 Mg3ÿCa2 295.6(7) 2
Si1ÿSi2 232.1(2) Mg1ÿCa2 362.8(1) 4 Mg3ÿSi2 303.5(7) 2
Si1ÿCa2 319.0(1) 4 Mg1ÿMg1 391.9(7) Mg3ÿMg1 306.4(11)
Si1ÿCa1 319.1(1) 2 Mg3ÿMg22 338.7(4) 4


Mg21ÿMg22 69.7(5)
Si2ÿSi1 232.1(2) Mg21ÿSi2 279.2(1) 4
Si2ÿMg1 260.5(3) 2 Mg21ÿMg1 294.7(3) 4
Si2ÿMg21 279.2(1) 2 Mg21ÿCa2 351.0(1) 4
Si2ÿMg22 287.7(2) 4 Mg21ÿSi3 366.5(5) 2
Si2ÿMg3 303.5(7) 2 Mg21ÿMg3 389.2(2) 8
Si2ÿCa2 319.5(1) 4
Si2ÿSi2 342.3(3)
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group libration of the complete Si12


group can explain the observed dis-
placement ellipsoids.


According to the observed compo-
sition and the result of the X-ray
structure analysis there are 28.5 va-
lence electrons available from Ca and
Mg atoms to fill up the electronic
states of the silicon entities. This
leads to the formulation of a formally
highly charged Si�21�2d�ÿ


12 anion and
thus to a (69� 2d) electron system
that is neither compatible with a


benzenelike unit (66 e, Si18ÿ
12 ) nor with an exclusively singly


bonded unit (72 e, Si 24ÿ
12 ). According to the way in which the p-


states for the planar system are filled, there are about 1.75
double bonds equally distributed over the whole six-mem-
bered ring. The bond distances are slightly shorter than single
bonds, indicating a partial double-bond character. A riding
correction on the basis of the displacement ellipsoids changes
the slightly shorter intra-ring distance from 231.0 to 235.6 pm
and the terminal contact from 232.2 to 236.4 pm. The
relatively small difference between these distances might
give rise to the assumption of completely delocalized p


interactions, but the quantum mechanical calculations show
that the terminal bonds have practically complete s-bond
character. It may be surprising that the Si12 unit exhibits a D6h


symmetry or at least is very close to it, if possible local
deformations indicated by the displacement parameters are
considered as well. There are some other examples of this
kind indicating that isometric arrangements of Si six-mem-
bered rings with partially filled p* systems may be the
preferred situations in anions of main group elements:
Ca7Mg7.5�dSi14, ne(p*)� 3� 2d ; K4P6,[35] ne(p*)� 4; Ba4Li2-


Si6,[36] ne(p*)� 4; Ca2Li1.7Si4,[37] ne(p*)� 3.6.


Theoretical investigations : In order to get a deeper insight
into the electronic structure of the compound, theoretical
investigations based on the semiempirical extended Hückel
(EHMO)[38] and the first principles TB-LMTO-ASA meth-
ods[39] have been performed. Due to the partial occupancy of
the Mg positions in the crystal structure, we had to derive an
ordered model in a larger elementary cell (a'� 2a, b'� 2b,
c'� c, see Figure 5). This model avoids unreasonable distances
and generates suitable coordination spheres for all positions.
The cumulated occupancies and thus the stoichiometry
Ca7Mg7.25Si14 are just within twice the standard deviation of
the refined Mg content, which is tolerable. In the EHMO
calculations the standard parameters for Ca, Mg, and Si are
used and k-space integrations were performed on a set of 72
irreducible k points.[40]


The LMTO-ASA calculations were based on the LDA
approximation with an exchange-correlation potential from
Barth and Hedin.[41] The radii of the overlapping muffin-tin
spheres in the ASA approximation were chosen as described
by Jepsen and Andersen.[42] The basis consists of Si, Mg, Ca,
and interstitial empty sphere s- and p-LMTOs with the d-
partial and the p-partial waves of the interstitials folded into
their tails. The energy expansion parameters En,RL were


chosen to be at the centers of gravity of the occupied part of
the partial state densities. The k-space integrations were
performed on a set of 167 irreducible k points. In order to get
an initial idea of the bonding situation in Ca7Mg7.25Si14 we
calculated the distribution of the electron localization func-
tion (ELF) in selected cuts through the structure (Figure 6).


Figure 6. LMTO-ELF distribution in selected cuts through the structure of
Ca7Mg7.5�dSi14.[50]


The ELF distributions shown here are based on the LMTO
wavefunction, but it has to be mentioned that the same
qualitative pictures are yielded within the EHMO scheme. As
has been shown recently, the ELF is a valuable tool with
respect to an understanding of the bonding properties of
individual molecules and of bulk materials in the solid state.[43]


We find a high localization (ELF� 0.8 ± 1.0, white) only in the
region of the Si atoms. Inside the plane of the planar Si12 ring,
the isolated Si12 moiety with bonds and lone-pairs is clearly
outlined through structured regions of high localization
(Figure 6a). Due to the unsymmetric magnesium distribution
within the local model the D6h symmetry of the Si12 is lost. This
is reflected in the slightly different polarization of the lone
pairs of the external Si atoms depending on the local Mg
coordination. A comparison of the ELF distributions in cuts
rectangular to the intra-ring SiÿSi bond (Figure 6b) and the
terminal SiÿSi bond (Figure 6c) shows quite nicely the
difference between the isotropic terminal SiÿSi single bond
and the elliptical intra-ring SiÿSi bond with significant p


participation. This picture is consistent with a formal charge
transfer from the metal atoms to the Si substructure in the
context of the Zintl ± Klemm concept. Both EHMO and
LMTO calculations do not show a bandgap (Figure 7) and
predict metallic behavior for the compound. This corresponds
very well with the results of the electrical conductivity
measurement (Figure 1), in which the temperature depend-
ence shows the characteristic behavior of a metal.


To shed further light on the metallic behavior we analyzed
the EHMO band structure and the density of states (DOS)
close to the Fermi energy (EF) in a more detailed way
(Figure 8). To do this we performed a fragment orbital
analysis with respect to the orbital contributions of the
isolated Si12 moiety. According to its symmetry the six highest
p orbitals of Si12 may be labeled as 2a2u, 2e2g, 2e2u, and 2b2g


Scheme 1. Concerted
thermal movement, as
an explanation of the
observed displacement
parameters of the Si
atoms in the Si12 unit.
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(Scheme 2). A quasi-aromatic Si18ÿ
12


would have the p configuration 2a2
2u2e4


2g.
Obviously the bands close to the Fermi


level are mainly built up of the p orbitals
of the Si12 fragment, namely the 2e2g and
2e2u orbitals. In the c* direction (e.g.,
G!A or L!M, ref. [44]) these p bands
show a considerable dispersion based on
a weak interaction of the ecliptically
arranged Si12 moieties along the stacking
direction. Due to this dispersion the


energetic ranges of the different p levels overlap in such a
manner that no special electron occupation is favored. A
metallic behavior is expected in any case. As one can see from
the DOS projections, the contributions of the 2a2u and 2e2g


orbitals are clearly below the Fermi level and thus fully
occupied, while the antibonding 2b2g orbitals are unoccupied.
The remaining antibonding 2e2u levels are only partially filled
and are responsible for the density of states at the Fermi level.
Thus a strong anisotropy of the conductivity, for example, a
one dimensional conductivity, is expected.


Inspections of partial electron density (PED[45, 46]) for
energy windows below and above EF clearly reveal that all


occupied states are exclusively centered at sili-
con. PED centered at calcium or magnesium is
only found for energy windows above EF. Thus
the separation into Si20:5ÿ


12 (or Si�21�2d�ÿ
12 , if one


takes into account the refined Mg content) and
isolated Si4ÿ proves to be a reasonable working
scheme in the context of the Zintl ± Klemm
concept. One has to emphasize that this kind of
view does not refer to a real charge distribution,
but only considers the character of the states
below the Fermi level. However, the formulation
of Si20:5ÿ


12 only makes sense in the band structure
picture because this special electron count is the
result of the one-dimensional character of the
stack of rings 11[Si20:5ÿ


12 ] .
Integer electron counts that have to be applied


for quasi-isolated species can only occur here if a
disproportionation develops, for
example, Si20ÿ


12 and Si21ÿ
12 . This


may actually be the case at
lower temperatures, but has
not been proved yet. The ab-
normalities of the resistivity and
magnetic measurements at
about 50 K could be interpreted
in terms of such a phase tran-
sition leading to a Peierls type
distortion and subsequent local-
ization of conduction electrons.
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Theoretical Investigation of the Origin of Regioselectivity in the Formation
of Methanofullerenes by Addition of Diazo Compounds: A Model Study**


Ernst-Udo Wallenborn, Richard F. Haldimann, Frank-Gerrit Klärner,
and François Diederich*


Abstract: The thermal extrusion of di-
nitrogen from the adduct of benzene
with diazomethane 11 was investigated
by ab initio and density functional
methods as a model reaction for the
thermal extrusion of dinitrogen from the
adducts of fullerenes with diazomethane
to form 6-5-open methanofullerenes.
The calculations provided evidence that
the reaction of 11 towards norcaradiene
(12) proceeds via a Möbius aromatic
transition state 12 a with an activation


energy of approximately 20 kcal molÿ1.
This transition state is characterized by a
high anisotropy in the magnetic suscept-
ibility of Dc� 88 cgs-ppm. The transition
state 13 a of the alternative dinitrogen
extrusion pathway from 11 to the ther-


modynamically more stable product tol-
uene (13) is approximately 5 kcal molÿ1


higher in energy; hence, norcaradiene
(12) is the kinetically favored product.
Analoguous calculations on a larger,
more rigid system indicated no change
in the mechanism of the reaction. This is
in agreement with the observed regiose-
lectivity in the thermal extrusion of
dinitrogen from the pyrazoline-fused
[60]fullerene 3 to form the 6-5-open
methanofullerene 2.


Keywords: ab initio calculations ´
aromaticity ´ density functional cal-
culations ´ fullerenes ´ reaction
mechanisms


Introduction


Methanofullerenes are the most versatile and widely studied
class of fullerene adducts.[1, 2] Two isomers of these adducts
have been obtained: the 6-6-closed isomers, in which a 6-6
bond of the fullerene is bridged in a cyclopropane fashion, and
the 6-5-open isomers, in which the methano group bridges the
open junction between a six- and a five-membered ring (1 and
2 in Figure 1).


Whereas a variety of reactions produce exclusively 6-6-
closed methanofullerenes,[3±6] the synthesis of 6-5-open deriv-
atives is limited to a single process. 1,3-Dipolar cycloaddition


Figure 1. Depiction of 6-6-closed (1) and 6-5-open (2) methanofullerenes
and the fullerene ± diazoalkane adduct 3.


of diazo compounds followed by thermal extrusion of
dinitrogen is the only general synthetic route to 6-5-open
methanofullerene derivatives known to date.[2, 7±9] In the
initial step, the diazo compound adds to a 6-6 bond of C60 to
give the pyrazoline intermediate 3, which sometimes can be
detected or even isolated.[7b] The second step is the regiose-
lective thermal extrusion of dinitrogen from 3 with formation
of one (R�R', Figure 1) or two (R=R') 6-5-open methano-
fullerenes, presumably via an intermediate 6-5-closed adduct.
The 6-5-open methanofullerenes are the kinetic products and
in most cases can rearrange to the thermodynamically more
stable 6-6-closed isomers.[8±13] Both 6-5-open and 6-6-closed
isomers have an energetically favorable arrangement in which
all remaining fullerene double bonds are exocyclic to the
pentagons, but the two double bonds at the bridgehead C
atoms cause extra strain in the 6-5-open isomers (Bredt
rule).[2] Li and Shevlin[14] provided strong evidence that the
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rearrangement of 6-5-open to 6-6-closed methanofullerenes is
a light-assisted radical process.


In the addition of diazomethane to C60, the isolable
pyrazoline cycloadduct 4 (Scheme 1) is formed.[7b] Thermol-
ysis of 4 produces with high regioselectivity the parent 6-5-
open methanofullerene 5, which cannot be rearranged to the


Scheme 1. Proposed mechanisms for the formation of 6-6-closed and 6-5-
open C61H2 from the pyrazoline adduct (fullerene shown in part for clarity).


6-6-closed isomer 6. In contrast, photolysis of 4 produces a
mixture of isomeric methanofullerenes 5 and 6. The same
behavior was observed in the addition of diazomethane to a
highly functionalized derivative of C60,[15] and also on addition
of diazomethane to C70.[9] In both cases, thermal extrusion of
dinitrogen from the pyrazoline cycloadduct also led exclu-
sively to formation of 6-5-open derivatives, whereas photol-
ysis produced mixtures of the 6-5-open and 6-6-closed
isomers. This indicates that these reactions are insensitive to
changes in the electronic structure of the fullerene.


An analoguous regioselectivity was previously observed by
Klärner et al. for the extrusion of dinitrogen from much
smaller diazoalkane cycloadducts such as the diazopropane ±
xylene adduct 7.[16] Upon thermolysis, 7 rearranges regiospe-
cifically to the cycloheptatriene 8, which results from ring
opening of the intermediate norcaradiene 9 (Figure 2). Pho-
tolysis of 7 provides a mixture of the regioisomers 8 and 10.
Consequently, there is a strong similarity between the thermal


Figure 2. Products of the photolysis and thermolysis of 7.


and photochemical reactivity of fullerene-fused pyrazolines
such as 4 and diazopropane ± xylene adducts such as 7.


An eight-electron orbital symmetry controlled [2ps� 2ps�
2sa� 2ss] concerted mechanism has been proposed to account
for the regioselectivity of the thermal extrusion of dinitrogen
from 7 to form 8,[16] and later to explain the regioselective form-
ation of 5 on thermolysis of 4[15] (Scheme 1). The observation
that the extrusion of dinitrogen from a chiral diazoalkane ±
toluene adduct proceeds with inversion of configuration at the
migrating carbon atom[16] fulfills the stereochemical require-
ments of an orbital symmetry controlled process. Photolysis,
in contrast, is presumed to proceed via a diradical intermedi-
ate that leads to the mixtures of regioisomers 5/6 and 8/10.
Given the fundamental importance of this type of process for
the formation of 6-5-open methanofullerenes, we decided to
investigate the reaction by theoretical methods. Here we
present an investigation of the thermal extrusion of dinitrogen
by high-level ab initio and density functional calculations.
Due to the prohibitive size of the fullerene for such an
analysis, we chose the model system 11, which is similar to 7
and has been investigated experimentally by one of us.[16]


Since eight electrons are involved in the thermal degradation
of the investigated pyrazolines, a pericyclic mechanism should
proceed via a Möbius aromatic transition state.[17, 18]


Recent theoretical analyses of Diels ± Alder reactions[19]


and 1,7-sigmatropic hydrogen shifts[20] have demonstrated
that the investigation of magnetic properties is very useful in
the analysis of thermally allowed Woodward ± Hoffmann type
reactions. We analyzed the conversion of 11 to 12 in this
respect. Finally, we enlarged and rigidified the model system
to explore the sensitivity of the reaction mechanism towards
changes in the size of the model.


Results and Discussion


Transition state geometries and energies : Following the work
of Barone and Arnaud, who found that B3LYP/6-31G*
calculations on Diels ± Alder transition states generally re-
produced the geometries of the reactants very well and
resulted in accurate transition state geometries and energy
barriers,[21] we calculated geometries and their corresponding
energies and magnetic properties mainly by density functional
methods. To support these, we repeated the geometry
optimizations and transition state searches at the MP2/6-
31G* level. Since MP2 calculations on Woodward ± Hoffmann
type reactions with heteroatoms are occasionally problem-
atic,[21, 22] the MP2/6-31G* results were complemented by
additional MP4/6-31G*//MP2/6-31G* calculations. We also
performed single-point calculations at the CASPT2/6-31G*
and CCSD(T)/6-31G* levels with geometries obtained at
lower levels of theory to characterize the electronic structures
and further clarify the energetic picture of the reaction.


Transition state searches starting from 11 indicate two
reaction pathways, which lead to norcaradiene (12) and
toluene (13). Since the formation of arene derivatives was
observed experimentally in the thermal degradation of
analogues of 7,[16] we included this reaction pathway in the
present analysis (Scheme 2).
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Figure 3 shows the calculated geometries of the reactant 11
and the two transition states 12 a and 13 a. The MP2 and
B3LYP geometries of the reactant and of the transition states


Figure 3. 7,8-Diazabicyclo[4.3.0]nona-2,4,7-triene (11) and geometries of
transition states 12a and 13 a. B3LYP/6-31G* and MP2/6-31G* (square
brackets) distances [�].


are quite similar. The equilibrium structure of pyrazoline 11
shows the expected bond length alternation in the cyclo-
hexadiene fragment of the molecule. Note that in 11 the
dihedral angle N8-C9-C1-C6 is nonzero (ÿ16.48 at the


B3LYP/6-31G* level and ÿ28.38 at the LSDA/
3-21G* level). This is of interest with regard to
transferring the results to larger systems such as
fullerene derivatives and is discussed in detail in
below. In the reaction to give norcaradiene 12, a
bond is formed between C2 and C9. The distance
between these two atoms in the calculated
reactant geometry is 2.528 (MP2/6-31G*) and
2.552 � (B3LYP/6-31G*), respectively. In the
transition state 12 a leading to norcaradiene, the
C2ÿC9 distance is shortened by about 0.3 � to
2.278 (MP2/6-31G*) and 2.192 � (B3LYP/6-
31G*), which corresponds roughly to one-third


of the path towards the formation of the cyclopropane bond in
12. Simultaneously, the C2-C1-C9-N8 dihedral angle is
widened from 148.6 to 161.88 (MP2/6-31G*) or from 140.3
to 161.78 (B3LYP/6-31G*). This enhances the overlap be-
tween the s* orbital of the C9ÿN8 bond and a p orbital on C2.
The extrusion of dinitrogen from 11 to give 12 then proceeds
in a highly asynchronuous fashion. Thus, in the transition state
12 a the C6ÿN7 bond, which connects the diazo moiety to the
cyclohexadiene fragment of 12 a, is significantly longer
(2.305 � at MP2/6-31G*, 2.319 � at B3LYP/6-31G*) than
the C9ÿN8 bond (1.590 � at MP2/6-31G*, 1.788 � at B3LYP/
6-31G*). The bond lengths within the cyclohexadiene moiety
(C2 ± C6) of 12 a show a markedly reduced alternation
compared to 11 and 13 a. This bond length equalization can
be interpreted as indicating aromaticity of 12 a, in which the
aromatic system extends over the six-membered ring. The
high degree of asynchronicity in the extrusion of dinitrogen
from 11 is quite surprising and is discussed in further detail
later in this section. The second reaction pathway, from the
pyrazoline 11 to toluene (13), involves the transition state 13 a.
The geometry of 13 a differs from that of 12 a mainly in the
orientation of the C9 methylene group. The dihedral angle
C2-C1-C9-N8 in this molecule is 85.5 (MP2/6-31G*) or 90.48
(B3LYP/6-31G*), and this turns the methylene group into a
position that facilitates the subsequent 1,2-hydrogen shift to
give toluene. The loss of dinitrogen in 13 a proceeds in a
slightly less asynchronuous fashion than in 12 a. Again, the
C6ÿN7 distance (2.350 � at MP2/6-31G*, 2.447 � at B3LYP/
6-31G*) is larger than the C9ÿN8 distance (1.884 � at MP2/6-
31G*, 1.974 � at B3LYP/6-31G*), but the difference is
smaller than in 12 a. Comparing the results obtained by the
MP2 and the B3LYP calculations shows that the bond lengths
of the pyrazoline 11 and the two transition states 12 a and 13 a
are generally the same within a few picometers. The largest
differences are observed for the CÿN distances in the
transition states 12 a and 13 a. The fact that the C6ÿN7
distance in 12 a is substantially larger than the C9ÿN8 distance
could indicate that the C6ÿN7 bond is cleaved first in the
course of the reaction to generate the diradical intermediate
14, or that the transition state 12 a itself has significant
diradical character.


To check our analysis, we characterized the electronic
structure of 12 a in detail. Table 1 lists the relevant config-
uration state functions (absolute value of the CASSCF
coefficient larger than 0.05) of the electronic ground states
of CASSCF/6-31G* calculations with an active space which


Scheme 2. Model studied in this work and the investigated possible reactions.
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consisted of the four highest occupied and the four lowest
unoccupied molecular orbitals from a single (closed shell)
Hartree ± Fock reference configuration at the B3LYP/6-31G*
and MP2/6-31G* saddle points. The electronic ground state
configuration of 12 a is dominated by the reference config-
uration for both geometries (cf. the discussion in
refs. [23, 24]). Additionally, the occupation numbers of the
CASSCF pseudonatural orbitals were 1.8157 and 1.7181 for
the highest occupied molecular orbital in the B3LYP/6-31G*
and MP2/6-31G* geometries, respectively. The corresponding
occupation numbers for the lowest unoccupied molecular
orbital were 0.0176 and 0.0201, respectively. Thus we argue
that the electronic ground state of 12 a is not a diradical in
either geometry. This view is supported by CASSCF/6-31G*
calculations on both geometries followed by natural bond
orbital (NBO) analysis,[25] which yielded NBO populations
close to two for all occupied orbitals and assigned exactly one
doubly occupied lone pair orbital to each of the nitrogen
atoms in both geometries (data not shown).


The energy barriers for the extrusion of dinitrogen from 11
were calculated for the reaction pathways leading to norcar-
adiene (12) and toluene (13) (Scheme 2). The difference in the
transition state geometries of 12 a and 13 a is reflected in the
energy profile listed in Table 2. Toluene is the thermodynami-
cally favored product and was found to be more stable than
norcaradiene by about 42 kcal molÿ1, in good agreement with
the semi-experimental value[26] of 38 kcal molÿ1. However,


since the transition state 13 a is approximately 5 kcal molÿ1


higher in energy than 12 a, norcaradiene (12) is the kinetically
favored product. This is in agreement with the experimental
finding that in the degradation of analogues of 11, the
thermodynamically more stable arene derivatives are minor
side products.[16a] The overall activation energy of the reaction
11!12 is estimated to be 15 ± 20 kcal molÿ1.


To locate the transition state geometries towards the
possible diradical intermediates 14 and 15 (Figure 4), suitable
initial guesses for 14 and 15 were optimized at the CAS(2,2)/
STO-3G level, followed by a series of constraint minimiza-
tions, during which the appropriate CÿN distance was reduced
stepwise from its equilibrium value until an energy maximum
was found. For both 14 and 15, two conformations which


Figure 4. Possible diradical intermediates for the thermal extrusion of
dinitrogen from 11.


represent minima on the potential energy surface were found,
with the N7ÿN8 bond parallel to C9ÿendo-HC9 and C9ÿexo-
HC9 bonds for 14, and parallel to the C5ÿC6 and C6ÿH-C6
bonds for 15. Thus, the constraint minimizations located four
saddle points. From these, ordinary transition state searches
were performed at the CAS(2,2)/STO-3G level. High-level ab
initio calculations were performed on the resulting transition
state geometries to determine the relative energies and
electronic structures of these diradical transition states. The
lowest energy diradical transition state was 9.08 and
8.62 kcal molÿ1 higher in energy than 12 a at the CASPT2/6-
31G* and CCSD(T)/6-31G* levels, respectively. For this
transition state, the CASSCF pseudonatural occupation
numbers of the frontier orbitals were 1.5172 and 0.4836.
Because of the high energy of the diradical transition states,
pathways involving 14 and 15 were neglected in the remainder
of this work.


Magnetic properties : Table 3 presents the calculated isotropic
magnetic susceptibility jDcÅ j and its anisotropy Dc for 11, the
two transition states, and the two products. Most notable is the
very large magnetic anisotropy of transition state 12 a, which


Table 1. CASSCF(8,8)/6-31G* ground state configuration of 12a.


Geometry Configuration CASSCF coefficient


B3LYP/6-31G* 22220000 0.924755
22200200 ÿ 0.270931
22110101 0.125616
22020002 ÿ 0.141899
20220020 ÿ 0.051633
11221010 ÿ 0.058824
22110101 ÿ 0.072874


MP2/*6-31G* 22220000 0.898645
22200002 ÿ 0.339899
22110011 ÿ 0.162048
22020020 ÿ 0.121100
20220200 ÿ 0.050492
11221100 0.062343
02222000 ÿ 0.052071
22110011 ÿ 0.086018
22000022 0.056695


Table 2. Energy profile. Values for 11 in atomic units, others in kcal molÿ1 relative to 11. The read window in the (rw) calculations contained orbitals 10
through 55.


11 12a 13 a 12�N2 13�N2


LSDA/3-21G* ÿ 376.77515 21.44 35.45 7.88 ÿ 29.84
LSDA/3-21G*�ZPE ÿ 376.63907 19.46 31.00 4.92 ÿ 32.84
HF/6-31G* ÿ 378.55139 50.37 56.88 ÿ 41.11 ÿ 83.28
HF/6-31G*�ZPE ÿ 378.39994 46.44 51.04 ÿ 45.49 ÿ 88.49
MP2(fc)/6-31G* ÿ 379.76165 14.69 22.67 ÿ 36.85 ÿ 76.54
MP2(rw)/6-31G*//MP2(fc)/6-31G* ÿ 378.80460 18.40 22.60
MP4(rw)/6-31G*//MP2(fc)/6-31G* ÿ 378.85388 17.94 21.45
B3LYP/6-31G* ÿ 380.89113 22.85 28.35 ÿ 26.52 ÿ 68.79
B3LYP/6-31G*�ZPE ÿ 380.84130 18.07 25.51 ÿ 26.63 ÿ 69.21
B3LYP/6-311�G(2d,2p)//B3LYP/6-31G* ÿ 381.09510 21.12 24.13 ÿ 31.24 ÿ 73.81
B3LYP/6-311�G(2d,2p)//B3LYP/6-31G*�ZPE(B3LYP/6-31G*) ÿ 380.95527 16.35 21.28 ÿ 31.35 ÿ 74.23
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even surpasses that of toluene and hence indicates a high
degree of aromaticity. In comparison, transition state 13 a
leading to toluene has a magnetic anisotropy which is roughly
half of that of 12 a and considerably weaker than that of
toluene. The calculated 1H NMR chemical shifts (Table 4)
confirm this picture.


To evaluate the spatial extent of the aromatic system, we
calculated maps of the current density tensor for a magnetic
field of 1 au. Figure 5 shows the induced current for a


Table 3. Magnetic susceptibilities [cgs-ppm].


11 12a 13a 12 13


B3LYP/6-31G* (CSGT)
j cÅ j 47.50 70.86 59.87 51.51 53.75
Dc 36.97 89.41 50.35 31.44 66.05


B3LYP/6-311�G(2d,2p)//B3LYP/6-31G* (CSGT)
j cÅ j 58.17 83.50 72.90 63.35 66.30
Dc 32.52 87.90 46.17 25.12 61.88


Table 4. 1H NMR chemical shifts relative to TMS [ppm].


11 12 a 13a 12 13


B3LYP/6-31G* (CSGT)
d(HC1) 0.24 ÿ0.99 3.09 0.30 1.26[a]


d(HC2) 3.56 4.40 3.60 0.30 4.49
d(exo-HC9) 3.43 5.89 4.56 0.30 1.26[a]


d(endo-HC9) 2.39 0.37 5.49 ÿ 1.87 1.26[a]


B3LYP/6-311�G(2d,2p)//B3LYP/6-31G* (CSGT)
d(HC1) 2.26 0.59 6.23 1.97 2.33[a]


d(HC2) 6.14 6.86 6.10 1.97 7.25
d(exo-HC9) 5.31 7.71 6.22 1.50 2.33[a]


d(endo-HC9) 4.00 1.76 7.26 ÿ 0.87 2.33[a]


B3LYP/6-311�G(2d,2p)//B3LYP/6-31G* (GIAO)
d(HC1) 2.41 0.65 6.32 2.00 2.42[a]


d(HC2) 6.26 6.97 6.24 2.00 7.39
d(exo-HC9) 5.45 7.82 6.33 1.61 2.42[a]


d(endo-HC9) 4.15 1.92 7.32 ÿ 0.79 2.42[a]


[a] Arithmetic mean of the chemical shifts of the HC1, exo-HC9, and endo-
HC9 protons.


Figure 5. Current density vector field for a magnetic field of 1 au perpendicular to the image plane.


Figure 6. Anisotropy of the current density tensor field for a magnetic field of 1 au. The images display the 0.075 au isosurface.
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magnetic field perpendicular to the image plane and the same
image for benzene to allow comparison. The ring current
extends over the entire transition state and is not confined to
the cyclohexadiene moiety. For benzene, the shape of the
current density distribution and the magnitude of the current
density are in agreement with earlier studies.[27, 28]


Since the current density is large where the electron density
is high, it could be argued that Figure 5 simply maps the
electron density. To counter this argument and to remove the
arbitrariness in the choice of a particular magnetic field
direction, we also mapped the anisotropy of the current
density tensor field. An isosurface of this (scalar) anisotropy
field is displayed in Figure 6, again with the corresponding
map of benzene for comparison.


We also performed calculations along the intrinsic reaction
coordinate (IRC) to verify that the obtained transition states
really connect the reactant and products of Scheme 2.
Optimization runs following the IRC from 12 a and 13 a
proceeded directly to norcaradiene and toluene at both the
LSDA/3-21G* and B3LYP/6-31G* levels. Figure 7 displays
the energy and magnetic susceptibility along the path 11!12.


Figure 7. Intrinsic reaction coordinate (IRC) connecting 11 to 12. B3LYP/
6-31G* energy [kcal molÿ1](*) and CSGT/B3LYP/6-31G* magnetic sus-
ceptibility (isotropic part (&) and anisotropy (*) in cgs-ppm) along the IRC.


The 1H NMR chemical shifts along this IRC are shown in
Figure 8. The four protons HC3 ± HC6 basically remain
olefinic during the reaction, the most interesting behavior is
displayed by the C9 methylene protons. The endo-HC9 proton
moves in the course of the reaction into a position directly
above the plane of the cyclohexadiene moiety, while the exo-
HC9 proton rotates away from the ring system. Consequently,
the proton chemical shifts of these two protons in the
transition state 12 a differ by a remarkable 6 ppm (Table 4).
In norcaradiene (12) this difference is reduced to about
1 ppm. For symmetry reasons, the chemical shifts of the two
protons connected to the bridgehead carbon atoms, HC1 and
HC2, must become equivalent, yet their behavior during the
reaction differs greatly. Considering the nature and geometry
of the transition state, this is not surprising: since the ªattackº
occurs from C2 towards C9, the HC1 proton on the other side


Figure 8. Intrinsic reaction coordinate (IRC) connecting 11 and 12. CSGT/
B3LYP/6-31G* 1H NMR magnetic shieldings in ppm relative to TMS.
^ HC1, & HC2, ~: HC3, &: HC4, ^: HC5,*: HC6, *: exo-HC9, ~: endo-
HC9.


of the C1 atom is always below the plane of the aromatic
system and therefore is expected to be shielded, whereas the
HC2 proton should exhibit the chemical shift of an ordinary
aromatic proton in the transition state.


Larger model system : To investigate model size effects we
repeated the transition state search with an enlarged pyracene
(1,2,5,6-tetrahydrocyclopenta[fg]acenaphthylene) model (17),
which corresponds to the excerpt of the fullerene shown in
Scheme 1 and thus resembles C60 more closely in its geometry
and rigidity than 11. Figure 9 shows the calculated transition


Figure 9. Transition state 18 a, analogous to 12 a. B3LYP/6-31G* and
LSDA/3-21G* (square brackets) distances [�].


state 18 a on the pathway from 17 to the 6-5-open methano-
bridged structure 18 (Scheme 3). Although we did not
calculate IRC paths, minimizations starting from a slightly
distorted 18 a did not converge to norcaradiene-analogous 6-
5-closed structures at the LSDA/3-21G* and B3LYP/6-31G*
levels but proceeded directly to 18. Vibrational analysis
verified that the geometry in Figure 9 is the first-order saddle
point of the concerted extrusion of dinitrogen. Correspond-
ingly, the calculated transition state geometry differs little
from that of 12 a. The CÿN distances in 18 a differ from their
counterparts in 12 a by less than 0.1 �.
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Scheme 3. Pyracene adduct 17 and reaction towards the 6-5-open product 18.


The calculated activation energies for this model system
were slightly smaller than those of the reaction 11!12, that is,
17.97 kcal molÿ1 at the LSDA/3-21G* and 15.18 kcal molÿ1 at
the B3LYP/6-31G* level (without zero-point energy). The
zero-point correction to these values was calculated exclusively
at the LSDA/3-21G* level and amounted to ÿ1.68 kcal molÿ1.
The reason for the smaller activation energy of 17 compared
to 11 is not entirely clear. It could be argued that since the
equilibrium geometry of 17 has Cs symmetry, 17 is more
strained than 11, whose minimum, as pointed out above, has a
nonvanishing N8-C9-C1-C6 dihedral angle. To investigate
this, we performed two series of constrained minimizations on
11, in which the N8-C9-C1-C6 dihedral angle was varied in
steps of 38 from 33 to ÿ458 at the LSDA/3-21G* level and
from 33 to ÿ278 at the B3LYP/6-31G* level. At the LSDA/3-
21G* level the global minimum at a N8-C9-C1-C6 dihedral
angle of ÿ28.38 is 1.96 kcal molÿ1 lower in energy than the
corresponding constrained minimum with vanishing N8-C9-
C1-C6 dihedral angle. At the B3LYP/6-31G* level, this
stabilization amounts to only 0.28 kcal molÿ1. In spite of the
difference in activation energies, 12 a and 18 a have very
similar transition state geometries. Therefore, we conclude
that the extrusion of dinitrogen from 11 and 17 proceeds by
the same reaction mechanism.


Conclusions


The calculations are in agreement with the experimental data
and support the proposed mechanism for the extrusion of
dinitrogen from 7,8-diazabicyclo[4.3.0]nona-2,4,7-triene (11)
to form bicyclo[4.1.0]hepta-2,4-diene (norcaradiene, 12) via
the aromatic transition state 12a rather than a diradical inter-
mediate. The reaction towards norcaradiene is the kinetically
favored reaction (as compared to the reaction towards the
thermodynamically more stable product toluene). These find-
ings are in good agreement with experimental data, reproduce
both the energetical aspects of the reaction as well as the
experimental product distribution, and fully support the pro-
posed eight-electron [2ps� 2ps� 2sa� 2ss] Woodward ± Hoff-
mann allowed mechanism, in spite of the high asynchronicity
of the reaction indicated by the transition state geometry of
12 a. Diradical transition states, corresponding to an alter-
native mechanism via intermediates 14 and 15 were found to
be significantly higher in energy (by at least 9 kcal molÿ1).


Further calculations on a larger, more rigid system indi-
cated that these results are transferable to the mechanism for
the extrusion of dinitrogen from 17 via transition state 18 a.
Since experimental results on the model system were essen-
tially identical to those reported for the fullerene ± pyrazoline
adduct 4, it can be safely assumed that the same mechanism is


responsible for the high regioselectivity in the extrusion of
dinitrogen from 4 (Scheme 1) to give the 6-5-open methano-
fullerene C61H2 (5), and in the formation of substituted
methanofullerenes 2. In the latter case, however, steric effects
and the influence of the substituents on the electronic
structure of the pyrazoline moiety in 3 are assumed to play
an important role. These effects, not investigated in the
present work, are likely to be responsible for the observed
diastereoselectivity in the thermal decomposition of unsym-
metrically substituted pyrazoline ± fullerene adducts.[8, 29±31]


Finally, we note that the presented mechanism may well
also apply to the thermal extrusion of dinitrogen from azide
adducts of C60 to give 6-5-open azafullerenes, which is the only
other general reaction that currently provides access to 6-5-
open bridged fullerene derivatives.[32]


Computational Methods


Ab initio and density functional calculations: All Mùller ± Plesset (MP)
perturbation theory and density functional theory (DFT) calculations were
performed with Gaussian 94.[33] For the MP4(rw) calculations, an active
space (read window) containing orbitals 10 through 55 was used. To
estimate the effect of the smaller number of active orbitals with respect to
the frozen-core (fc) calculations, another series of MP2(rw) calculations
was performed with the same window. The complete active space SCF
(CASSCF) calculations used a closed shell restricted Hartee ± Fock (RHF)
reference. The active space consisted of the four highest occupied and the
four lowest unoccupied molecular orbitals of the reference. The CASSCF
calculations were performed with the Molcas 3 program.[34] Natural bond
orbital (NBO) calculations were performed with the NBO package
developed by Weinhold et al. ,[25] as implemented in Gaussian 94. The
DFT calculations employed the local spin density (LSDA) and Becke 3LYP
(B3LYP) functionals and basis sets as implemented in Gaussian 94.


Equilibrium geometries and transition states: Initial guesses of the
transition state geometries were obtained by constrained minimization
with the Spartan program.[35] Zero-point energies (ZPE) were calculated
according to ref. [36] with the vibrational and rotational temperatures from
Gaussian 94 at the HF/6-31G* and B3LYP/6-31G* levels.


Magnetic properties: The magnetic properties were calculated by using the
continuous set of gauge transformations (CSGT)[37] and gauge-independent
atomic orbital (GIAO)[38] methods as implemeted in Gaussian 94. The
isotropic susceptibility jcÅ j is defined as one-third of the trace of the
susceptibility tensor, that is, jcÅ j� (cxx� cyy� czz)/3. The anisotropy of the
susceptibility Dc was calculated from Equation (1).[39]


Dc� {
1


2
[(cxxÿ cyy)2� (cyyÿ czz)2� (czzÿ cxx)2� 3


2
((cxy� cyx)2� (cyz� czy)2�


(czx� cxz)2 )]}1/2 (1)


Note that for diagonal tensors, Equation (1) coincides with the definition
usually found in the literature,[40] but has the advantage of being invariant
under orthogonal transformations, thus eliminating the arbitrariness in the
choice of a reference plane (cf. ref. [19]), and properly treats asymmetric
susceptibility tensors that might arise in the numerical treatment.


Current density distributions: The induced current tensor fields were
calculated at the CSGT/B3LYP/6-31G* level with Gaussian 94. The fields
obtained from Gaussian 94 were mapped onto a rectangular grid. The
hedgehog images were produced by using Advanced Visual Systems�
AVS 5 and the Persistence of Vision raytracing software. To enhance
visibility, values greater than 0.8 au or smaller than 0.01 au were discarded,
as well as all values at points closer than 0.1 au to any of the nuclei. The
anisotropy scalar field was calculated from Equation (1).


Diradical intermediates: To locate the diradical intermediates 14 and 15,
suitable input geometries were first optimized in the lowest triplet state at
the CASSCF(2,2)/STO-3G level. The end points of these optimizations
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were subsequently used as initial guesses for the optimization of the lowest
singlet states. After determination of the energy minima of 14 and 15, series
of constraint minimizations were performed to obtain initial guesses for
ordinary transition state searches.
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Raman Spectroscopic Investigation and Coordination Behavior
of the Polyimido SVI Anions [RS(NR)3]ÿ and [S(NR)4]2ÿ


Roland Fleischer, Bernhard Walfort, Axel Gbureck, Peter Scholz,
Wolfgang Kiefer, and Dietmar Stalke*


Abstract: On the basis of Raman spec-
troscopic experiments and the computa-
tional assignment of the SN vibrations to
small wavenumbers (640 ± 920 cmÿ1),
the bonding in sulfur triimides is inter-
preted to be mainly electrostatic
(>S+ÿN7ÿ) rather than covalent
(S(�NR)3). The coordination of the S-
alkyldiiminosulfonamide [RS(NR')3]ÿ


and tetraazasulfate [S(NR)4]2ÿ to bari-
um is elucidated. In the anions present-
ed here the central sulfur atom adopts
the oxidation state vi. They can be
readily synthesized from sulfur tri-
imides, by nucleophilic addition of orga-


nolithium species or lithium amides to
the S�N formal double bond. Although
three or four nitrogen donor centers are
present, tripodal coordination to barium
was not observed in any case. In the
[S(NtBu)3]2ÿ dianion, tripodal coordina-
tion is facilitated by all tert-butyl groups
pointing towards the lone pair of the
sulfur atom, leaving all lone pairs of the
nitrogen atoms pointing in the opposite


direction. However, in [(thf)2Ba-
{(NtBu)3SMe}2] (4) the steric demand
of the S-methyl group in the [MeS-
(NtBu)3]ÿ ion forces one tert-butyl group
to the open site of the anion, and the
third nitrogen atom is blocked. Within
the [S(NtBu)4]2ÿ ion in [(thf)4Ba2{N-
(SiMe3)2}2{(NtBu)4S}] (7), tripodal coor-
dination to barium is precluded by the
bent SNÿtBu arrangement. In the
known isoelectronic complex [Li2{(N-
tBu)4W}2] with a linear W�NÿtBu group
tripodal coordination was observed.


Keywords: alkaline earth metals ´
lithium ´ Raman spectroscopy ´
S ligands ´ structure elucidation


Introduction


Polyimido polyanions containing p-block-element bridge-
heads like [RSi(NR)3]3ÿ,[1] [RE(E'R'2NR'')3]3ÿ (R, R'�H,
alkyl, aryl; E, E'�C, Si),[2] [Sb(NR)3]3ÿ,[3a] [Sb2(NR)4]2ÿ,[3b]


and [E(NtBu)3]2ÿ (E� Se, Te)[4] furnish a new family of ligand
systems from which macromolecular architectures of mixed
metal cages and clusters may be constructed.[5]


Our current interest lies in the chemistry of polyimido
anions containing a sulfur bridgehead. In these anions the
central sulfur atom can adopt either the oxidation state iv, as
in the S-alkyliminosulfinamides[6] [RS(NR')2]ÿ and iminosul-
findiamides[7] [S(NR)3]2ÿ, or the oxidation state vi, as in the S-
alkyldiiminosulfonamide [RS(NR')3]ÿ and tetraazasulfates[8a]


[S(NR)4]2ÿ. The anionic SIV species are derived from sulfur
diimides by addition of organolithium species or lithium
amides to the formal double bond. By analogy the SVI species


are derived from sulfur triimides by similar nucleophilic
addition reactions. However, the chemistry of sulfur tri-
imides,[9] in contrast to the chemistry of sulfur diimides, is
rather unexplored.[10] One of the reasons might be the limited
synthetic access to sulfur triimides. Until recently only two
reactions were known in which the sulfur triimide backbone is
formed. These syntheses, starting from NSF3


[11, 12] or OSF4,[13]


are quite hazardous and/or give poor yields (�23 %). In our
investigations of the [S(NR)3]2ÿ ligand, we found a new,
simple and quantitative route to sulfur triimides.[14] Hence, the
way is opened up to prepare S-alkyldiiminosulfonamide and
tetraazasulfate complexes and to explore their coordination
behavior.


Raman spectroscopy is an important additional tool for
determining structural parameters in organometallic com-
pounds. The class of inorganic compounds that are discussed
in this paper have not yet been studied conclusively by this
method. Even for the starting materials, sulfurdi- and
triimides,[12, 15, 16] only very few Raman spectroscopic inves-
tigations have been reported. These authors tentatively
assigned only a few of the normal modes in such compounds.
Therefore, at the beginning of our investigations we studied
the vibrational behavior of the sulfur triimide S(NtBu)3 using
various Raman techniques, and assigned vibrational modes
with assistance of the results from density functional theory
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(DFT) calculations. The DFT method provides good results
for the calculation of normal modes.[17] On the basis of these
results the first Raman investigation of a dilithium tetraaza-
sulfate complex is presented.


Alkaline earth metal chemistry has attracted the interest of
both synthetic[18] and theoretical[19] chemists. Since alkaline
earth metals have been shown to be a fundamental compo-
nent of interesting materials, such as high-temperature super-
conductors, volatile and soluble complexes of these metals,
required in CVD or sol-gel process, have been synthesized
and examined in great number and variety. Recently the
heavier alkaline earth metals were calculated to prefer
multihapto bonding to delocalized electron density rather
than s bonding to localized electron density.[20] In a series of
alkaline earth metal complexes this effect could be veri-
fied.[21, 22] It seems obvious to us to embark on transmetalation
reactions utilizing soluble barium amides as metal sources,
and to employ the [RS(NR')3]ÿ monoanion and the
[S(NR)4]2ÿ dianion in barium coordination. Since in the
lithium complex the [RS(NR')3]ÿ monoanion was found to
chelate the metal rather than coordinate in a tripodal fashion,
the question remains as to whether this effect is an intrinsic
feature of the ligand or is induced by the small metal cation.


Results and Discussion


Raman spectroscopic investigations of sulfur triimide and
tetraazasulfate : Various Raman techniques have been used.
In the case of the sulfur triimide S(NtBu)3, the dispersive
Raman technique applying a double monochromator and a
CCD camera was employed to get the information from
polarized measurements (solution studies) and also to obtain
high-resolution spectra by low-temperature measurements. In
the case of the main group metal complexes only FT-Raman
studies with long-wavenumber excitation were successful,
since visible-light excitation caused strong fluorescence. The
FT-Raman spectra of the tetraazasulfate residue show the
same relative intensities and wavenumbers as the Raman
spectra obtained from excitation with visible laser lines. The
information from the Raman spectrum obtained by the
dispersive method of the sulfur triimide was included to
discuss the FT-Raman spectrum of the tetraazasulfate [(thf)4-
Li2(NtBu)4S] (5).


The DFT calculation gives a C3h-symmetric structure of
S(NMe)3 (Figure 1) with 42 normal vibrations, whose irredu-
cible representation is given by 8 A' (Ra)� 18 E' (Ra/IR)�
6 A'' (IR)� 10 E'' (Ra). The brackets indicate activities in
Raman scattering and/or infrared absorption.


Figure 1. DFT-calulated geometry of S(NMe)3, resulting in a C3h-symmet-
ric molecule; this structure is known for S(NtBu)3 and S(NSiMe3)3 from
crystal-structure analyses.[24]


The sulfur triimide S(NtBu)3 can also be considered to have
C3h symmetry; in this case the methyl groups are treated as
point masses. In contrast to published values[12, 15, 16] in which
the SN vibrations of sulfur triimides are assigned in the region
around 1200 cmÿ1 for the antisymmetric and 1150 cmÿ1 for
the symmetric mode, we have located them at smaller
wavenumbers, that is, in the 640 ± 920 cmÿ1 region (nÄasym-
(SN3)� 918 cmÿ1 and nÄsym(SN3)� 641 cmÿ1). (Note: all stretch-
ing vibrations that are described in Table 3 are dominantly
stretching vibrations of one bond, SN or CN; however, most
of the vibrations are not pure vibrations, with only one
internal coordinate involved!). This is supported by the DFT
calculation of S(NMe)3, in which nÄasym(SN3) (E') is found at
880 cmÿ1 and nÄ sym(SN3) at 661 cmÿ1. Only the latter gives a
polarized Raman band with very strong band at 641 cmÿ1. For
the CN-stretching vibrations, the Raman-active A' band is
calculated at 1072 cmÿ1, whereas the experimental value of
the polarized band with very strong intensity is at 1058 cmÿ1.
The calculated E' bands (Ra/IR) at 1169/1168 cmÿ1 are
assigned to the medium intensity band at 1227 cmÿ1.


Abstract in German: Auf der Grundlage neuer Raman-
spektroskopischer Experimente mit daran anschlieûender
DFT Zuordnung der SN Schwingungen zu viel niedrigeren
Wellenzahlen (640 ± 920 cmÿ1) als bislang angenommen
(1200 cmÿ1) muû die SÿN-Bindung in Schwefeltriimiden
sicherlich vorwiegend elektrostatisch (>S+ÿN7ÿ) und weniger
als kovalente Doppelbindung (S(�NR)3) interpretiert werden.
Die Arbeit beschreibt das Koordinationsverhalten des S-Alkyl-
diiminosulfonamids [RS(NR')3]ÿ und Tetraazasulfats [S-
(NR)4]2ÿ zum schweren Erdalkalimetall Barium. In diesen
Anionen nimmt das zentrale Schwefelatom die Oxidationsstufe
VI ein. Sie sind über nucleophile Additionsreaktionen von
lithiumorganischen Verbindungen oder Lithiumamiden an die
formale Doppelbindung des Schwefeltriimids leicht zugäng-
lich. Obwohl in diesen anionischen Liganden drei oder vier
potentielle Stickstoff-Donorzentren vorhanden sind, wurde
keinerlei tripodale Koordination zum relativ groûen und
weichen Bariumatom beobachtet. Beim Triazasulfit-Anion
wird die tripodale Koordination ermöglicht, da das einsame
Elektronenpaar des Schwefelatoms Platz genug läût, so daû
alle tert-Butyl-Gruppen zur selben Seite ausgerichtet werden
können. So zeigen alle einsamen Elektronenpaare der Stick-
stoffatome in die entgegengesetzte Richtung und ermöglichen
die Metallkoordination. Im [(thf)2Ba{(NtBu)3SMe}2] (4) da-
gegen zwingt der sterische Anspruch der S-Methyl-Gruppe im
[MeS(NtBu)3]ÿ-Anion eine der tert-Butyl-Gruppen auf die
offene Seite und blockiert ein Stickstoffatom, so daû das
Bariumatom nur von zwei Stickstoffatomen chelatisiert wird.
Die tripodale Koordination des [S(NtBu)4]2ÿ-Anions in
[(thf)4Ba2{N(SiMe3)2}2ÿ{(NtBu)4S}] (7) wird dadurch verhin-
dert, daû die Einheit S-N-tBu am Stickstoffatom abgewinkelt
ist. Im isoelektronischen [Li2{(NtBu)4W}2]-Komplex wird
jedoch aufgrund der am Stickstoffatom linearen W�NÿtBu-
Einheit tripodale Koordination ermöglicht.
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The mode at 276 cmÿ1 appears in the complex spectra with
very strong intensity; this is caused by the coordinated
tetrahydrofuran (THF). From this coordinated THF mole-
cule, the high intensity of the bands at 1452 and 1215 cmÿ1


(compared with the ligand spectra) can also be rationalized
(Figure 2, and Table 3 in the Experimental Section).


Figure 2. FT-Raman spectra of sulfurtriimide S(NtBu)3 and dilithium
tetraazasulfate [(thf)4Li2(NtBu)4S] (5).


S-methyl-N,N'',N''''-tris(tert-butyl)diiminosulfonamide ([MeS-
(NtBu)3]ÿ): S-alkyldiiminosulfonamides are a well establish-
ed class of compounds.[23] Until recently, the only known
synthetic access was the direct reaction of thiols with chloro-
amines or, better, bromoamines. A new synthetic route to
these compounds is the nucleophilic addition of lithium alkyls
to the S�N formal double bond of sulfur triimides.[8] In
contrast to the chemistry of sulfur diimides, nucleophilic
addition reactions in the chemistry of sulfur triimides are
unfavorable due to the steric strain in the few known sulfur
triimides.[24] Nevertheless, alkylation of tris(tert-butyl)sulfur
triimide with sterically less demanding alkyls is possible.


In analogy to the synthesis of iminosulfinamides,[6] lithium
methyl N,N',N''-tris(tert-butyl)diiminosulfonamide [(thf)2Li2-
{(NtBu)3SMe}2] (1) is obtained in the addition reaction of
methyl lithium to an S�N formal double bond of S(NtBu)3


[Eq. (1)].[8] A similar addition reaction with tert-butyl lithium
failed. Presumably, the higher steric demand of the tert-butyl
group in comparison with the methyl group prevents the
nucleophilic attack at the sulfur atom. Protonation reactions
of 1 were carried out, to obtain S-methyl N,N',N''-tris(tert-
butyl)diiminosulfonamine [Eq. (2) and (3)].


2S(NtBu)3� 2 MeLi ÿ!THF=hexane [(thf)2Li2{(NtBu)3SMe}2] (1) (1)


2H2O� [(thf)2Li2{(NtBu)3SMe}2]!2 H(NtBu)3SMe (2)� 2 LiOH (2)


2 tBuNH3Cl� [(thf)2Li2{(NtBu)3SMe}2]!
2H(NtBu)3SMe (2)� 2 LiCl� 2 tBuNH2 (3)


From the reaction of 1 with water, a yellowish oil was
obtained. From this oil a colorless precipitate was formed
within few hours storage at room temperature. Surprisingly,
isolation of this precipitate and crystallization from pentane


solution yielded pure H(NtBu)2SMe (3). NMR investigations
of the precipitate and the residual oil revealed that the main
product was H(NtBu)3SMe (2), with remarkable amounts of 3
as byproduct. Since 3 is a SIV compound, it can not have been
formed in the hydrolysis reaction itself, but must have been
obtained in a subsequent redox reaction. Presumably, two
H(NtBu)3SMe molecules undergo a Shenk-ene-type reac-
tion, followed by a rearrangement accompanied by abstrac-
tion of di(tert-butyl)diimide, which was identified by 1H NMR
spectroscopy (Scheme 1).


Scheme 1. Rearrangement of H(NtBu)3SMe (2) to give H(NtBu)2SMe (3).


In general, deprotonation of acidic NH functions with
strong bases like the alkaline earth metal bis[bis(trimethylsi-
lyl)amides][25] provides easy access to alkaline earth metal
complexes. Hence, the reaction of 2 with [(thf)2Ba{N-
(SiMe3)2}2] yields the barium complex of the [MeS(NtBu)3]ÿ


monoanion [Eq. (4)].


2H(NtBu)3SMe (2)� [(thf)2Ba{N(SiMe3)2}2] ÿ!THF=hexane


2HN(SiMe3)2� [(thf)2Ba{(NtBu)3SMe}2] (4) (4)


N,N'',N'''',N''''''-Tetrakis(tert-butyl)tetraazasulfates ([S(Nt-
Bu)4]2ÿ): The coordination number four is the most common
for SVI, and many compounds of the type [SOx(NR)4ÿx]2ÿ or
their protonated species are known.[26] Dehnicke et al. recently
reported the structure of the SVI dication [S(NPMe3)4]2�.[27] In
1968 Appel and Ross reported the synthesis of [K3(HN)3SN ´
NH3] from the reaction of S,S-dimethyl sulfur diimine with
KNH2 in liquid ammonia, which can be seen as the first
member of the class of tetraazasulfates ([S(NR)4]2ÿ).[28] Un-
fortunately it is only characterized by elemental analysis and
no structural information is available. Lithium(tert-butyl)a-
mide easily adds to N,N'-di(tert-butyl)sulfur diimide to give
[Li4{(NtBu)3S}2]. In a similar nucleophilic addition reaction,
N,N',N''-tri(tert-butyl)sulfur triimide yields dilithium tetrakis-
(tert-butyl)tetraazasulfate [(thf)4Li2(NtBu)4S] (5) [Eq. (5)].


S(NtBu)3� 2LiHNtBu ÿ!THF=hexane [(thf)4Li2(NtBu)4S] (5)�H2NtBu (5)


Hexane solutions of 5 form a turquoise precipitate on
contact with oxygen. An ESR spectrum of the solid precip-
itate gave a broad signal at 3480 G without hyperfine splitting.
Attempts to repeat the ESR experiment from pentane
solution to obtain a better resolved spectrum have not been
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successful yet. If a THF solution is exposed to oxygen, a
turquoise color occurs indicating the presence of a radical
species, but the color vanishes within a few seconds. The
radical species is not stable in THF solution. Investigations of
this oxidation reaction and its final products will follow.


In order to obtain H2(NtBu)4S (6), an analogue of sulfuric
acid, protonation reactions [Eq. (6) and (7)] were carried out.
Unfortunately, 6 could not be isolated. On attempt to distill
the crude product, it decomposed to S(NtBu)3 and tert-
butylamine. Nevertheless, in situ deprotonation of 6 with
[(thf)2Ba{N(SiMe3)2}2] gives [(thf)4Ba2{N(SiMe3)2}2{(NtBu)4-
S}] (7) in good yield [Eq. (8)]. Even with an equimolar ratio of
starting materials, a 2:1 molar ratio was found in the product.


2H2O� [(thf)4Li2(NtBu)4S] (5)!H2(NtBu)4S (6)� 2 LiOH (6)


2 tBuNH3Cl� [(thf)4Li2(NtBu)4S] (5)!
H2(NtBu)4S (6)� 2 LiCl� 2 tBuNH2 (7)


H2(NtBu)4S� 2 [(thf)2Ba{N(SiMe3)2}2] ÿ!THF=hexane


2HN(SiMe3)2� [(thf)4Ba2{N(SiMe3)2}2{(NtBu)4S}] (7) (8)


Structures of H(NtBu)2SMe (3), [(thf)2Ba{(NtBu)3SMe}2]
(4) and [(thf)4Ba2{N(SiMe3)2}2{(NtBu)4S}] (7): After one day
storage at ÿ30 8C X-ray suitable crystals of 3 were obtained
from a pentane solution. Like other known iminosulfina-
mides,[6] the solid-state structure of 3 (Figure 3) is a dimer in


Figure 3. Solid-state structure of H(NtBu)2SMe (3); anisotropic displace-
ment parameters are depicted at the 50% probability level. Selected bond
lengths [pm] and angles [8]: S1ÿN1 168.12(12), S1ÿN2 158.78(11), S1ÿC1
179.59(14), N1ÿH1 84(2), H1 ´´´ N2A 223(2), N1-S1-N2 109.88(6), C1-S1-
N1 101.99(6), C1-S1-N2 99.79(6), S1-N1-C10 119.78(9), S1-N2-C20
114.68(9), N1-H1A ´´´ N2A 170(1).


which the two molecules are connected through weak hydro-
gen bridges[29] with a quite long H1 ´´´ N2A (223(2) pm)
distance and an N1ÿH1 ´´´ N2A angle of 1708. Hydrogen
bonding to N1 gives rise to a localized SN single bond (S1ÿN1:
168.1(1) pm) and a formal double bond (S1�N2: 158.8(1) pm).
The SÿC distance of 179.6(1) pm is comparable with the SÿC
distance in the [MeS(NtBu)3]ÿ ligand (179.7(3) pm, av).


Compound 4 crystallizes from hexane solution at room
temperature within one day. The colorless blocks decompose
upon heating to 250 8C. Loss of THF was not observed. In 4
the central barium atom is coordinated by two [MeS(NtBu)3]ÿ


ligands and two additional THF molecules (Figure 4). While


Figure 4. Solid-state structure of [(thf)2Ba{(NtBu)3SMe}2] (4); anisotropic
displacement parameters are depicted at the 50% probability level. Selected
bond lengths [pm] and angles [8]: S1ÿN1 157.5(2), S1ÿN2 157.4(2), S1ÿN5
154.0(2), S1ÿC1 179.4(3), S2ÿN3 157.9(2), S2ÿN4 157.5(2), S2ÿN6 153.7(2),
Ba1ÿN1 275.9(2), Ba1ÿN2 267.0(2), Ba1ÿN3 269.8(2), Ba1ÿN4 276.1(2),
Ba1ÿO1 292.2(2), Ba1ÿO2 278.6(2), N1-S1-N2 98.22(11), N2-S1-N5
119.93(12), N5-S1-N1 121.45(12), C1-S1-N1 109.72(13), C1-S1-N2
109.05(13), C1-S1-N5 98.30(13), N3-S2-N4 97.56(12), N4-S2-N6
121.73(13), N6-S2-N3 121.71(13), C2-S2-N3 108.76(13), C2-S2-N4
109.20(13), C2-S2-N6 97.50(13), S1-N1-C10 125.4(2), S1-N2-C20 124.4(2),
S1-N5-C50 123.7(2), S2-N3-C30 125.1(2), S2-N4-C40 125.2(2), S2-N6-C60
125.8(2).


tripodal coordination of the ligand was anticipated, only two
nitrogen atoms of each ligand are coordinated to the metal
center. Similar to the coordination of [PhS(NSiMe3)2]ÿ and
[(SiMe3)2NS(NSiMe3)2]ÿ in alkaline earth metal complexes,[22]


the two ligands are coordinated to the same hemisphere of the
metal, leaving the two THF donor molecules coordinated to
the other. The negative charge is delocalized over the chelating
SN2 backbone, indicated by the SÿN distances (av 157.7(2) pm).
The uncoordinated nitrogen atom shows a much shorter SÿN
distance (av 153.9(2) pm), which is comparable to the S�N
formal double bond in S(NtBu)2 (153.2 pm), but is about 2 pm
longer than in S(NtBu)3 (151.5 pm). While the SÿN distances
of the coordinated nitrogen atoms show no significant
variance, two different BaÿN distances (BaÿN1(N4): 276.0(2)
and BaÿN2(N3): 268.4(2) pm, av) and different BaÿO dis-
tances (BaÿO1: 292.2(2) and BaÿO2: 278.6(2) pm) are
detected. This is evidently due to steric strain. However, the
BaÿN distances are in the range of related distances covered
from [(thf)2Ba{N(SiMe3)2}2][25b] (259 pm) to [Ba{(pz*)3Ge}2] ´
0.5 dioxane[30] (pz*� 3,5-dimethylpyrazol-1-yl; BaÿN(s): 280
and BaÿN(h): 293 and 297 pm).


A closer look at the structure reveals, that each of the tert-
butyl groups at N1 and N4 is almost eclipsed with respect to
one coordinated THF molecule (C10-N1-Ba1-O1: 14.08 and
C40-N4-Ba1-O2: 4.18). While this might be the reason for the
different BaÿN distances, it does not cause the differences in
the BaÿO distances. Nevertheless, these differences can be
explained by considering a similar steric effect. The sulfur
bonded methyl group (C2) of one ligand, is almost eclipsed
with respect to the THF molecule around O1 (C2-S2-Ba1-O1:
9.28). In the other ligand, the sulfur bonded methyl group (C1)
points away from the THF molecules. In accordance to
observations made earlier,[21, 22] the barium atom leaves the
plane of one coordinated SN2 unit (the SN2 and the BaN2


planes intersect at an angle of 164.68) to maintain interaction
with the p electron density provided by the SN2 moiety.
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Compound 7 crystallizes from THF/hexane within 12 hours,
to give colorless blocks suitable for X-ray structure analysis.
Crystals of 7 decompose upon heating to about 200 8C. In 7,
the central [S(NtBu)4]2ÿ ligand coordinates to two barium
atoms. Each barium atom is additionally coordinated by one
bis(trimethylsilyl)amide anion and two THF donor molecules,
leading to a distorted trigonal bipyramidal coordination
polyhedron around the barium atom (Figure 5). N1, N6, and


Figure 5. Solid-state structure of [(thf)4Ba2{(N(SiMe3)2}2{(NtBu)4S}] (7);
anisotropic displacement parameters are depicted at the 50% probability
level. Selected bond lengths [pm] and angles [8]: S1ÿN1 160.5(3), S1ÿN2
159.0(3), S1ÿN3 159.8(3), S1ÿN4 159.3(3), Ba1ÿN1 268.2(3), Ba1ÿN2
266.4(3), Ba1ÿN6 266.5(3), Ba1ÿO3 283.6(3), Ba1ÿO4 278.1(3), Ba2ÿN3
268.1(3), Ba2ÿN4 266.4(3), Ba2ÿN5 266.4(3), Ba2ÿO1 280.3(3), Ba2ÿO2
285.3(3), N1-S1-N2 96.2(2), N2-S1-N3 116.2(2), N1-S1-N4 116.3(2), N2-S1-
N3 116.7(2), N2-S1-N4 116.6(2), N3-S1-N4 96.3(2), S1-N1-C10 124.8(3), S1-
N2-C20 125.6(3), S1-N3-C30 125.2(3), S1-N4-C40 125.7(3).


O4 (N3, N5, and O1) reside in the equatorial positions around
Ba1 (Ba2), while N2 and O3 (N4 and O2) are located in the
axial positions. Trigonal bipyramidal coordination usually
causes an extension of the axial distances. In accordance the
axial BaÿO distances (av 284.5(3) pm) are about 5 pm longer
than the equatorial BaÿO distances (av 279.2(3) pm). Sur-
prisingly, the BaÿN distances do not match this geometric
model. The axial BaÿN distances (Ba1ÿN2, Ba2ÿN4, av
266.4(3) pm) are similar to two of the equatorial distances
(Ba1ÿN5 and Ba2ÿN6, av 266.5(3) pm), and the other two
equatorial distances are about 2 pm longer (Ba1ÿN1 and
Ba2ÿN3, av 268.2(3) pm).


Structural comparison : In the solid-state structure of dimeric
1, the coordination of the two [MeS(NtBu)3]ÿ ligands to the
two lithium atoms is quite different (Figure 6).[8] The geo-
metrical features affected most by asymmetric coordination
are the SÿN bond distances, whereas the overall geometrical


Figure 6. The structure of [(thf)2Li2{(NtBu)3SMe}2] (1).


constitution differs only marginally. While coordination of
both lithium atoms to one monoanion has the effect that the
SÿN distances in that ligand (S1 in Figure 6) are all similar
(156.4(2) pm; Table 1), the SÿN bond to the uncoordinated
nitrogen atom (S2ÿN5 153.5(3) pm) is significantly shorter
than the two SÿN(Li) bonds (av 157.0(3) pm). The same


phenomenon is observed in 4. While the SÿN bonds to the
barium-coordinated nitrogen atoms are 157.7(2) on average,
the two distances to the uncoordinated nitrogen atoms (N5
and N6 in Figure 4) are shorter (av 153.9(2) pm).


In both structures the tertiary carbon atoms at the SN2


residue chelating the metal are almost in the plane of this
group. This coordination mode is very similar to that observed
in [(thf)nM{(NSiMe3)2SN(SiMe3)2}2] (M�Mg, n� 0; M� Sr,
n� 1).[21] The third tert-butyl group is pointing away from the
S-methyl group to the vacant site of the anion. Due to steric
crowding the S-methyl group is not located at the local C3 axis,
but is bent towards the nitrogen atom bearing the downwards
orientated tert-butyl group. Tripodal coordination was not
observed in either case.


In the [S(NtBu)3]2ÿ dianion, tripodal coordination is
facilitated by all tert-butyl groups pointing towards the lone
pair of the sulfur atom, leaving all lone pairs of the nitrogen
atoms pointing in the opposite direction. The structure of
[Li6{(NtBu)3SiMe}2] published by Veith et al.[31] shows almost
rhombohedral D3d symmetry, with the 3Å axis along the SiÿC
bond. All tert-butyl groups are oriented towards the methyl
group at the silicon atom. Hence all nitrogen atoms of the
[MeSi(NtBu)3]3ÿ anion are exposed to lithium coordination
(Figure 7a). This arrangement is suitable because the
SiÿN bonds are considerably longer (174 pm) than the SÿN
bonds in the systems reported here (157 pm). Furthermore
the Si-N-C angles are wider (av 1308) than the S-N-C angles in
[MeS(NtBu)3]2ÿ (120 ± 1258). This gives the methyl group at
the central silicon atom sufficient room. The repulsion to the
tert-butyl groups, indicated by the red lenses in Figure 7, is
only marginal and can by compensated by appropriate
orientation of the hydrogen atoms at the methyl group. They
slot into the gaps left by the tert-butyl groups. Such a
hypothetical orientation of the tert-butyl groups in
[MeS(NtBu)3]2ÿ is not possible due to steric crowding. The
repulsion is much more pronounced than in the former
example and the methyl group would not find any suitable
orientation (Figure 7b). The anion minimizes steric strain by
turning one tert-butyl group away from the methyl group


Table 1. Structural parameters of [MeS(NtBu)3]ÿ ; average bond lengths
[pm] and angles [8]


1 (M�Li) 4 (M�Ba)
S1 S2 S1 and S2


SÿN(M) 156.4(2) 157.8(2) 157.7(2)
S�N 153.5(3) 153.9(2)
SÿC 179.6(3) 179.9(3) 179.5(3)
(M)NÿSÿN(M) 97.6(1) 97.2(1) 97.9(1)
N�SÿN(M) 120.1(1) 121.4(1) 121.2(1)
CÿSÿN(M) 110.8(1) 109.2(2) 109.2(1)
CÿS�N 98.0(1) 98.3(2) 97.9(1)
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(Figure 7c). In this orientation, found in 1 and 4, the steric
strain is even less than in [MeSi(NtBu)3]3ÿ. These findings
explain why the addition reaction of tert-butyl lithium to
sulfur triimide fails. However, the tripodal coordination is
precluded because the third nitrogen atom is blocked by the
sterically required orientation of the tert-butyl group.


Comparison of 5 and 7 reveals the geometrical features of
the [S(NtBu)4]2ÿ unit (i.e. , SÿN distances, N-S-N angles, and
C-S-N angles) to be almost invariant to the nature and
coordination mode of the counterion (Table 2). Even the
chelating (M)N-S-N(M) angle is only marginally affected by
the different cation size in 5 and 7. A regular tetrahedral
geometry can be assumed for the separated [S(NtBu)4]2ÿ


dianion, as found in SO2ÿ
4 .


It is worthwhile to compare the related Group 6 metal
complexes to the systems reported here.[35] While 5 is a
monomer, the related complex [Li2{(NtBu)4W}2][36] shows a
dimeric structure (Scheme 2), comparable with that of [Li4-
{(NtBu)3S}2]. This structural grouping is facilitated by the
linear arrangement of the uncoordinated tert-butylamide
group, which formally requires a W�N triple bond.


In the [S(NR)4]2ÿ anion, of course,
an S�N formal triple bond cannot be
formed. An S�N formal double bond
with a trigonal planar nitrogen atom
would give rise to a bent geometry at
nitrogen. Hence, a structural motif as
found in [Li2{(NtBu)4W}2] will never
be observed in the complexes of
[S(NtBu)4]2ÿ owing to steric strain.
In addition to the tripodal coordina-


tion pattern shown in Scheme 2a, the [W(NtBu)4]2ÿ ion
(Scheme 2b) also exhibits a structural motif similar to that
of the [S(NR)4]2ÿ ion.


Conclusion


Some simple nucleophilic addition reactions were carried out
to establish the parallels between the chemistry of sulfur
diimides and sulfur triimides. The Raman spectroscopic
experiments and the assignment of the SN vibrations to much


Scheme 2. Structure of a) dimeric [Li2{(NtBu)4W}2] and b) monomeric [(AlX2)2{(NtBu)4W}2].


Table 2. Structural features of [S(NtBu)4]2ÿ ; average bond lengths [pm]
and angles [8].


5 7


cation Li� Ba2�


cationic radii[34] [pm] 78 143
SÿN 160.1(3) 159.6(3)
(M)NÿSÿN(M) 94.7(1) 96.3(2)
NÿSÿN 117.4(2) 116.5(2)
CÿSÿN 125.4(2) 125.3(3)


Figure 7. Space filling models[32] of a) the [MeSi(NtBu)3]3ÿ anion, b) the virtual [MeS(NtBu)4]2ÿ equivalent and c) the [MeS(NtBu)3]2ÿ conformer found in 1
and 4. The van der Waal�s radii of the methyl groups are depicted at the 200 pm level.[33] The red lenses visualize the steric overlap of the methyl group and the
tert-butyl groups.
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smaller wavenumbers (640 ± 920 cmÿ1) than reported in
previous papers (1200 cmÿ1) suggest a mainly electrostatic
contribution in the >S+ÿN7ÿ bond of sulfur triimides and
related metal complexes. The hypothesis of valence expansion
at sulfur to three covalent double bonds (S(�NR)3) seems no
longer valid. The barium metal complex of [MeS(NtBu)3]ÿ


was structurally investigated. Contrary to our expectations,
the [MeS(NtBu)3]ÿ ion exhibited no tripodal-coordination
behavior, but only chelating properties with one NtBu group
remaining uncoordinated (Scheme 3). Although a third
potential N-donor site is present, the coordination behavior
of this monoanionic ligand resembles that of the S-alkyl
iminosulfinamides and silylated iminosulfindiamides. The
steric demand of the S-methyl group precludes exposure of
all three nitrogen atoms to metal coordination.


Scheme 3. Coordination behavior of [MeS(NtBu)3]ÿ .


Although metal contact induces considerable changes in
the [MeS(NtBu)3]ÿ ion, the [S(NtBu)4]2ÿ dianion seems to be
almost invariant against the nature of the metal. The same
structural motif is present in both the lithium and barium
complexes (Scheme 4).


Scheme 4. Coordination behavior of [S(NtBu)4]2ÿ.


Experimental Section


All manipulations were performed under inert gas atmosphere of dry N2


with Schlenk techniques or in an argon glovebox. All solvents were dried
over Na/K alloy and distilled prior to use. NMR spectra were obtained on a
Bruker AM 250, Bruker MS 400, or Bruker DMX 300 at 25 8C. ESR spectra
were obtained on a Bruker EPR 300 instrument at 25 8C (1 G; 100 kHz;
2 mW; 10 scans). Melting points and decomposition temperatures were
measured by differential thermo analysis with a DuPont Thermal Analyzer
TA 9000. Due to the high sensitivity to oxidation of most of the compounds
reported here, no mass spectra are provided and no elemental analysis was
attempted.


Syntheses : [(thf)2Li2{(NtBu)3SMe}2] (1) and [(thf)4Li2(NtBu)4S] (5) were
obtained as described previously in refs. [7] and [8a], respectively.


Synthesis of H(NtBu)3SMe (2) and H(NtBu)2SMe (3):
a) A suspension of tert-butylamonium chloride (4 mmol, 0.44 g) in THF
(10 mL) was added to a solution of 1 (4 mmol, 2.72 g) in THF (10 mL) and
stirred for 30 min. Volatile material was removed in vacuum and pentane
was added to the residue. After lithium chloride was filtered off, the
pentane was removed. The oily crude product was purified by fractional
crystallization. Compound 2 was obtained as an amorphous white solid.
M� 261.46 gmolÿ1; yield: 0.51 g (49 %).
b) A solution of H2O in THF (0.5m, 4 mmol, 8 mL) was added to a solution
of 1 (4 mmol, 2.72 g) in THF (10 mL) and stirred for 30 min. Volatile
material was removed under vacuum and pentane added to the residue.
After lithium chloride was filtered off, the pentane was removed under


vacuum. The oily crude product was purified by fractional crystallization
and 2 was obtained as an amorphous white solid. Yield: 0.46 g (44 %); m.p.
86 8C; C13H31N3S (261.47): calcd C 59.71, H 11.95, N 16.07, S 12.26; found C
59.82, H 12.01, N 16.03, S 12.18; 1H NMR (400 MHz, C6D6): d� 1.28 (s, 9H,
tBu), 1.29 (s, 18 H, tBu), 2.99 (s, 3H, CH3).


Compound 3 crystallizes from pentane solution within 1 d storage at
ÿ308C. M� 190.34 gmolÿ1; yield: 0.20 g (26%); m.p. 678C; C9H22N2S (190.35):
calcd C 56.79, H 11.65, N 14.72, S 16.84; found C 56.84, H 11.69, N 14.67, S
16.77; 1H NMR (400 MHz, C6D6): d� 1.26 (s, 18 H, tBu), 2.93 (s, 3H, CH3).


[(thf)2Ba{(NtBu)3SMe}2] (4): A mixture of 2 (2 mmol, 0.52 g) and barium
bis[bis(trimethylsilyl)amide][25b,c] (2 mmol, 1.20 g) was dissolved in THF
(10 mL) and stirred for 2 h. After all volatile material was removed under
vacuum, hexane (10 mL) was added. 1 d storage at 0 8C yields colorless
crystals. M� 802.43 g molÿ1; yield: 1.30 g (81 %); m.p. 248 8C (decomp); 1H
NMR (300 MHz, C6D6): d� 1.37 (m, 4H, thf), 1.48 (s, 27 H, tBu), 2.83 (s,
3H, Me), 3.59 (m, 4 H, thf); 13C NMR (75 MHz, C6D6): d� 25.54
(OCH2CH2, thf), 33.40 (CH3), 33.83 (C(CH3)3), 52.39 (C(CH3)3), 68.09
(OCH2, thf).


[(thf)4Ba2{N(SiMe3)2}2{(NtBu)4S}] (7): A suspension of tert-butylamonium
chloride (2 mmol, 0.22 g) in THF (10 mL) was added to a solution of 5
(2 mmol, 1.24 g) in THF (10 mL), and was stirred for 30 minutes. Volatile
material was removed under vacuum and pentane was added to the residue.
After lithium chloride was filtered off, barium bis[bis(trimethylsilyl)amide]
(2 mmol, 1.20 g) dissolved in THF (10 mL) was added and stirred for
2 hours. After all volatile material was removed under vacuum, hexane
(10 mL) was added. 1 d storage at 0 8C yielded colorless crystals. M�
1200.37 gmolÿ1; yield: 1.58 g (66 %); m.p. 141 8C (decomp); 1H NMR
(400 MHz, C6D6): d� 0.09 (s, 36 H, SiMe3), 1.46 (s, 36H, tBu), 1.42 (m), 3.56
(m, 16 H, thf).


Raman spectroscopic experiments : For excitation of the Raman spectra the
647.1 nm line of a krypton ion laser (Spectra Physics, model 2025) was used.
The scattered light was dispersed by means of a double monochromator
(Spex, model 1404) and detected by a CCD (charge-coupled device)
camera system (Photometrix, Spectra 9000). For solution studies a rotating
quartz sample cell[37] for polarized studies was used in order to prevent local
heating in the laser focus. The Raman spectra of the polycrystalline sample
were recorded by means of the rotating surface-scanning technique
developed by Zimmerer and Kiefer.[38] The sample was cooled at 20 K
with a cryocooler (CTI-Cryogenics, model 22C). The benzene solution was
prepared with absolute solvent, and all samples were handled under argon
atmosphere. Sometimes the high photon energy in the visible region causes
two problems: first, photochemical reactions in the laser focus are very
likely, and second, fluorescence often covers the whole Raman spectrum.
These two problems can be avoided with the use of excitation in the near
infrared (NIR) region, for example, with a Nd:YAG laser operating at
1064 nm. The Fourier transform technique was used to compensate for two
new problems: the Raman intensity is approximately proportional to the
fourth power of the excitation frequency, and detectors in the near-infrared
region are less sensitive. FT-Raman spectra were recorded with a Bruker
spectrometer model IFS 120-HR equipped with a FT-Raman module
model FRA 106. Details are given in Table 3.


DFT calculations : The DFT calculations were performed with the
GAUSSIAN 94 program.[39] A combination of exchange and correlation
functionals that gave the best results in test calculations was used: Becke�s
1988 exchange functional [40] in combination with the Perdew-Wang 91
gradient-corrected correlation functional [41] (BPW91). The 6-31�G* basis
set for all atoms was employed in all calculations.


Crystallographic measurements : Crystal data for structures 3, 4 and 7 are
presented in Table 4. The data for all of the structures were collected at low
temperatures (133(2) K) with oil-coated shock-cooled crystals[42] on a Stoe-
Huber-Siemens Eigenbau diffractometer fitted with a Siemens CCD-
detector and with graphite monochromated MoKa radiation (l�
0.71073 �). Semiempirical absorption corrections were applied. The
structures were solved by Patterson or direct methods with SHELXS-
90.[43] All structures were refined by full-matrix least-squares procedures on
F 2 with SHELXL-93.[44] All non-hydrogen atoms were refined anisotropi-
cally, and a riding model was employed in the refinement of the hydrogen
atom positions. The position of the N-bound hydrogen atom H1 in 3 was
taken from the difference Fourier map and refined freely, while the
isotropic displacement parameter was constrained to be 1.2 times the Ueq of
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N1. The two disordered tert-butyl moieties in 4 were refined to split
occupancies of 0.79/0.21 (C50 ± C53) and 0.64/0.36 (C60 ± C63). In 7 the
trimethylsilyl group (Si4, C64 ± C66) exhibits a rotational disorder; it was
refined to a split occupancy of 0.61/0.39. Two coordinated THF molecules
were refined to split occupancies of 0.57/0.43 (O1, C71 ± C74) and 0.57/0.43
(O2, C75 ± C78). The uncoordinated THF molecule (O1t, C91 ± C94) was
refined to a split occupancy of 0.69/0.31. All disordered groups were refined
with distance and similarity restraints. Crystallographic data (excluding


structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-101116. Copies
of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Table 3. Calculated wavenumbers (cmÿ1) of normal vibrations of S(NMe)3 and comparison with Raman measurements of S(NtBu)3 and [(thf)4Li2(NtBu)4S] (5).


nÄ [cmÿ1] calculated Assignment S(NtBu)3 (in benzene) S(NtBu)3 polycryst. S(NtBu)3 polycryst. 5 polycryst. Assignment
S(NMe)3 647.1 nm exc. 647.1 nm exc. 1064 nm exc. 1064 nm exc.


1467 A' (Ra) CH3 out-of-phase def. 1476 vw 1481 vvw, 1473 vvw 1476 w CH3 out-of-phase def.
1468, 1467 E' (Ra/IR) CH3 out-of-phase def. 1453 m 1457 m, 1450 m 1449 s 1452 vs (�THF) CH3 out-of-phase def.
1463, 1462 E'' (Ra),
1465 A'' (IR)


CH3 out-of-phase def. 1447 m 1446 m, 1441 w CH3 out-of-phase def.


1169, 1168 E' (Ra/IR) CN stretch 1227 m 1230 m 1227 m CN stretch
1113 A' (Ra) CH3 rock 1216 m (p) 1217 m 1214 m 1215 s (�THF) CH3 rock [tBu]
1072 A' (Ra) CN stretch 1058 vs (p) 1060 vvs 1057 vs 1060 w CN stretch
1089, 1089 E'' (Ra),
1084 A'' (IR)


CH3 rock 1031 w 1036 w, 1033 w, 1030 w 1031 w 1023 w CH3 rock [tBu]


880 E' (Ra/IR) SN3 stretch (asym.) 918 m 924 m, 922 m, 920 m,
918 m, 916 m


918 m 917 m
900 s (THF)


SN3 stretch (asym.)


812 m (p) 816 m 814 m 800 s CC3 stretch
661 A' (Ra) SN3 stretch (sym.) 641 vs (p) 641 vs 642 vs 534 s SN3 stretch (sym.)
504, 503 E' (Ra/IR) SNC in plane bend 558 w 557 w 559 w SNC in plane bend


446 m (p) 465 w 468 w 431 w CC3 bend
277 A' (Ra) SNC in plane bend 287 m (p) 299 w, 278 w 293 w, 271 w 276 vs (�THF) SNC in plane bend
215, 214 E'' (Ra) SNC out of plane bend 253 m 255 m 254 m 254 m SNC out of plane bend


193 m (p) 194 m 194 m 164 w CC3 bend
144, 143 E' (Ra/IR) SNC in plane bend 144 m 128 w SNC in plane bend


Table 4. Crystal data and structure refinement for 3, 4, and 7.


3 4 7


formula C9H22N2S C34H76BaN6O2S2 C48H112Ba2N6O5SSi4


Mr [gmolÿ1] 190.35 802.47 1272.54
crystal system monoclinic monoclinic triclinic
space group P21/c P21/n P1Å


a [pm] 891.92(3) 1432.83(3) 1021.47(2)
b [pm] 1482.33(6) 1728.65(3) 1779.62(2)
c [pm] 940.01(4) 1697.60(4) 1912.74(1)
a [8] 90 90 74.952(1)
b [8] 110.9823(3) 92.609(1) 80.127(1)
g [8] 90 90 82.880(1)
V [nm3] 1.16040(8) 4.2004(2) 3.29652(8)
Z 4 4 2
1calcd [Mg mÿ3] 1.090 1.269 1.282
m [mmÿ1] 0.237 1.079 1.333
F(000) 424 1704 1332
crystal size [mm] 0.8� 0.8� 0.7 0.4� 0.4� 0.3 0.7� 0.6� 0.1
V range [8] 2.70 ± 26.40 1.85 ± 26.49 1.82 ± 25.03
limiting indices ÿ 11�h� 9 ÿ 17�h� 17 ÿ 11�h� 12


0� k� 18 0� k� 21 ÿ 20�k� 21
0� l� 11 0� l� 21 0� l� 22


reflections collected 6371 23446 42033
independent reflections 2277 8581 11539
R(int) 0.0190 0.0238 0.0411
data/restraints/parameters 2277/0/120 8581/304/488 11539/848/701
absorption correction ± semiempirical semiempirical
transmission (max./min.) ± 0.8058/0.7718 0.8988/0.6271
goodness-of-fit on F 2 1.065 1.089 1.054
R1 [I> 2s(I)] 0.0315 0.0289 0.0352
wR2 (all data) 0.0823 0.0637 0.0867
g1/g2 0.037/0.50 0.000/6.94 0.037/5.38
largest diff. peak/hole
[enmÿ3]


321/ÿ 304 988/ÿ 551 1014/ÿ 1440
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Mixed Alkali Metal Cages Containing the Cap-shaped [S(NtBu)3]2ÿ


Triazasulfite Dianion


Dagmar Ilge, Dominic S. Wright, and Dietmar Stalke*


Abstract: Synthesis and crystal structure analysis of the mixed alkali metal
complexes [(thf)2Li4M2(OtBu)2{(NtBu)3S}2] (1, M�Na; 2, M�K) are discussed.
They result from the 1:1 co-complexation process between the triazasulfite
[Li4{(NtBu)3S}2] and the related heavy alkali metal tert-butanolates. The cap-shaped
[S(NtBu)3]2ÿ dianion stays intact and co-complexation is favored over a transmetala-
tion reaction, with two monomeric units inserted into the cage and with no elimination
of LiOtBu. Apparently the [S(NtBu)3]2ÿ triazasulfite anion can easily accommodate
more metal atoms than the two lithium atoms from the starting material.


Keywords: lithium ´ potassium ´
sodium ´ structure determination ´
sulfur


Introduction


Recently, we described the synthesis and structures of some
nitrogen analogues of simple sulfur ± oxygen anions. In these
derivatives the oxygen atoms are substituted by isoelectronic
NR groups to yield the dilithium triazasulfite dimer[1] [(thf)-
Li4{(NtBu)3S}2] (the analogue of Li2SO3) and the dilithium
tetraazasulfate monomer[2] [(thf)4Li2(NtBu)4S] (analogous to
Li2SO4). Polyimido polyanions containing p-block-element
bridgeheads like [{RSi(NSiMe3)3}2]3ÿ,[3] [RE(E'R'2NR'')3]3ÿ (R,
R'�H, alkyl; R''� alkyl, aryl; E, E'�C, Si)[4] , [Sb(NR)3]3ÿ,[5a]


[Sb2(NR)4]2ÿ,[5b] and [E(NtBu)3]2ÿ (E� Se, Te)[6] furnish a new
family of ligand systems from which macromolecular archi-
tectures of mixed metal cages and clusters may be construct-
ed.[7] While the alkali metal salts of these polyanions have
mainly been employed in metal metathesis reactions, little is
known of their ability to form complexes with anions. The
flexible electronic structure of their alkali metal derivatives,
that is, the ability to localize or delocalize the charge in the
anion core backbone, provides the opportunity to complex
neutral metal salts generated in situ. For example, the reaction
of dilithium-N,N',N''-tri(tert-butyl)azasulfite [(thf)Li4{(N-
tBu)3S}2] and trimethylsilyl azide results in the soluble lithium
azide adduct [(thf)2Li3(m4N3){(NtBu)3S}]1 .[8]


This paper is concerned with the application of the
[S(NtBu)3]2ÿ dianion in the formation of mixed metal cages
by an anion solvation process. The coordination chemistry of
the triazasulfite anion is unique among the chelating nitrogen
ligands, due to the combination of its dianionic nature and
cap-shaped geometry. The combination of tripodal coordina-
tion and the steric demands of the nitrogen-bonded substitu-
ents should give homoleptic metal(ii) complexes, as well as
facilitate incorporation of this structural residue into cage
complex architectures. The cage structures of the solvent free
[Li4{(NtBu)3S}2], as well as the THF solvate [(thf)Li4{(N-
tBu)3S}2], already verify this (Scheme 1).[1, 9] The four lithium


Scheme 1. Structures of the solvent free and THF solvated dilithium
triazasulfites.


atoms present in the dimers are located in the area between
the two cap-shaped dianions leaving all metals tricoordinated.
The dilithium triazaselenite and -tellurite adopt the same
solid-state structures.[6]


Results and Discussion


We aimed to replace the lithium atoms in the triazasulfite by
other main group metal cations. While transmetalation with
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metal halides (ECl2; E�Ge, Sn, Pb) is precluded by complex
redox processes, partial substitution of lithium by alkaline
earth metal cations can be achieved by employing the alkaline
earth metal bis[bis(trimethylsilyl)amides].[10] While the heav-
ier alkali metal diaminosulfinates are accessible either by
deprotonation reactions of RS(NHR)NR with MH[11] or
addition of the secondary metal amides MNR2 (M�Na, K,
Rb, Cs) to S(NR)2,[12] direct syntheses of the heavier alkali
metal triazasulfites is thwarted by the difficult syntheses of the
required primary metal amides MN(H)R in preparative
yields. However, inspired by the fundamental work by
Lochmann and Schlosser in the late 60s on the so-called
super-basic mixtures,[13] we embarked on transmetalation by
the heavier alkali metal alkoxides MOR. In the reaction of
potassium tert-butylalkoxide with [Te(NtBu)2]2 the cage com-
plex [KTe(NtBu)2(OtBu)]2 is obtained.[14]


Preparation of [(thf)2Li4M2(OtBu)2{(NtBu)3S}2] (1, M�Na;
2, M�K): With this background in mind, we treated solvent
free [Li4{(NtBu)3S}2] with the heavy alkali metal tert-butano-
lates MOtBu (M�Na, K) to see whether this reaction
pathway is governed by transmetallation [Eq. (1)] or co-
complexation [Eq. (2)].


[Li4{(NtBu)3S}2]� 4 MOtBu ==ÿ! [M4{(NtBu)3S}2]� 4LiOtBu (1)


[Li4{(NtBu)3S}2]� 2 MOtBu ÿ! [(thf)2Li4M2(OtBu)2{(NtBu)3S}2] (2)


The energetically very attractive LiÿO interaction in the
formed lithium tert-butanolate is often regarded to be the
driving force in metal-metathesis reactions.[15] However, in the
reactions of triazasulfite [Li4{(NtBu)3S}2] with sodium and
potassium butanolate transmetalation does not occur, and
formation of lithium butanolate LiOtBu is not observed.
Instead two equivalents of butanolate are incorporated into
the complex structure [Eq. (2)].


Addition of four equivalents of sodium and potassium
butanolate in THF to one equivalent of [Li4{(NtBu)3S}2] at
room temperature yields clear orange solutions. After several
days at ambient temperature colorless crystals are obtained
(see Experimental Section).


Structures of [(thf)2Li4M2(OtBu)2{(NtBu)3S}2] (1, M�Na; 2,
M�K): The low-temperature structure analysis proves both
compounds exhibit cage-like structures with the concave sides
of the triazasulfite dianions facing each other; a similar
structure is observed in [Li4{(NtBu)3S}2]. The area between
the dianions in 1 and 2 is expanded by two molecules of
MOtBu (1, M�Na; 2, M�K). The distance between the central
sulfur atoms in [Li4{(NtBu)3S}2] of 459.5 pm is considerably
widened to 584.0 pm in 1 and 610.1 pm in 2 to give the re-
quired room for additional salt co-complexation (Scheme 2).


Compound 1 displays C2 symmetry with both sodium atoms
and both THF oxygen atoms on a twofold axis (Figure 1). The
structure of 2 is isomorphous, but not isostructural. Com-
pound 2 shows notably higher molecular symmetry (Figure 2).
There is a mirror plane through both potassium atoms, the
oxygen atoms of the tert-butanolate groups and of the THF
molecules, and a second orthogonal mirror plane goes
through both central sulfur atoms, the two potassium atoms,
and both oxygen atoms of the THF molecules. This orienta-
tion generates an eclipsed arrangement of the six tBuN groups
rather than the staggered placement as in [Li4{(NtBu)3S}2].


The heavier alkali metals occupy different coordination
sites. While Na1 (K1 in 2) adopts a square planar pyramidal
environment with four nitrogen atoms in the basal positions
and the oxygen atom of a donating THF molecule at the
apical position, Na2 (K2 in 2) adopts a trigonal planar
geometry, complexed by the two oxygen atoms of the tBuOÿ


groups and one THF donor molecule. The Na2ÿO1 distance
of 233.5(2) pm in 1 is considerably longer than the distances in
the solid-state structure of the starting material[16] (224 pm in
[NaOtBu]6 and 226 pm in [NaOtBu]9), while the K2ÿO1
distance of 262.7(2) pm in 2 is of comparable length with the
distance in [KOtBu]4 (262.3 pm).[17] The two symmetry
independent NaÿN distances in 1 of 249.3(2) (Na1ÿN1) and
266.8(3) pm (Na1ÿN2) are within the range covered in sodium
amides,[18] whereas the Na2ÿN3 distance of 309.4(5) pm is too
long to be regarded an interaction. The potassium nitrogen
distances in 2 to the N4 square plane (K1) of 286.4(2) pm
match the lengths observed in potassium amides.[18, 19] The
K2ÿN2 distance of 317.8(2) pm, however, is well above that
value and should not regarded as an interaction, even if the
additional coordination of a hard heteroatom is taken into
account. In the potassium fluorosilyl amide [(thf)2KNtBuF-
SitBu2]2, the potassium atom is hexacoordinated by two
nitrogen atoms, two fluorine atoms, and two THF molecules,
and the KÿN distance is only 296 pm on average.[20] In the
complex [KTe(NtBu)2(OtBu)]2 a [Te(NR)2(OR)]ÿ monoan-
ion is generated by formation of a TeÿO bond (204.9(5) pm)
in the reaction of potassium tert-butylalkoxide with [Te(N-
tBu)2]2.[14] An analogous SÿO bond formation is precluded in
the reactions presented here.


The rather asymmetric coordination to two different metals
within the cage structures of 1 and 2 induces different SÿN


Abstract in German: In dieser Arbeit werden die Synthesen
und Einkristallstrukturanalysen der gemischtmetallischen
Komplexe [(thf)2Li4M2(OtBu)2{(NtBu)3S}2] (1, M�Na; 2,
M�K) vorgestellt. Sie werden durch die 1:1-Cokomplexierung
der entsprechenden Alkalimetall-tert-butanolate mit dem di-
meren Dilithiumtriazasulfit [Li4{(NtBu)3S}2] erhalten. Das
kappenförmige Triazasulfit [S(NtBu)3]2ÿ bleibt dabei erhalten.
Offensichtlich ist die Cokomplexierung gegenüber der Metall-
metathese bevorzugt, denn es kommt nicht zur LiOtBu-
Eliminierung. Statt dessen werden zwei Einheiten MOtBu
(M�Na, K) in das Käfigmolekül eingebaut. Formal kann man
sich die Entstehung der Komplexe durch folgenden Prozeû
vorstellen: In der Ausgangsverbindung [Li4{(NtBu)3S}2] wer-
den vier LiN-Bindungen gebrochen. Duch Drehen der einen
Dilithiumtriazasulfit-Kappe um 1808 relativ zur anderen
kommt es zu einer ekliptischen Anordnung der vier Lithium-
atome und aller tBuN-Substituenten. Die vier Lithiumatome
koordinieren daraufhin ein [(thf)M(OtBu)2]-Anion, während
vier Stickstoffatome ein [M(thf)]-Kation komplexieren. Das
[S(NtBu)3]2ÿ-Triazasulfit-Ion kann offensichtlich mehr Metall-
kationen komplexieren als lediglich die beiden Lithiumatome
der Ausgangsverbindung.
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Figure 1. Solid-state structure of [(thf)2Li4Na2(OtBu)2{(NtBu)3S}2] (1).


Figure 2. Solid-state structure of [(thf)2Li4K2(OtBu)2{(NtBu)3S}2] (2).


bond lengths in their triazasulfite dianions. While the two
nitrogen atoms coordinated to the heavier alkali metals
display similarly long SÿN bond lengths of 163.2(2) in 1 and
162.1(2) pm in 2, the SÿN distance in the imide function
coordinated to the two lithium atoms is significantly longer
(167.5(2) pm both S1ÿN3 in 1 and S1ÿN2 in 2). This effect has
been pinpointed earlier in the coordination of this ligand to
various s- and p-block metals.[10] It demonstrates the ability of
this ligand to localize or delocalize the charge in the SÿN
dianion core backbone.[8, 21]


This asymmetry in the solid state is even emphasized in
solution. Although the crystallographically different lithium
sites in 1 were not verified in the 7Li NMR spectrum from


solution, the two sites for the tBuN substituents were
resolved. The four lithium positions in 2 are equivalent by
crystallographic requirements, but the 7Li NMR spectrum
from solution displays three signals. The 1H NMR spectrum
shows five signals in the methyl region. The tentative assign-
ment in 1 seems arbitrary in 2. The signal pattern in both cases
might be complicated by a monomer ± dimer (oligomer)
equilibrium. The 7Li solid-state NMR spectra (both quad-
rupolar nutation and multiple quantum experiments) of 1 and
2 show only one lithium signal.


Both structures are reminiscent of the co-complexation
product, the trimetallic cage [Li6M3(OtBu)3{(NCy)3Sb}2] (Cy�
cyclohexyl), formed from [Li6{(NCy)3Sb}2] and three equivalents
of KOtBu.[22] Like the [Sb(NCy)3]3ÿ trianion, the [S(NtBu)3]2ÿ


dianion in the reactions discussed here represents the chemi-
cally robust entity. Apparently the [Li4{(NtBu)3S}2] dimer
dissociates into monomeric [Li2(NtBu)3S] units that reassem-
ble in 1 and 2 on complexation to the two [MOtBu] residues.
Evidently the oligomeric solid-state structures of the [MOtBu]
starting materials (tetrameric, hexameric, or nonameric cages[23])
are broken down in the course of reaction, because the
elementary structural motif of metal ± oxygen four-membered
rings in the alkali metal alkanolates is not retained in the
structures presented here. It is only under reductive con-
ditions (i.e. , in the presence of elemental alkali metals) that
we have detected disintegration of the [S(NtBu)3]2ÿ dianion
giving the metal sulfide adducts of triazasulfite, [(thf)6M6-
(m6S){(NtBu)3S}2] (M�Li, Na).[24]


Conclusion


The polyimido polyanions in general seem to provide access
to soluble mixed metal aggregates. This occurs by the
incorporation of in situ generated inorganic solids into
complex residues and is detected for the first time in the
polymeric structure of a lithium azide adduct [(thf)2Li3(m4N3)-
{(NtBu)3S}]1 . In addition, the lithium triazasulfite disaggre-
gates [MOtBu]n oligomers and incorporates them into metal
salt co-coordination complexes, owing to the capability of the
[S(NtBu)3]2ÿ triazasulfite anion to coordinate more than two
metal centers. Transmetalation and formation of lithium tert-
butanolate is not observed.


Experimental Section
All manipulations were performed under an inert atmosphere of dry
nitrogen gas with Schlenk techniques or in an argon drybox. Solvents were
dried over Na/K alloy and distilled prior to use. NMR spectra were


Scheme 2. Rearrangement of [Li4{(NtBu)3S}2] and complexation of two molecules of MOtBu (1, M�Na; 2, M�K).
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obtained with a Bruker DMX 300 instrument. The NMR spectra were
recorded with SiMe4 (1H, 13C) and LiCl (7Li) as external standards.


Compound 1: [(thf)2Li4Na2(OtBu)2{(NtBu)3S}2] (1.20 g, 2.0 mmol) in THF
(20 mL) was treated with NaOtBu (0.39 g, 4.0 mmol). The reaction mixture
was stirred for 12 h at room temperature to give an orange solution. The
solvent was removed in vacuum until a colorless precipitate started to form.
The suspension was redissolved on heating. Storage at room temperature
(3 d) gave colorless crystals of 1 (0.7 g, 40 %). M.p. 115 8C (decomp); 1H
NMR (300 MHz, [D8]toluene): d� 1.075 (s, 18H, OtBu), 1.158 (s, 9H,
NtBu), 1.230 (s, 18H, NtBu), 1.279 (m, thf), 3.371 (m, thf); 13C NMR
(75 MHz, [D8]toluene): d� 23.48 (OCH2CH2, thf), 32.41, 32.80, 34.18
(C(CH3)3), 51.47, 52.58 (NC(CH3)3), 64.81 (OC(CH3)3), 65.41 (OCH2, thf);
7Li NMR (117 MHz, [D8]toluene): d� 1.74.


Compound 2 : [(thf)2Li4K2(OtBu)2{(NtBu)3S}2] (1.20 g, 2.0 mmol) in THF
(20 mL) was treated with KOtBu (0.45 g, 4.0 mmol). The mixture was
stirred for 12 h at room temperature to give an orange solution. The solvent
was removed in vacuum until a colorless precipitate started to form. The
suspension was redissolved on heating. Storage at room temperature (3 d)
gave colorless crystals of 2 (1.1 g, 61%). M.p. 98 8C (decomp); 1H NMR
(300 MHz, C6D6): d� 1.359, 1.395, 1.461, 1.518, 1.583 (s, 9 H each, tBu),
1.524 (m, thf), 3.691 (m, thf); 13C NMR (75 MHz, C6D6): d� 25.72
(OCH2CH2, thf), 33.70, 34.15, 35.07, 35.57, 35.89 (C(CH3)3), 53.40, 53.77,
54.38 (NC(CH3)3), 66.89 67.24; (OC(CH3)3), 67.85 (OCH2, thf); 7Li NMR
(117 MHz, C6D6): d� 1.93, 2.27, 3.34.


X-ray measurements of 1 and 2 : All data were collected at low temper-
atures with oil-coated shock-cooled crystals[25] on a Stoe-Huber-Siemens
Eigenbau diffractometer fitted with a Siemens CCD detector and with
graphite monochromated MoKa (l� 71.073 pm) radiation. Semiempirical
absorption corrections[26] were employed. The structures were solved by
direct or Patterson methods with SHELXS-96[27] and refined with all data
on F 2 with a weighting scheme with SHELXL-96.[28] All non-hydrogen
atoms were refined anisotropically. A riding model was applied in the
refinement of the hydrogen atoms. Selected bond lengths and angles of
both structures can be found in Table 1, relevant crystallographic data are
presented in Table 2. Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-101163. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Acknowledgments: The authors would like to thank the Deutsche
Forschungsgemeinschaft, the Fonds der Chemischen Industrie, the Stiftung
Volkswagenwerk (D.I., D.S.), the EPSRC (D.S.W.) and the DAAD (ARC
program; D.I., D.S.W., D.S.) for financial support. D.S. kindly acknowl-
edges support of Bruker axs-Analytical X-ray Systems (Karlsruhe) and
CHEMETALL (Frankfurt am Main).


Received: February 24, 1998 [F1026]


[1] R. Fleischer, S. Freitag, F. Pauer, D. Stalke, Angew. Chem. 1996, 108,
208; Angew. Chem. Int. Ed. Engl. 1996, 35, 204.


[2] R. Fleischer, A. Rothenberger, D. Stalke, Angew. Chem. 1997, 109,
1140; Angew. Chem. Int. Ed. Engl. 1997, 36, 1105.


[3] a) D. J. Brauer, H. Bürger, G. R. Liewald, J. Wilke, J. Organomet.
Chem. 1986, 305, 119; b) P. Kosse, E. Popowski, M. Veith, V. Huch,


Chem. Ber. 1994, 127, 2103; c) I. Hemme, U. Klingebiel, S. Freitag, D.
Stalke, Z. Anorg. Allg. Chem. 1995, 621, 2093.


[4] a) H. Bürger, R. Mellies, K. Wiegel, J. Organomet. Chem. 1977, 142, 55;
b) S. Friedrich, L. H. Gade, A. J. Edwards, M. McPartlin, Chem. Ber.
1993, 126, 1797; c) L. H. Gade, N. Mahr, J. Chem. Soc. Dalton Trans.
1993, 489; d) K. W. Hellmann, L. H. Gade, A. Steiner, D. Stalke, F.
Möller, Angew. Chem. 1997, 109, 99; Angew. Chem. Int. Ed. Engl. 1997,
36, 160; e) K. W. Hellmann, L. H. Gade, R. Fleischer, D. Stalke, Chem.
Commun. 1997, 527.


[5] a) R. A. Alton, D. Barr, A. J. Edwards, M. A. Paver, M.-A. Rennie,
C. A. Russell, P. R. Raithby, D. S. Wright, J. Chem. Soc. Chem.
Commun. 1994, 1481; b) A. J. Edwards, M. A. Paver, M.-A. Rennie
C. A. Russell, P. R. Raithby, D. S. Wright, Angew. Chem. 1994, 106,
1334; Angew. Chem. Int. Ed. Engl. 1994, 33, 1277; c) M. A. Paver, C. A.
Russell, D. S. Wright, Angew. Chem. 1995, 107, 1077; Angew. Chem. Int.
Ed. Engl. 1995, 34, 1545; d) D. Barr, M. A. Beswick, A. J. Edwards, J. R.
Galsworthy, M. A. Paver, M.-A. Rennie, C. A. Russell, P. R. Raithby,
K. L. Verhorevoort, D. S. Wright, Inorg. Chim. Acta, 1996, 248, 9.


[6] a) N. J. Bremer, A. B. Cutcliffe, M. F. Farona, W. G. Kofron, J. Chem.
Soc. 1971, 3264; b) M. Björgvinsson, H. W. Roesky, F. Pauer, G. M.
Sheldrick, Chem. Ber. 1992, 125, 767; c) T. Chivers, X. Gao, M. Parvez,
Angew. Chem. 1995, 107, 2756; Angew. Chem. Int. Ed. Engl. 1995, 34,
2549; d) T. Chivers, M. Parvez, G. Schatte, Inorg. Chem. 1996, 35, 4094.


[7] see for example: a) K. W. Hellmann, L. H. Gade, R. Fleischer, T.
Kottke, Chem. Eur. J. 1997, 3, 1801; b) J. K. Brask, T. Chivers, M.
Parvez, G. Schatte, Angew. Chem. 1997, 109, 2075; Angew. Chem. Int.


Table 1. Selected bond lengths [pm] and angles [8] of 1 and 2.


1 2


S(1)ÿN(1) 163.1(2) Li(1)ÿN(1) 193.5(5) S(1)ÿN(1) 162.1(2) Li(1)ÿN(1) 194.8(4)
S(1)ÿN(2) 163.2(2) Li(2a)ÿN(2) 201.8(5) S(1)ÿN(2) 167.5(2) Li(1)ÿN(2) 205.7(4)
S(1)ÿN(3) 167.5(2) Li(1)ÿN(3) 205.9(5) Li(1)ÿO(1) 184.6(4) K(1)ÿN(1) 286.4(2)
Na(2)ÿO(1) 233.5(2) Li(2a)ÿN(3) 201.0(5) K(2)ÿO(1) 262.7(2) K(2)ÿN(2) 317.8(2)
Na(2)ÿO(2) 248.6(4) Na(1)ÿN(1) 249.3(2) K(2)ÿO(2) 270.2(5) N(1)-S(1)-N(2) 99.3(1)
Na(1)ÿO(3) 338.9(4) Na(1)ÿN(2) 266.8(3) K(1)ÿO(3) 281.5(5) N(1a)-S(1)-N(1) 108.0(1)
Li(1)ÿO(1) 186.7(5) N(1)-S(1)-N(2) 106.6(1)
Li(2)ÿO(1) 187.1(5) N(1)-S(1)-N(3) 99.4(1)


N(2)-S(1)-N(3) 100.0(1)


Table 2. Crystal data for 1 and 2 at 193 K.


1 2


formula C40H88Li4N6Na2O4S2 C40H88 K2Li4N6O4S2


Mr 855.02 887.24
crystal size [mm] 0.7� 0.4� 0.4 0.7� 0.6� 0.6
space group Pbcn Cmcm
a [pm] 1697.7(1) 1722.4(1)
b [pm] 1878.5(1) 1884.8(5)
c [pm] 1655.0(1) 1665.0(1)
V [nm3] 5.278(1) 5.405(1)
Z 4 4
1calcd [Mg mÿ3] 1.076 1.090
m [mmÿ1] 0.157 0.291
F(000) 1872 1936
V range [8] 2 ± 25 2 ± 25
no. of reflections measured 49681 22162
no. of unique reflections 4502 2579
no. of restraints 130 212
refined parameters 391 278
R1[a] [I> 2s(I)] 0.068 0.044
wR2[b] (all data) 0.161 0.107
g1; g2[c] 0.049; 4.159 0.039; 5.811
highest diff peak [10ÿ6 epmÿ3] 0.23 0.20
absorption correction semiempirical semiempirical
transmission min; max 0.372; 0.956 0.741; 0.862


[a] R1�SjjFoÿ jFcjj/SjFoj. [b] wR2� {S[w(F2
oÿF2


c)2]/S[w(F2
o)2]}1/2. [c] w�


1/[s2(F2
o)� (g1 P)2� g2P]; P� (F2


o� 2 F2
c)/3.







Mixed Alkali Metal Cages 2275 ± 2279


Chem. Eur. J. 1998, 4, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2279 $ 17.50+.25/0 2279


Ed. Engl. 1997, 36, 1986; c) M. A. Beswick, N. Choi, C. N. Harmer,
A. D. Hopkins, M. McPartlin, M. A. Paver, P. R. Raithby, A. Steiner,
M. Tombul, D. S. Wright, Inorg. Chem. 1998, 37, 2177.


[8] R. Fleischer, D. Stalke, Chem. Commun. 1998, 343.
[9] W. Uhl, A. Schmidpeter, Nachr. Chem. Tech. Lab. 1997, 45, 111.


[10] R. Fleischer, D. Stalke, Organometallics 1998, 17, 832.
[11] a) F. Pauer, D. Stalke, J. Organomet. Chem. 1991, 418, 127; b) F.


Pauer, J. Rocha, D. Stalke, J. Chem. Soc. Chem. Commun. 1991, 1477;
c) F. T. Edelmann, F. Knösel, F. Pauer, D. Stalke, W. Bauer, J.
Organomet. Chem. 1992, 438, 1; d) S. Freitag, W. Kolodziejski, F.
Pauer, D. Stalke, J. Chem. Soc. Dalton Trans. 1993, 3479.


[12] R. Fleischer, D. Stalke, J. Organomet. Chem. 1998, 550, 173.
[13] a) L. Lochmann, J. Pospisil, D. Lim, Tetrahedron Lett. 1966, 257;


b) M. J. Schlosser, J. Organomet. Chem. 1967, 8, 9.
[14] a) T. Chivers, X. Gao, M. Parvez, Inorg. Chem. 1996, 35, 553; for


review see: b) T. Chivers, J. Chem. Soc. Dalton Trans. 1996, 1185.
[15] see for example: S. Harder, A. Streitwieser, Angew. Chem. 1993, 105,


1108; Angew. Chem. Int. Ed. Engl. 1993, 32, 1066.
[16] a) T. Greiser, E. Weiss, Chem. Ber. 1977, 110, 3388; b) J. E. Davies, J.


Kopf, E. Weiss, Acta Crystallogr. B 1982, 38, 2251.
[17] a) E. Weiss, H. Alsdorf, H. Kühr, Angew. Chem. , 1967, 79, 816;


Angew. Chem. Int. Ed. Engl. 1967, 6, 801; b) E. Weiss, H. Alsdorf, H.
Kühr, H.-F. Grützmacher, Chem. Ber. 1968, 101, 3777; c) M. H.
Chisholm, S. R. Drake, A. A. Naiini, W. E. Streib, Polyhedron 1991,
10, 337.


[18] a) C. Schade, P. von R. Schleyer, Adv. Organomet. Chem. 1987, 27,
169; b) K. Gregory, P. von R. Schleyer, R. Snaith, Adv. Inorg. Chem.
1991, 37, 47; c) R. E. Mulvey, Chem. Soc. Rev. 1991, 20, 167.


[19] R. Snaith, D. S. Wright, F. Pauer, P. P. Power, in Lithium Chemistry
(Eds.:A.-M. Sapse, P. von R. Schleyer), Wiley, New York, 1994,
chapters 8 and 9.


[20] U. Pieper, D. Stalke, S. Vollbrecht, U. Klingebiel, Chem. Ber. 1990,
123, 1039.


[21] R. Fleischer, D. Stalke, J. Chem. Soc. Dalton Trans. 1998, 193.
[22] a) D. Barr, A. J. Edwards, M. A. Paver, P. R. Raithby, M.-A. Rennie,


C. A. Russell, D. S. Wright, Angew. Chem. 1995, 107, 1088; Angew.
Chem. Int. Ed. Engl. 1995, 34, 1012; b) M. A. Beswick, D. S. Wright,
Coord. Chem. Rev. , in press.


[23] E. Weiss, Angew. Chem. , 1993, 105, 1565; Angew. Chem. Int. Ed. Engl.
1993, 32, 1501.


[24] R. Fleischer, D. Ilge, D. Stalke, unpublished results.
[25] a) H. Hope, Acta Crystallogr. B 1988, 44, 22; b) T. Kottke, and D.


Stalke, J. Appl. Crystallogr. 1993, 26, 615; c) T. Kottke, R. J. Lagow,
and D. Stalke, J. Appl. Crystallogr. 1996, 29, 465.


[26] A. C. T. North, D. C. Phillips and F. S. Mathews, Acta Crystallogr. A,
1968, 24, 351.


[27] G. M. Sheldrick, Acta Crystallogr. A 1990, 46, 467.
[28] G. M. Sheldrick, SHELXL-96, Program for Crystal Structure Refine-


ment, Universität Göttingen, 1996.








Reactions of 2-Amino-1,3-butadienes and Fischer Alkynyl Carbenes:
Up to Nine CÿC Bonds and Seven Stereogenic Centers Created
in a Stereoselective Manner through a Cascade Process


JoseÂ Barluenga,* Fernando Aznar, Sofía Barluenga, MoÂ nica FernaÂndez, Alfredo Martín,
Santiago García-Granda,* and Alejandro PinÄ era-NicolaÂs


Abstract: The reactions of 2-amino-1,3-
butadienes 1, 2, and 3 with various
substituted Fischer alkynyl carbene
complexes are reported. Reaction of 2-
aminodienes with alkyl- or silyl-substi-
tuted complexes 4 affords cyclohexadie-
nylcarbene complexes 5 or arylcarbene
complexes 13. However, when an aryl
group is present in the carbene complex
instead of the alkyl substituent, the
initial [4�2] cycloaddition is followed
by a cyclopentannulation to yield fluo-


rene derivatives 15. The reaction is
highly stereoselective and occurs under
mild conditions. Substitution of the
starting alkynyl carbene complex with
a vinyl group produces a similar tandem
cycloaddition ± cyclopentannulation.
However, in this case, a cyclopentadiene


moiety is generated and, hence, a new
cycloaddition ± cyclopentannulation se-
quence can be initiated with another
molecule of the starting alkynyl com-
plex. In this way, polycycles 35 and 42
have been synthesized by cascade dou-
ble and triple [4�2] cycloaddition ± cy-
clopentannulation processes by incorpo-
ration of two or three equivalents of the
carbene complex, respectively.


Keywords: CÿC bond formation ´
carbene complexes ´ cascade reac-
tions ´ polycycles


Introduction


Fischer carbene complexes are useful materials for the
generation of ring systems. Their chemistry has been devel-
oped to the point where there are a number of reactions that
may be drawn upon for applications to problems in synthetic
organic chemistry.[1] In the last few years we have been
studying the behavior and synthetic applications of 2-amino-
1,3-butadienes 1 and have reported their reactivity towards
a,b-unsaturated carbene complexes to furnish seven-mem-
bered carbocycles through a formal [4�3] process,[2] vinyl-
aminocarbenes through a metathesis reaction,[3] and cyclo-
hexenyl carbene complexes through a [4�2] cycloaddition.[4]


In this context, we have also reported the synthesis of 2-
methyl-1,3-dimorpholino-1,3-butadiene 3,[5] a 1,3-diamino-
substituted diene that reacts with a,b-unsaturated Fischer
carbene complexes to give a wide range of different products
depending on the double-bond substitution pattern.[6]


On the other hand, it is well known that a,b-acetylenic
carbene complexes react with a number of dienes at room


temperature to yield cyclohexa-2,5-dienyl carbene complexes
by the Diels ± Alder reaction. These new vinyl complexes are
useful starting materials for the preparation of dihydronaph-
thols by reaction with alkynes [Eq. (1) in Scheme 1].[7] The
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OHXhν / CX
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Scheme 1. Reactivity of a,b-acetylenic carbene complexes.


tandem cycloaddition and annulation reactions may be
carried out one-pot and this methodology has been applied
to the construction of a steroid-like skeleton with a properly
designed polyynecarbene complex.[8]
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Merlic et al. published the synthesis of phenol and aniline
derivatives by light-induced carbonyl or isonitrile insertion
followed by cyclization in metallatriene compounds [Eq. (2),
Scheme 1]; these derivatives differ in regiochemistry from
those obtained through the Dötz reaction.[9]


On the other hand, the cyclopentannulation reaction was
discovered as a side process in the Dötz benzannulation. This
process allows cyclopentadiene derivatives to be obtained
as a result of cyclization without CO insertion [Eq. (3),
Scheme 1].[10] Moreover, in the reaction of arylamino carbene
complexes with alkynes, indene derivatives were reported to
be the main products.[11] Since then, Aumann et al. have
shown several examples of cyclopentadiene formation from
metallatrienes, which can be formed by treatment of alkynyl
carbene complexes with enamines.[12]


We report herein our full experimental work on the study of
the reactions with 2-amino-1,3-butadienes (Figure 1) and
various substituted alkynyl carbene complexes (Figure 2).


R2


R1


N


O
N


O


O N


Me


O


N


O


1 2 3


Figure 1. Structures of the 2-aminodienes used.


We found that these compounds undergo [4�2] cycloaddition,
[4�2] cycloaddition followed by a cyclopentannulation,[13]


[Eq. (4), Scheme 1] double tandem ([4�2] cycloaddition ±
cyclopentannulation),[14] and the first example of a triple
tandem reaction (Diels ± Alder/cyclopentannulation). In all
these processes the key step is a cyclopentannulation trig-
gered by a [4�2] cycloaddition of a diene and an alkynylcar-
bene complex.
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R


R


M(CO)5MeO


R1


M(CO)5MeO


R2


R = H, M = W 4c
R = H, M =Cr 4f
R = Me, M = W 4i
R = OMe, M = W 4d
R = Cl, M = W 4h


R=TMS, M = W 4a
R= tBu, M = W 4b
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R1, R2 = CH=CH-O, M = Cr 4g
R1 = H, R2 = Ph, M = W 4j
R1 = H, R2 = Ph, M =Cr 4k
R1 = Me, R2 = Ph, M = W 4l
R1, R2 = cyclohexyl, M = Cr 4m


Figure 2. Structures of the alkynylcarbene complexes used.


Results and Discussion


[4�2] Cycloaddition reactions : We had previously observed
that alkenyl Fischer carbene complexes react with 2-amino-
1,3-butadienes to produce the corresponding [4�2] cyclo-
adducts.[4] In a similar way, the reaction of alkyl- and
trimethylsilyl-substituted alkynyl carbene complexes 4 with
2-morpholino-1,3-butadienes 1 at room temperature afforded,
as expected,[7] the cyclohexadiene complexes 5 (Scheme 2,
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Scheme 2. [4�2] Cycloaddition and derivations to new carbene com-
plexes.


Table 1). The latter were obtained in high yield and isolated as
yellow solids by crystallization from hexane. Elution of the
crude products on silica gel yielded the purple, isomeric 1,3-


Abstract in Spanish: En esta contribucioÂn se describen las
reacciones de los 2-amino-1,3-butadienos 1, 2, y 3 con
complejos alquinil carbeno de Fischer que poseen diferente
sustitucioÂn. Las reacciones de los 2-aminodienos con los
complejos 4 alquil- o aril-sustituidos dan lugar a la formacioÂn
de los complejos ciclohexadienilcarbeno 5 o arilcarbeno 13.
Sin embargo, cuando se coloca un grupo arilo en lugar del
sustituyente alquilo, la cicloadicioÂn [4�2] inicial va seguida de
un proceso de ciclopentanulacioÂn para dar lugar a los
derivados del fluoreno 15. La reaccioÂn es altamente estereo-
selectiva y tiene lugar en condiciones suaves. La sustitucioÂn en
los complejos alquinilcarbeno iniciales con un grupo vinilo
produce una reaccioÂn taÂndem cicloadicioÂn-ciclopentanulacioÂn
similar a la anterior, sin embargo, en este caso, en los productos
de este proceso aparece una estructura tipo ciclopentadienilo
que puede iniciar la reaccioÂn con otra moleÂcula de carbeno de
partida. De esta forma, se han sintetizado los policiclos 35 y 42
a traveÂs de las reacciones en cascada doble- y triple-(clicloa-
dicioÂn-ciclopentanulacioÂn) por incorporacioÂn de dos o tres
equivalentes de complejo carbeno respectivamente.


Table 1. Complexes 5, 6, and 7 prepared.


Diene Carbene R1 R2 R3 R4 5 [%] 6 [%] 7 [%]


a 1a 4a CH2(CH2)2CH2 H SiMe3 95 ± 80
b 1b 4a Me CH2OMe H SiMe3 95[b] 74 ±
c 1c 4a Me H H SiMe3


[a] 93 ±
d 1d 4a Me H CH2OMe SiMe3 82[b] ± ±
e 1a 4b CH2(CH2)2CH2 H tBu 71 ± 40
f 1e 4a Me CH2OSiMe3 H SiMe3 95 69 [c]


g 1e 4b Me CH2OSiMe3 H tBu 73 ± [c]


h 2 4b O(CH2)2CH2 H tBu 90[d] ± 54


[a] The product could not be isolated because it spontaneously isomerizes to 6c.
[b] Products 5b and 5 d are the same compound. [c] Hydrolysis of complexes 5 f
and 5 g produced complexes 11 f and 11g, respectively (see Scheme 4). [d] NMR
yield, this compound could not be properly isolated.
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cyclohexadienyl complexes 6 as air-stable solids. These
compounds are very robust under hydrolytic and oxidative
conditions, probably due to the double stabilization of the
carbene by the methoxy group and the conjugated amine. On
the other hand, treatment of cycloadducts 5 with 1n HCl for
1 hour afforded the ketone complexes 7.


The metal can be easily removed from 5 in two ways to
produce ester or aldehyde functionalities (Scheme 3). Thus,
treatment of 5 b with pyridine oxide in ether followed by
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Scheme 3. Transformation of carbene complexes 5 into aldehydes and
esters.


chromatography on silica gel produced the keto ester 8. On
the other hand, 5 b reacted with concentrated H2SO4 in
tetrahydrofuran overnight to afford aminoaldehyde 9.


Adducts 5 f and 5 g (Scheme 4) present a special behavior,
since under the hydrolytic conditions deprotection of the
masked alkoxy group followed by cyclization takes place to
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Scheme 4. Transformation of carbene complexes 5 into enolethers.


afford the bicyclic complexes 10. Under longer reaction times
these complexes undergo demetallation to afford the benzo-
isofuranone derivatives 11.


As can be observed so far, the behavior of diene 2 does not
present any essential difference from alkyl-substituted dienes
1, and the higher hetero functionalization in this diene only
implies a higher functionalization in the final products.
However, in the reaction of diene 3 with complexes 4 the
cyclohexadienyl carbene intermediates undergo aromatiza-
tion very easily through morpholine elimination (Table 2,
Scheme 5). Thus, complexes 13 were isolated after silica gel


M(CO)5


OMe


N


O


R1


Me


R1N


OMe


M(CO)5


O


N


N


O


O


R1


M(CO)5MeO


+


+   2 equiv


1) THF, rt.
2) SiO2


3 4


13 14


Scheme 5. [4�2] Cycloadditions with dienes 3.


purification along with carbene complexes 14 resulting from
morpholine addition to the triple bond of the starting
complexes 4.[15] In order to allow the starting diene to be
fully consumed, the reaction was optimized to a diene:carbene
complex ratio of 1:2.


Tandem [4�2] cycloaddition ± cyclopentannulation : Reaction
of aminodienes 1 and 2 with the phenyl carbene complex
derivative 4 c (Scheme 6), unexpectedly afforded the fluorene
derivatives 15 instead of the [4�2] cycloadducts expected.
Compounds 15 were formed in excellent yield as single
diastereoisomers and isolated by crystallization. Alternative-
ly, hydrolysis of the crude products under acidic conditions
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Scheme 6. Tandem [4�2] cycloaddition ± cyclopentannulation.


Table 2. Complexes 13 prepared.


Carbene R1 M 13 [%]


a 4a TMS W 68
b 4b tBu W 72
c 4c Ph W 78
d 4d p-(MeO)Ph W 77
e 4e tBu Cr 70
f 4 f Ph Cr 81
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(THF, 3n HCl) afforded 16, 17, or 18, depending on the
substitution of the diene and the carbene complex (see
Table 3). Long hydrolysis times produced the diketofluorenes


18 in 50 % yield (see Experimental Section), while shorter
hydrolysis times afforded 16 or 17. The relative configuration
at C-8 and C-9 for 15 was postulated based on NOE
experiments performed on 16 b.[13]


Recently, it has been reported that 2-aminodienes afford
open chain products in high yield on reaction with alkynyl-
carbene complexes.[16] In our experiments, open chain prod-
ucts were only observed when diene 1 d, with Z configuration
at the nonenaminic double bond, was used. We used the
Michael-type addition of the enamine to afford the metal-
latetraene 19 (Scheme 7), which is stable at room temper-
ature, but evolves into aldehyde 20 in refluxing THF. This
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Scheme 7. Reaction with diene 1d with a Z configuration in the non-
enaminic double bond.


result also suggests a possible stepwise mechanism involving
zwitterionic intermediates rather than a concerted [4�2]
cycloaddition for the synthesis of compounds 5 and for the
first step in the formation of fluorene derivatives 15.


The influence of the group attached to C-2 of the diene in
the reaction of 21 was studied with 4 c (Scheme 8, Table 4). In
the case of the 2-methoxydiene 21 a, the reaction was
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Scheme 8. Influence of the X group attached to the C-2 of the diene.


performed at room temperature (72 h) to afford 22 a in 51 %
yield. When 2,3-dimethylbuta-1,3-diene 21 b was used, it was
necessary to carry out the reaction at 50 oC (4 h) and only 10 %
of the corresponding tricyclic system was isolated. The order
of reactivity is aminodiene> alkoxydiene> unsubstituted
diene. These results are in line with the expectations, since
dienes react better with electrophilic reagents if their electron
density is higher.


The reaction of complex 4 f with diene 2 (Scheme 9), which
supports a second electron-donating group at C-3, under the
same reaction conditions as used with 2-aminodienes 1,
afforded the corresponding dihydrofluorene derivative 23,
inferred by NMR analysis. The latter could not be properly
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Scheme 9. Preparation of fluorene derivative 24. i) THF, 25 8C, then
toluene, TsOH 110 8C.


characterized, since attempted silica gel purification produced
partial hydrolysis of the enamine moiety. Nevertheless, treat-
ment of the crude reaction product with TsOH in toluene at
110 oC promoted elimination of methanol to afford 24.


Taking these results into consideration we went back over
the reaction of diene 3 with complex 4 f (Scheme 10). We
observed that fluorene 25 was formed in moderate yield when
the starting materials were allowed to react for a longer time
at low temperature. However, in a separate experiment, when
the isolated aromatic complex 13 f was warmed to 80 8C
formation of 25 was not observed. Probably, this is due to the
increase in activation energy required for the cyclopentannu-
lation in a system containing two aromatic rings. This result
implies that the cyclopentannulation precedes to the aroma-
tization step by elimination of morpholine. When the reaction
was performed with carbene complex 4 g the only product that
could be isolated was furoindene 26 ; no formation of the
corresponding aromatic carbene complex could be detected.


Table 3. Compounds 15, 16, 17, and 18 prepared.


R1 R2 Diene t 15 [%] 16 [%] 17 [%] 18 [%]


a Me H 1c 10 min 95 75 ± 50
b Me CH2OMe 1b 5 min 95 50[b] 60[c] 51
c CH2(CH2)2CH2 1a 15 min 92 80 ± ±
d Me CH2OSiMe3 1e 10 min [a] ± 83 ±


[a] The corresponding compound 15d was not isolated. [b] HCl (3n) was
used in the hydrolysis. [c] Silica gel was used for the hydrolysis of fluorene
15b.


Table 4. Compounds 22 prepared.


X R1 R2 Solvent 22 [%]


a OMe H Ph MeCN 51
b Me Me H neat 10[a]


[a] 5% of the corresponding aromatic fluorene was isolated as a side
product.
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The energy required in the reaction involving the loss of
aromaticity of a furyl ring must be lower than in the case of a
phenyl ring, and this makes the cyclopentannulation pathway
faster than the aromatization one.


The influence of substitution in the aromatic ring of
complexes 4 in the reaction was investigated using various
carbene complexes 4 d ± h (Scheme 11, Table 5). Thus, com-
plexes 28 were prepared by reaction with dienes 1 a ± c,e at
room temperature and obtained as single diastereoisomers.
Complex 4 d (R3�OMe, entries b, e, g, Table 5) undergoes
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Scheme 11. Influence of the susbstituents on the phenyl ring.


slow reaction in which the [4�2] cycloadducts cannot be
observed by TLC analysis at room temperature. On the other
hand, in the case of complex 4 h (R3�Cl), the cycloaddition
takes place with diene 1 c (entry c) in a few minutes. The
reaction was monitored by TLC following the disappearance
of the starting material and the formation of a new spot
corresponding to the [4�2] cycloadduct, which becomes
purple on the TLC plate (because of enamine isomerization).
However, the corresponding annulation takes 24 h to go to
completion. In this case, isolation of complexes 27 was possible.
The reaction was carried out in THF at room temperature for
3 min. Solvents were then removed under vacuum and the
product precipitated from 2:1 hexane/ether at ÿ78 oC to yield
analytically and spectroscopically pure 27 c in 74 % yield.


The substituents at the carbene carbon and the influence of
the electronic density at the metal were also investigated.
Silica gel treatment of the complex 30, generated at low
temperature in situ in order to isomerize the enaminic double
bond, produced a mixture of 31 and 32 (Scheme 12). We found
that the new complex 32 does not undergo cyclopentannula-
tion even at high temperature. The high electronic density at
the metal is probably a major factor in the lack of reactivity of
the doubly stabilized cycloadducts. Indeed, the double
stabilization was not a required condition to prevent the
cyclopentannulation, since simple aminolysis at ÿ78 8C with
dimethylamine affords the aminocarbene complex 33, which
is also stable at room temperature. Warming up complex 33 in
refluxing THF resulted in enamine isomerization to yield
complex 34. Again, the higher electronic density at the metal
makes this complex more stable towards cyclopentannulation.


The formation of the fluorene derivatives could be ration-
alized through a process involving a [4�2] cycloaddition
followed by a cyclopentannulation. To the best of our
knowledge, this is the first example of a cyclopentannulation
with the participation of an aromatic ring that takes place
under such mild conditions.


The stereochemistry observed for the fluorene derivatives,
together with the experimental data related to the influence of
the substituents in the reaction and the previous work by
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Scheme 10. Reaction of diene 3 and carbene complexes 4d and 4g.


Table 5. Compounds 28 prepared.


R1 R2 diene R3 carbene t 28 [%]


a Me H 1c Me 4 i 15 min 90
b Me H 1c OMe 4d 2 d 95
c Me H 1c Cl 4h 12 h [a]


d Me CH2OMe 1b Me 4 i 15 min 97
e Me CH2OMe 1b OMe 4d 8 h 94
f CH2(CH2)2CH2 1a Me 4 i 15 min 95
g CH2(CH2)2CH2 1a OMe 4d 10 h 96


[a] The corresponding compound 28 was not isolated, instead compound 29
was isolated after purification in 36% yield.







Cascade Reaction 2280 ± 2298


Chem. Eur. J. 1998, 4, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2285 $ 17.50+.25/0 2285


Aumann et al[12] in the cyclopentannulation reactions of
metallatrienes, are all in agreement with nucleophilic attack
of the aryl ring on the carbene carbon for the cyclopentannu-
lation step. The mechanism, which was in part suggested by a
referee, is depicted in Scheme 13. The conformation of the
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Scheme 13. Proposed mechanism for the reaction.


[4�2] cycloadduct I, in which the metal fragment is placed
away from the substituent R, must be favored over the other
rotamer in order to avoid unfavorable steric interactions.
Also, steric repulsion between the phenyl group and the metal
pentacarbonyl moiety will tilt the phenyl group in such a way
that the distance between the upper edge of the phenyl group
and the carbene carbon atom becomes shorter than the
distance to the lower edge of the phenyl group (which is
located on the same side of the cyclohexadiene ring as the


(CO)5M fragment). Thus, attack from the ortho
carbon of the phenyl ring situated in the upper
edge (path 1) would produce intermediate III
that either loses the metal or undergoes metal
migration to form intermediates IV or V. In any
case, elimination of the metallic fragment
would produce VI, which recovers the aroma-
ticity of the aryl ring by suprafacial 1,5-hydro-
gen shift to yield the final fluorene derivatives
with the observed stereochemistry.


The other possible mechanism involves an
electrocyclization followed by reductive elimi-
nation (path 2), but in this case the metal atom
would attack the phenyl group at the carbon
which is closest to it, that is, at the lower edge.
This would lead to the formation of the
diastereomer (if the reductive elimination of


M(CO)n from the putative metallacyclohexadiene takes place
with retention of configuration), which was not observed.


Tandem double [4�2] cycloaddition-cyclopentannulation
reaction : With the aim of studying the scope of the cyclo-
pentannulation reaction, we turned our attention to vinyl
substituted alkynyl complexes. When carbene complexes
4 j ± m (Scheme 14) were allowed to react with dienes 1 and
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Scheme 14. Tandem reaction with vinyl-substituted alkynyl complexes.


2, no indene derivative or [4�2] cycloadduct were detected in
the crude reaction mixture. Instead, complexes 35 were
observed as the main products along with a significant
amounts of 1. In the light of this result, it was obvious that
two equivalents of carbene had reacted with one equivalent of
diene. In fact, when the reaction was carried out using two
equivalents of carbene complexes 4, compounds 35 were the
only metal-free products observed (Scheme 14, Table 6).
These compounds, when solids, were isolated by crystalliza-
tion, otherwise, they could not be properly isolated from the
mixtures by column chromatography due to partial hydrolysis
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of the enamine. In these cases, the products were hydrolyzed
by acidic treatment to afford compounds 36 or 37, which were
then fully characterized (Scheme 14, Table 6).


It can be observed from Table 6 that the reaction proceeded
either with tungsten or chromium derivatives of carbene 4.
Substitution at the 4 position of the carbene (R3 6�H) slows
down the reaction. The stereoselectivity of the process is, in
most cases, very high (only one diastereoisomer was detected
in the crude reaction mixtures by NMR spectroscopy) except
for the reaction of diene 1 b and carbene 4 j (entry c, Table 6),
in which a 3:1 mixture of diastereoisomers was observed even
when the reaction was carried out at low temperature (ÿ78 oC
to 25 oC, 12 h). Nevertheless, the major product was isolated
by crystallization. The low stereoselectivity observed for this
example, in which the double bond does not form part of a
cycle, can be explained considering that, in this case, the two
possible intermediates II and IV in the formation of the first
cyclopentadiene ring could undergo the 1,3-metal migration
due to the higher flexibility of the five-membered carbocycle
with respect to the fused ring system (see Scheme 13).


The stereochemical assignment of 35 was not possible from
their NMR data because of the complexity and overlapping of
significant signals. Also, it was not possible to obtain good
X-ray quality crystals of these complexes, so we decided on
the assignment based on hydrolysis products 37 (see
Scheme 14). The first 13C NMR data collected for these
compounds troubled us, since we observed three low-field
signals above 200 ppm and three unshielded olefinic signals,
while only two low-field signals corresponding to the carbonyl
carbons and four olefinic carbon signals should be expected.
However, high resolution mass spectrometry and elemental
analysis data were in agreement with the proposed structure.
Furthermore, HMQC, HMBC, and NOESY experiments
were also in agreement with the connectivity and stereo-
chemistry of the structure shown in Scheme 14 for compounds
37. Finally, we were able to ascertain the stereochemistry by
X-ray analysis of compound 37 c.[14] The high chemical shifts
observed for this compound probably arise from a strong
paramagnetic effect due to the proximity of the double bonds
in the molecule.


Reaction of diene 1 d with carbene complex 4l did not take
place as a [4�2] cycloaddition as had been observed with
alkyl-substituted alkynyl complexes (vide supra). Instead, a
Michael type addition of the enamine followed by double
cyclization produced compound 38 (Scheme 15).


Reaction of diene 3 and carbene 4 m took place also under
mild conditions affording the polycyclic compounds 40 a along


with a small amount of the new carbene
complex 41 (Scheme 16, Table 7, entry a).
The vinyl substituent at the triple bond in
the starting carbene complex again makes
the cyclopentannulation faster than the
aromatization through morpholine elimi-
nation allowing the cascade process to
develop. Danishefsky�s diene 39 possesses
similar structural characteristics to diene
3, since two electron-donor groups are in
the same relative positions and can
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undergo the same aromatization process by the loss of a
molecule of MeOH.[17] Consistently, reaction with the alky-
nylcarbene 4 m produced the polycyclic system 40 b.


The formation of polycyclic compounds 35 and 40 can be
explained by a double tandem [4�2] cycloaddition ± cyclo-
pentannulation. A first [4�2] cycloaddition would afford the
cyclohexadienyl complexes type I (Scheme 17), which under-


Table 6. Compounds 35, 36, and 37 prepared.


R1 R2 Diene R3 R4 M Carbene t 35 [%] 36 [%] 37 [%]


a Me H 1c H Ph W 4j 20 min 95 ± ±
b Me H 1c H Ph Cr 4k 30 min 95[a] ± ±
c Me CH2OMe 1b H Ph W 4j 25 min ± ± 30
d Me H 1c Me Ph W 4 l 4 days 67 ± ±
e Me H 1c CH2(CH2)2CH2 Cr 4m 2 days 86 ± ±
f Me CH2OMe 1b CH2(CH2)2CH2 Cr 4m 6 days 85 ± 51
g Me CH2Oallyl 1g CH2(CH2)2CH2 Cr 4m 4 days ± 54 ±
h O(CH2)2CH2 2a CH2(CH2)2CH2 Cr 4m 12 h 87 ± ±


[a] 35a and 35b are the same compound.


Table 7. Compounds 40 and 41 prepared.


X R1 Y Diene 40 [%] 41 [%]


a morpholine Me morpholine 2 57 9
b TMSO H OMe 39 64[a] ±


[a] Deprotection of the hydroxyl moiety by treatment with Na2CO3/MeOH
yield compound 40c (87 %).
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go cyclization to yield the cyclopentadienes type VII. Such
dienes do not rearrange, as happened with the aryl-substituted
complexes, and appear to be more reactive with the starting
carbene complex than the 2-aminodienes themselves, since
VII could never be isolated or even detected by low-temper-
ature NMR experiments. At this point, VII undergoes a
second [4�2] process to yield VIII, which again cyclizes to
produce the isolated polycyclic compounds 35, or 40 after
morpholine or methanol elimination in the case of dienes 3
and 39, respectively. Finally, formation of the side product 41
can be explained by a [4�2] process of intermediate VII with
the starting carbene complex 4, which reacts through the
cyclohexenyl double bond instead of the triple bond.


In this process six new carbon ± carbon bonds and five new
stereogenic centers are created in a single synthetic step and
in a stereoselective manner.


Formation of 38 can be explained in a similar way (Figure 3).
In this case steric hindrance due to the Z configuration of the
nonenaminic double bond precludes cyclization after the
initial Michael addition of the enamine to the triple bond of
the carbene complex. Instead, intramolecular hydrogen
abstraction by the a-carbon of the carbene intermediate IX
yields the metallatriene X with a structure appropriate for
further cyclization and [4�2] cycloaddition ± cyclopentannu-
lation to produce 38.
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Figure 3. Michael addition of diene 1d to a vinyl-substituted alkynyl
carbene complex.


Tandem triple [4�2] cycloaddition ± cyclopentannulation re-
action : The reaction of dienes 1 and 2 stops after the
incorporation of the first two molecules of carbene. At this
step, 35 does not undergo a third cycloaddition even when
warmed up in the presence of excess carbene, although 35
contains a cyclopentadiene moiety capable of incorporating a
third molecule of carbene. The reason for the lack of reactivity
of compounds 35 probably lies in the special arrangement of
the molecule. Figure 4 shows the structures of the backbone of


R1


X
R4


R3


R2 R2
R1


X
OCH3


R4


R3


OCH3


R3


X


R1


R2


R4


R3


M(CO)5


OCH3


X


R1


R2
OCH3


R3


R4


(CO)5M OCH3


R4


R3 R2


X


R4


R3


OCH3


R4
R3


M(CO)5


OCH3


OMe(CO)5M


R4


R1


X
OCH3


R4


R3


OCH3


R3
R4


+


I VII VIII


1,2,3 35 404j-m


-R2H


Scheme 17. Proposed mechanism for the formation of polycycles 35 and 40.


Figure 4. Structure of 35 (A) and 40 (B).
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35 (A) and 40 (B) generated by MM2 molecular mechanics
calculations. The bending of molecule A places the first
cycloadduct close to the bottom face of the cyclopentadiene
structure, blocking the approach of carbene 4 from this side of
the molecule. Furthermore, the top face of the diene is also
hindered by the group R4 at position 2. For the same reason
the approach of the carbene to the cyclopentadiene VII takes
place from the bottom face of the diene, as derived from the
stereochemistry of C-10 in 35 c.[24] On the other hand, the
bottom face of the cyclopentadiene fragment of 40 should be
accessible, since the first aromatic ring should be flat
(molecule B). Thus, it should be possible to incorporate the
third carbene complex with this kind of compound.


With this idea in mind, we performed the reactions of 40
with an additional equivalent of carbene complex 4 i or 4 m,
which resulted in the formation of polycyclic compounds 42 in
good yield (Scheme 18, Table 8).
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Scheme 18. Preparation of 42.


An important point in the reactions of dienes 3 and 39 with
2 equivalents of carbene complex 4, which could be deduced
from the NMR analysis of the crude reaction, is the fact that
40, with the first ring being aromatic, is present in the reaction
media before SiO2 hydrolysis. Therefore, polycyclic 42 can be
obtained in a one-pot by reaction of one equivalent of diene
and three of the carbene complex (Scheme 19). This reaction
was carried out for Danishefsky�s diene and, after seven days,
42 b was isolated as the reaction product in 59 % yield. In this
cascade process nine CÿC bonds and seven stereogenic
centers are created in stereoselective manner.


Figure 5 shows the molecular structure of 42 a obtained by
an X-ray monocrystal analysis. The U-shaped structure keeps
the in face of the cyclopentadiene sterically inaccessible to the
dienophile, while the out face is hindered by the cyclohexenyl
ring from the carbene complex. This arrangement makes the
approach of another molecule of carbene difficult and,
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Scheme 19. One-pot preparation of 42.


Figure 5. X-ray crystal structure of 42a. Hydrogen atoms have been
omitted for clarity.


therefore, a fourth addition of carbene to the cyclopentadiene
moiety has never been observed.


Conclusion


We have reported a new tandem [4�2] cycloaddition ± cyclo-
pentannulation reaction of 2-amino-1,3-butadienes and
Fischer alkynyl carbene complexes that produces fluorene
derivatives. The reaction takes place under mild conditions
and the products are obtained as single diastereoisomers.
Moreover, vinyl substitution in the alkynylcarbene complex
provides an entry to new polycyclic scaffolds through
cascade double and triple cycloaddition ± cyclopentannula-
tion processes that can be controlled by the substitution in the
2-aminodiene.


Experimental Section


General methods : All reactions were run under N2 atmosphere. Tetra-
hydrofuran (THF) and hexane were dried and distilled by standard
procedures before use. Solvents used in the extractions and column
chromatography were distilled prior to use. All other reagents used in the
reactions were of the best commercial grade available. Column chroma-


Table 8. Compounds 42 prepared.


X R1 Complex R2 R3 Carbene T [8C] t 42 [%][a]


a morpholine Me 40a CH2(CH2)2CH2 4m 40 8C 48 h 76
b TMSO H 40b CH2(CH2)2CH2 4m 25 3 days 90(59)[b]


d morpholine Me 40a H Ph 4 i 25 48 h 85


[a] Yields are referred to compounds 40 used as starting materials. Yield given in brackets
is referred to diene 39 used as starting material is a one pot process. [b] Deprotection of
the hydroxyl moiety by treatment with Na2CO3/MeOH yield compound 42c (92 %).
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tography was carried out on silica gel 60 (230Ð400 mesh). All melting
points were uncorrected. NMR spectra were recorded at 400, 300, or
200 MHz for 1H and 100, 75, or 50.3 MHz for 13C, with tetramethylsilane as
internal standard for 1H and the residual solvent signals as standard for 13C.
Chemical shifts are given in ppm. Mass spectra were obtained by EI
(70 eV). IR spectra are given in cmÿ1. 2-Amino-1,3-butadienes 1 and 2[18]


and Fischer carbene complexes 2 a ± d[19] were prepared according to the
methods described in the literature.


1-(2H-3,4-dihydro-6-pyranyl)morpholinoethene (2): 6-Ethynyl-2-H-3,4-di-
hydropyrane (10 mmol, 1.08 g) was treated with morpholine (30 mmol,
2.6 mL) to obtain 2 (1.28 g, 66%). B.p.� 90 8C (10ÿ2 Torr); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d� 1.69 ± 1.78 (m, 2H; CH2 pyrane), 1.98 ±
2.04 (m, 2H; CH2 pyrane), 2.74 (t, 3J(H,H)� 4.7 Hz, 4H; morpholine), 3.65
(t, 3J(H,H)� 4.7 Hz, 4 H; morpholine), 3.94 (m, 2H; CH2O pyrane), 3.96 (s,
1H; C�CH2), 4.37 (s, 1H; C�CH2), 5.00 (t, 3J(H,H)� 3.9 Hz, 1 H; C�CH);
13C NMR (75 MHz, CDCl3, 25 8C): d� 20.2 (CH2), 22.0 (CH2),49.5 (CH2,
morpholine), 65.9 (CH2), 66.4 (CH2, morpholine), 90.4 (C�CH2), 100.2
(C�CH), 150.1 (C�C), 152.6 (C�C).


General procedure for the preparation of alkynyl carbene complexes:
Fischer carbene complexes below were prepared by standard method-
ology[19] from the corresponding acetylenes, which were in turn prepared
according to the Corey ± Fuchs method.[20] These complexes can be also
prepared by a modified procedure that consists of the generation of the
acetylide by the Corey ± Fuchs reaction in presence of the metal hexacar-
bonyl at ÿ78 oC, and then allowing to react by slowly increasing the
temperature overnight. This one-pot procedure provided the carbene
complexes in a similar yield to that of the two step synthesis.


Pentacarbonyl[1-methoxy-3-(p-methoxyphenyl)propynylidene)]tungsten(0)
(4d): Yield: 50%. Crystallized from hexane. Black crystals; m.p. 80 8 ; Rf�
0.32 (hexane); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 3.89 (s, 3H;
CH3O), 4.34 (s, 3H; CH3O), 6.97 (d, 3J(H,H)� 8.9 Hz, 2 H; p-OMePh), 7.62
(d, 3J(H,H)� 8,9 Hz, 2 H; p-OMePh); 13C NMR (50.3 MHz, CDCl3, 25 8C):
d� 55.5 (CH3O), 65.7 (CH3O), 112.6 (C, p-OMePh), 114.8 (CH, p-
OMePh), 135.5 (CH, p-OMePh), 162.8 (C, p-OMePh), 197.5 (CO), 205.5
(CO), the signals for both carbons of the triple bond, and for the carbene
carbon are missing; IR (CH2Cl2): nÄ � 2066, 1948 cmÿ1 (C�O cis);
C16H10O7W (498.1): calcd C 38.58, H, 2.02; found C 38.46, H 2.10; HRMS
(EI): m/z calcd for C16H10O7


184W [M�]: 497.9939, found 497.9932.


Pentacarbonyl[3-(3-furyl)methoxypropynylidene]chromium(0) (4 g): 1,1-
Dibromo-2-(3-furyl)ethene (10 mmol, 2.51 g) in THF was treated with
Cr(CO)6 (10 mmol, 2.20 g) and BuLi (20 mmol) at ÿ78 8C. The temper-
ature was allowed to rise to ÿ20 8C and methyl trifluorosulfonate
(20 mmol) was added. 1.53 g (47 %) of 4g were obtained after SiO2


purification and crystallization. Purple crystals. 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d� 4.38 (s, 3 H; CH3O), 6.58 (s, 1 H; furyl), 7.54 (s,
1H; furyl), 7.88 (s, 1 H; furyl); 13C NMR (75 MHz, CDCl3, 25 8C): d� 65.9
(CH3O), 94.8 (C�C), 106.5 (C, furyl), 112.1 (CH, furyl), 144.4 (CH, furyl),
148.7 (CH, furyl), 216.1 (CO), 225.3 (CO), 313.7 (C�Cr); C13H6O7Cr
(340.2): calcd C 47.87, H 1.87; found C 47.89, H 1.90.


Pentacarbonyl[3-(p-chlorophenyl)-1-methoxypropynylidene)]tungsten(0)
(4h): Yield: 29.5 %. Crystallized from hexane. Black crystals; m.p. 104 ±
105 8C; Rf� 0.36 (hexane); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d�
4.35 (s, 3H; CH3O), 7.42 (d, 3J(H,H) � 8.6 Hz, 2 H; p-ClPh), 7.56 (d,
3J(H,H)� 8.6 Hz, 2 H; p-ClPh); 13C NMR (75 MHz, CDCl3, 25 8C): d� 66.2
(CH3O), 119.4 (C, p-ClPh), 129.5 (CH, p-ClPh), 133.9 (CH, p-ClPh), 138.0
(C, p-ClPh), 197.2 (CO), 343.9 (C�W), both of the triple bond and one CO
carbon signals are missing; IR (CH2Cl2): nÄ � 2070, 1948 cmÿ1; C15H7ClO6W
(502.5): calcd C 35.85, H 1.40; found C 36.06, H 1.57; HRMS (EI): m/z calcd
for C15H7ClO6


184W [M�]: 501.9431, found 501.9424.


Pentacarbonyl[(E)-4-ene-1-methoxy-5-phenyl-2-pentynylene]tungsten(0)
(4j): Yield: 54 %. Crystallized from hexane. Black crystals; m.p. 260 8C
decomp; Rf� 0.58 (hexane/ethyl acetate; 3:1); 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d� 4.29 (s, 3H; CH3O), 6.66 (d, 3J(H,H)� 10.9 Hz, 1H;
HC�CH), 7.38 ± 7.56 (m, 6 H; phenyl, HC�CH); 13C NMR (50.3 MHz,
CDCl3, 25 8C): d� 65.9 (CH3O), 106.4 (CH�CH), 127.4 (CH, phenyl), 129.4
(CH, phenyl), 130.6 (C�CH), 135.3 (C, phenyl), 149.1 (C�CH), 197.4 (CO),
205.7 (CO), both of the triple bond and the carbene carbon signals are
missing; IR (CH2Cl2): nÄ � 2065, 1948 cmÿ1; C17H10O6W (495.1): calcd C
41.30, H 2.03; found C 41.28, H 2.12; HRMS (EI): m/z calcd for
C12H10O184W [M�ÿ 5CO]: 354.0243, found 354.0220.


Pentacarbonyl[(E)-4-ene-1-methoxy-4-methyl-5-phenyl-2-pentynylide-
ne]tungsten(0) (4 l): Yield: 60 %. Crystallized from hexane. Black crystals;
m.p. 103 ± 105 8 ; Rf� 0.54 (hexane/ethyl acetate; 5:1); 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d� 2.33 (s, 3 H; CH3), 4.32 (s, 3 H; CH3), 7.41 ± 7.45 (m,
6H; Ph, HC�CH); 13C NMR (75 MHz, CDCl3, 25 8C): d� 12.8 (CH3), 65.7
(CH3O), 118.8 (CH3C�CH), 128.0 (CH, phenyl), 128.6 (CH, phenyl), 128.8
(CH, phenyl), 135.7 (C, phenyl), 143.8 (HC�CCH3), 197.4 (CO), 205.6 (CO)
(both the signals for the triple bond and the carbene carbon are missing);
IR (CH2Cl2): nÄ � 2067, 1948 cmÿ1; C18H12O6W (508.1): calcd C 42.52, H
2.38; found C 42.90, H 2.51; HRMS (EI): m/z calcd for C18H12O6


184W [M�]:
508.0146, found 508.0133.


Pentacarbonyl[3-(cyclohexen-1-yl)-1-methoxypropynylidene)]chromium(0)
(4m): Yield: 90 %. Black oil. Only stable in solution. Rf� 0.65 (hexane/
ethylacetate, 3:1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 1.51 ± 1.80
(m, 4H; 2xCH2), 2.11 ± 2.34 (m, 4H; 2�CH2), 4.32 (s, 3H; CH3O), 6.61 (s,
1H; HC�C); 13C NMR (50.3 MHz, CDCl3, 25 8C): d� 20.9 (CH2, cyclo-
hexenyl), 21.8 (CH2, cyclohexenyl), 26.7 (CH2, cyclohexenyl), 28.3 (CH2,
cyclohexenyl), 65.4 (CH3O), 91.3 (C�C), 120.7 (C�C), 139.5 (C�C), 145.3
(C�CH), 216.3 (CO), 225.5 (CO), 314.4 (C�Cr); IR (CH2Cl2): nÄ � 2068
(C�O trans), 1948 cmÿ1 (C�O cis).


General procedure for the synthesis of complexes 5 : 2-Aminodiene 1
(1 mmol) was added to a solution of complex 4 (1 mmol) in dry THF
(10 mL) at RT. The reaction mixture was stirred at RT for the time
indicated and concentrated at reduced pressure (10ÿ2 Torr). The reaction
crude was dissolved in dry hexane, filtered through a pad of Celite and,
when the complexes are solids, cooled to ÿ208C overnight to induce
crystallization.


Pentacarbonyl{methoxy{2-[3-trimethylsilyl-5-(N-morpholino)bicyclo[4.4.0]-
deca-2,5-dienyl]}methylene}tungsten(0) (5a): Compounds 1a (0.19 g,
1.00 mmol) and 4a (0.45 g, 1.00 mmol) were allowed to react in THF for
5 min. The compound 5a was isolated by crystallization form hexane
(Yellow prisms). 95% yield; m.p. 139 8C; Rf� 0.65 (hexane/ethyl acetate;
3:1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 0.08 (s, 9 H; (CH3)3Si),
0.80 ± 2.10 (m, 8 H; 4�CH2, cyclohexyl), 2.60 ± 2.95 (m, 6H; morpholine,
CH2), 3.26 (bd, 3J(H,H)� 12.0 Hz, 1H; CH), 3.72 (m, 4H; morpholine),
4.55 (s, 3H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d�ÿ0.04 ((CH3)3Si),
25.8 (CH2, cyclohexyl), 25.9 (CH2, cyclohexyl), 27.4 (CH2, cyclohexyl), 27.5
(CH2, cyclohexyl), 34.7 (CH2), 44.8 (CH), 50.4 (CH2, morpholine), 67.2
(CH2, morpholine), 69.3 (CH3O), 123.1 (C�C), 126.6 (C�C), 134.6 (C�C),
197.2 (CO), 202.3 (CO), 335.2 (C�W), the vinylic carbon attached to the
silicon group signal is missing; IR (CH2Cl2): nÄ � 2070 (C�O trans),
1950 cmÿ1 (C�O cis); C24H31O7NWSi (657.5): calcd C 43.84, H 4.75, N
2.13; found C 43.92, H 4.74, N 2.33; MS EI: (m/z, %): (657, 1) [M�], (629,
<1), (601, 30), (573, 8), (545, 10), (517, 57), (300, 100).


Pentacarbonyl{methoxy[3-methyl-2-methoxymethylene-4-morpholino-6-
trimethylsilyl-1,4-cyclohexadienyl]methylene}tungsten(0) (5 b or 5 d)
Method A : Compounds 1b (0.196 g, 1.00 mmol) and 4a (0.45 g, 1.00 mmol)
were allowed to react in THF for 15 min. Compound 5b was isolated by
crystallization from hexane (Red prims). 95% yield.
Method B: Compounds 1 d (0.196 g, 1.00 mmol) and 4a (0.45 g, 1.00 mmol)
were allowed to react in CH3CN for 30 min. Compound 5 d was isolated by
crystalization from hexane as a red solid (82 % yield; m.p. 100 8C (decomp);
Rf� 0.57 (hexane/ethyl acetate; 3:1); 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 0.10 (s, 9H; (CH3)3Si), 1.88 (s, 3H; CH3), 2.64 (t, 3J(H,H)�
6.0 Hz, 4H; morpholine), 3.10 ± 3.22 (m, s, 5H), 3.73 (t, 3J(H,H)� 6.0 Hz,
4H; morpholine), 4.55 (s, 3H; CH3O); 13C NMR (75 MHz, CDCl3, 25 8C):
d�ÿ0.17 ((CH3)3Si), 16.1 (CH3), 26.8 (CH2), 48.1 (CH), 49.9 (CH2,
morpholine), 58.6 (CH3OCH2), 67.2 (CH2, morpholine), 74.4 (CH2O), 122.9
(C�C), 126.7 (C�C), 140.7 (C�C), 197.2 (CO), 202.5 (CO), 331.4 (C�W),
both the signals for the vinylic carbon attached to the silicon and the
methoxy attached to the carbene carbonl are missing; IR (CH2Cl2): nÄ �
2070 (C�O trans), 1933 cmÿ1 (C�O cis); HRMS (EI): m/z calcd for
C23H31NO8Si 184W [M�]: 661.1329, found 661.1327.


Pentacarbonyl{2-[3-tert-butyl-5-morpholino-bicyclo[4.4.0]-2,5-decadienyl]-
methoxymethylene}tungsten(0) (5e): Compounds 1a (0.42 g, 2.2 mmol)
and 4b (1 g, 2.2 mmol) were allowed to react in THF for 6 h. Compound 3e
was isolated by crystallization from hexane. (Yellow prisms) 71% yield;
m.p. 132 8C decomp; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 0.85 ±
0.96 (m, 2H; CH2, cyclohexyl), 1.07 (s, 9H; (CH3)3C), 1.11 ± 1.23 (m, 2H;
CH2, cyclohexyl), 1.34 ± 1.62 (m, 2H; CH2, cyclohexyl), 1.65 ± 1.82 (m, 2H;
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CH2, cyclohexyl), 2.66 (t, 3J(H,H)� 4.7 Hz, 4H; morpholine), 2.89 (ddd,
3J(H,H)� 21.0, 5.2, J� 3.0 Hz, 1 H; CH), 3.21 ± 3.50 (m, 2 H; CH2), 3.74 (t,
3J(H,H)� 4.3 Hz, 4H; morpholine), 4.57 (s, 3H; CH3O); 13C NMR
(75 MHz, CDCl3, 25 8C): d� 24.7 (CH2, cyclohexyl), 26.1 (CH2, cyclo-
hexyl), 27.5 (CH2, cyclohexyl), 27.7 (CH2, cyclohexyl), 31.4 ((CH3)3C), 34.6
(CH2), 37.1 ((CH3)3C), 45.4 (CH), 50.5 (CH2, morpholine), 67.3 (CH2,
morpholine), 69.3 (CH3O), 126.5 (C�C), 128.6 (C�C), 134.7 (C�C), 148.0
(C�C), 197.4 (CO), 202.6 (CO), 339.5 (C�W); IR (CH2Cl2): nÄ � 2067 (C�O
trans), 1938 cmÿ1 (C�O cis); C25H31NO7W (641.4): calcd C 46.74, H 4.86, N,
2.18; found C 46.92, H 4.92, N 2.17; MS (EI): (m/z, %): (641, 18) [M�], (613,
<1), (585, 10), (557, 12), (528, 28), (501, 22).


Pentacarbonyl{methoxy[3-methyl-6-trimethylsilyl-2-trimethylsilyloxymethyl-
4-morpholino-3,6-cyclohexadienyl]methylene}tungsten(0) (5 f): Compunds
1e (0.255 g, 1 mmol) and 4 a (0.45 g, 1 mmol) were allowed to react in THF
for 1 h. The compound 5 f was isolated as a red oil 95% yield. Rf� 0.6
(hexane/ethyl acetate; 3:1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d�
0.01 (s, 9H; (CH3)3Si), 0.08 (s, 9H; (CH3)3Si), 1.86 (s, 3 H; CH3), 2.61 (dd,
3J(H,H)� 5.6, 3.4 Hz, 4 H; morpholine), 3.01 (br s, 2 H; CH2), 3.28 (dd,
2J(H,H)� 9.9, 3J(H,H)� 5.2 Hz, 1 H; CHHO), 3.60 ± 3.68 (m, 1H; CHHO),
3.66 (m, 1H; CH), 3.71 (dd, 3J(H,H)� 6.0, 2.7 Hz, 4H; morpholine), 4.53 (s,
3H; CH3O); 13C NMR (50.3 MHz, CDCl3, 25 8C): d�ÿ0.82 ((CH3)3Si),
ÿ0.07 ((CH3)3Si), 16.2 (CH3), 27.2 (CH2), 49.9 (CH2, morpholine), 50.7
(CH), 63.9 (CH2O), 67.3 (CH2, morpholine), 67.8 (CH3O), 122.9 (C�C),
127.4 (C�C), 141.1 (C�C), 197.2 (CO), 202.6 (CO), 331.1 (C�W), the signal
for the vinylic carbon attached to the silicon is missing; IR (CH2Cl2): nÄ �
2068 (C�O trans), 1939 cmÿ1 (C�O cis); C25H37NO8SiW: C 41.73, H 5.18, N
1.95; found C 41.88, H 5.51, N 2.93; HRMS (EI): m/z calcd for
C25H37NO8Si184W [M�]: 719.1568, found 719.1542.


Pentacarbonyl{methoxy[6-tert-butyl-3-methyl-4-morpholino-2-trimethylsi-
lyloxymethyl-3,6-cyclohexadienyl]methylene}tungsten(0) (5g): Com-
pounds 1e (1.27 g, 5 mmol) and 4 b (2.31 g, 4.75 mmol) were allowed to
react in THF for 6 h. The compound 5 g was isolated as an oil. 71% yield;
Rf� 0.51 (hexane/ethyl acetate; 8:1); 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 0.05 (s, 9 H; (CH3)3Si), 1.09 (s, 9 H; (CH3)3C), 1.89 (s, 3 H; CH3),
2.65 (t, 3J(H,H)� 6.0 Hz, 4 H; morpholine), 2.90 ± 3.00 (m, 2H; CH2), 3.30
(dd, 2J(H,H)� 14.7, 3J(H,H)� 9.5 Hz, 1H; CHHO), 3.50 (dd, 2J(H,H)�
14.7, 3J(H,H)� 7.1 Hz, 1H; CHHO), 3.75 (t, m, 3J(H,H)� 6.7 Hz, 5H;
morpholine, CH), 4.55 (s, 3H; CH3O); 13C NMR (50.3 MHz, CDCl3, 25 8C):
d�ÿ0.64 ((CH3)3Si), 16.5 ((CH3)3C), 25.5 (CH2), 31.1 (CH3), 37.2
((CH3)3C), 48.8 (CH), 49.9 (CH2O), 63.2 (CH2, morpholine), 66.6 (CH2,
morpholine), 69.6 (CH3O), 124.6 (C�C), 133.2 (C�C), 141.5 (C�C), 147.8
(C�C), 197.1 (CO), 202.5 (CO), 334.8 (C�W); C26H37NO8SiW (703.5): calcd
C 44.39, H 5.30, N 1.99; found C 44.38, H 5.31, N 1.98; HRMS (EI): m/z
calcd for C26H37NO8Si184W [M�]: 703.1798, found 703.1790.


General procedure for the synthesis of complexes 6 : 2-Aminodiene 1
(1 mmol) was added to a solution of complex 4 (1 mmol) in dry THF
(10 mL) at RT. The reaction mixture was stirred at RT overnight. Then
silica gel (2 g) was added to the reaction mixture and stirred for a few
minutes until the color of the solution changed from red to purple. The
solvents were removed under vacuum and the residue dissolved in hot, dry
and degassed hexane and crystallized at ÿ20 8C.


Pentacarbonyl{methoxy[5-methoxymethylene-3-methyl-4-morpholino-6-
trimethylsilyl-4,6-cyclohexadienyl]methylene}tungsten(0) (6b): Compound
6b was isolated as purple crystals: 74% yield; m.p. 152 ± 153 8C; Rf� 0.10
(hexane/ethyl acetate; 3:1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d�
0.14 (s, 9H; (CH3)3Si), 1.09 (d, 3J(H,H)� 7.3 Hz, 3H; CH3), 3.08 ± 3.18 (m,
2H; CH, CHHO), 3.3 (s, 3H; CH3OCH2), 3.36 (dd, 2J(H,H)� 9.8,
3J(H,H)� 4.8 Hz, 1 H; CHHO), 3.58 (t, 3J(H,H)� 4.6 Hz, 4 H; morpho-
line), 3.80 (t, 3J(H,H)� 4.6, 3.9 Hz, 4 H; morpholine), 3.95 (ddd, 3J(H,H)�
9.4 ,4.9, 1.8 Hz, 1H; CHCH2O), 4.33 (s, 3H; CH3OC�W), 5.46 (s, 1H;
CH�C); 13C NMR (50.3 MHz, CDCl3, 25 8C): d� 1.4 ((CH3)3Si), 15.6
(CH3), 30.0 (CH), 47.0 (CH2, morpholine), 47.3 (CH), 58.6 (CH3O), 65.7
(CH3O), 66.5 (CH2, morpholine), 71.3 (CH3OCH2), 101.6 (HC�C), 139.0
(C�C), 158.5 (C�C), 163.7 (C�C), 199.1 (CO), 202.3 (CO) 275.7 (C�W); IR
(CH2Cl2): nÄ � 2054 (C�O trans), 1915 cmÿ1 (C�O cis); C23H31NO8SiW
(661.4): calcd C 41.77, H 4.72, N 2.12; found C 41.01, H 4.51, N 2.0; HRMS
(EI): m/z calcd for C23H31NO8Si184W [M�]: 661.1329, found 661.1330.


Pentacarbonyl{methoxy[5-methyl-4-morpholino-2-trimethylsilyl-1,3-cyclo-
hexadienyl]methylene}tungsten(0) (6 c): Compound 6 c was isolated as
purple crystals: 93 % yield; m.p. 145 8C; Rf� 0.38 (hexane/ethyl acetate;


3:1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 0.15 (s, 9 H; (CH3)3Si),
0.93 (d, 3J(H,H)� 7.3 Hz, 3 H; CH3), 2.65 ± 2.79 (m, 1 H; CHMe), 2.95 (dd,
2J(H,H)� 14.6, 3J(H,H)� 5.6 Hz, 1 H; CHHO), 3.70 ± 3.85 (m, 5 H; mor-
pholine, CHHO), 3.90 ± 4.10 (m, 4 H; morpholine), 4.33 (s, 3 H; CH3O), 5.50
(s, 1H; HC�C); 13C NMR (75 MHz, CDCl3, 25 8C): d� 1.17 ((CH3)3Si),
14.2 (CH3), 30.5 (CH), 40.6 (CH2), 46.3 (CH2, morpholine), 65.9 (CH3O),
66.2 (CH2, morpholine), 101.5 (HC�C), 140.7 (C�C), 154.8 (C�C), 164.3
(C�C), 199.1 (CO), 202.7 (CO), 279.5 (C�W); IR (CH2Cl2): nÄ � 2054 (C�O
trans), 1919 cmÿ1 (C�O cis); C21H27NO7SiW (617.4): calcd C 40.90, H 4.40,
N 2.27; found C 41.30, H 4.54, N 2.26; MS EI: (m/z, %): (617, 1) [M�], (589,
<1), (561, 42), (533, 21), (505, 3), (477, 100).


Pentacarbonyl{methoxy[3-methyl-4-morpholino-6-trimethylsilyl-2-trime-
thylsilyloxymethyl-4,6-cyclohexadienyl]methylene}tungsten(0) (6 f): Com-
pound 6 f was isolated as purple crystals. 69 % yield; m.p. 147 ± 150 8C; Rf�
0.18 (hexane/ethyl acetate; 3:1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d� 0.06 (s, 9H; (CH3)3Si), 0.13 (s, 9 H; (CH3)3Si), 1.07 (d, 3J(H,H)� 7.3 Hz,
3H; CH3), 3.14 ± 3.49 (m, 2 H; CH, CHHO), 3.47 ± 3.56 (m, 5H; morpho-
line, CHHO), 3.74 ± 3.84 (m, 5H; morpholine, CHCH2O), 4.33 (s, 3H;
CH3O), 5.4 (s, 1 H; HC�C); 13C NMR (50.3 MHz, CDCl3, 25 8C): d�ÿ0.58
((CH3)3Si), 1.39 ((CH3)3Si), 15.7 (CH3), 29.3 (CH), 46.5 (CH2, morpholine),
48.6 (CH), 61.2 (CH2O), 65.8 (CH3O), 66.3 (CH2, morpholine), 101.4
(HC�C), 140.4 (C�C), 157.6 (C�C), 163.2 (C�C), 198.9 (CO), 202.4 (CO),
278.3 (C�W); IR (CH2Cl2): nÄ � 2054 (C�O trans), 1921 cmÿ1 (C�O cis);
C25H37O8Si2NW: C 41.73, H 5.18, N 1.95; found C 41.67, H 5.15, N, 1.97; MS
EI: (m/z, %): (719, 17) [M�], (691, 10), (663, 11), (635, 61), (607, 22), (592,
58), (496, 100).


General method for the preparation of complexes 7: A solution of complex
5 (1 mmol) in THF (10 mL) and aqueous HCl (3n, 10 mL) was stirred for
1 h and extracted with diethyl ether (3� 20 mL). The combined organic
layers were washed with saturated aqueous NaHCO3 (2� 20 mL) and brine
(20 mL), dried over Na2SO4, and concentrated. The crude products were
chromatographed on silica gel with mixtures of hexane/ethyl acetate and
crystallized from cold hexane.


Pentacarbonyl{methoxy-2-[3-trimethylsilyl-5-oxobicyclo[4.4.0]-dec-2-en-
2-yl]methylene}tungsten(0) (7 a): 80% yield (orange prims); m.p. 117 ±
118 8C; Rf� 0.43 (hexane/ethyl acetate 3:1); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d� 0.09 (s, 9 H; (CH3)3Si), 1.00 ± 1.50 (m, 4 H; 2�CH2;
cyclohexyl), 1.69 ± 1.84 (m, 3H; cyclohexyl), 2.02 (bd, 3J(H,H)� 13.2 Hz,
1H; CH), 2.22 (dd, 3J(H,H)� 13.9, 11.4 Hz, 1 H; CHC�C), 2.89 ± 3.02 (s,
dd, 3J(H,H)� 13.8, 11.4 Hz, 3H; CHCO, CH2O), 4.65 (br s, 3H; CH3O); 13C
NMR (75 MHz, CDCl3, 25 8C): d�ÿ0.23 ((CH3)3Si), 24.7 (CH2), 25.0
(CH2), 31.1 (CH2), 41.8 (2�CH2), 47.3 (CH), 51.6 (CH), 69.6 (CH3O), 122.3
(C�C), 164.5 (C�C), 197.1 (WCO), 210.5 (CO), 202.2 (WCO), 335.7
(C�W); IR (KBr): nÄ � 2070 (C�O trans), 1921 (C�O cis), 1711 cmÿ1


(C�O); C20H24O7SiW (588.3): calcd C 40.80, H 4.10; found C 40.70, H
4.03; MS EI: (m/z, %): (588, 10) [M�], (560, 14), (532, 12), (504, 9), (476,
38), (448, 100).


Pentacarbonyl{2-[3-tert-butyl-5-oxobicyclo[4.4.0]-dec-2-en-2-yl]methoxy-
methylene}tungsten(0) (7 e): This complex was isolated as a 10:1 mixture of
diasteroisomers: 40 % yield; Rf� 0.47 (hexane/ethyl acetate 3:1). Spectro-
scopic data for the major product: 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 1.11 (s, 9H; (CH3)3C), 1.15 ± 1.45 (m, 4 H; 2�CH2 cyclohexyl),
1.62 ± 1.80 (m, 3 H; cyclohexyl), 1.97 ± 2.20 (m, 2 H; cyclohexyl, CHC�C),
2.85 (m, 1 H; CHC�O), 3.05 (s, 2 H; CH2C�O), 4.67 (s, 3 H; OCH3); 13C
NMR (75 MHz, CDCl3, 25 8C): d� 24.7 (CH2), 25.0 (CH2), 25.2 (CH2), 25.4
(CH2), 31.1 ((CH3)3C), 31.9 (CH2), 37.1 ((CH3)3C), 41.6 (CH2), 45.5 (CH),
51.4 (CH), 69.3 (CH3), 128.0 (C�C), 149.7 (C�C), 197.3 (WCO), 201.0 (CO),
210.3 (WCO), 339.1 (C�W); IR (CH2Cl2): nÄ � 2070 (C�O trans), 1941
(C�O cis), 1714 cmÿ1; C21H24O7W (572.3): calcd C 44.07, H 4.23; found C
44.35, H 4.23; HRMS (EI): m/z calcd for C21H24O7


184W [M�]: 572.1035,
found 572.1033.


Pentacarbonyl{2-[3-tert-butyl-5-oxo-7-oxabicyclo[4.4.0]-dec-2-en-2-yl]-
methoxymethylene}tungsten(0) (7h): 54 % yield; Rf� 0.19 (hexane/ethyl
acetate; 3:1); m.p. 138 ± 140 8C; 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d� 1.10 (s, 9H; (CH3)3C), 2.29 (dt, 3J(H,H)� 4.1, 12.4 Hz, 1 H; CHH
pyranyl), 1.56 ± 1.63 (m, 1H; CHH pyranyl), 1.63 ± 1.75 (m, 1 H; CHH
pyranyl), 1.81 ± 1.90 (m, 1 H; CHH pyranyl), 3.02 (m, 1 H; CH), 3.13 (d,
2J(H,H)� 20.8 Hz, 1H, CHHCO), 3.25 (dd, 2J(H,H)� 20.8 Hz, J(H,H)�
2.0 Hz; CHHCO), 3.45 (dt, 2J(H,H)� 11.5 Hz, 3J(H,H)� 5.0 Hz, 1 H;
CHHO), 3.96 (d, 3J(H,H)� 10.5 Hz, 1 H; CHO), 4.15 (dd, 2J(H,H)� 11.5,
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4.5 Hz, 1H; CHHO), 4.66 (s, 3H, CH3); 13C NMR (75 MHz, CDCl3, 25 8C):
d� 24.5 (CH2, pyranyl), 29.0 (CH2, pyranyl), 30.8 (CH3), 36.8 (C), 40.8
(CH2C�CO), 43.6 (CH), 67.7 (CH2O), 69.2 (CH3O), 81.7 (CHO), 127.7
(C�C), 146.1 (C�C), 196.8 (COcis), 201.8 (C�CO), 203.7 (CO trans), 336.2
(C�W); C20H22O8W (547.2): calcd C 41.83, H 3.86; found C 41.75, H 3.90.


Methyl-2-methoxymethyl-3-methyl-4-oxo-2-trimethylsilyl-2-cyclohexene-
carboxylate (8): Metal complex 5b was treated with 4 equivalents of
pyridinium oxide in ether at RT for 12 h. After filtration through a pad of
silica gel, 8 was isolated as a 3:1 mixture of positional isomers at the double
bond. The major isomer was isolated by column chromatography with
hexane/ethylacetate 10:1 as eluent. Yield: 45%. Rf� 0.33 (hexane/ethyl-
acetate 10:1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 0.12 (s, 9H;
(CH3)3Si), 1.09 (d, 3J(H,H)� 6.9 Hz, 3H; CH3), 2.73 ± 2.78 (m, 1 H; CH),
2.86 ± 2.95 (m, 1H; CHMe), 3.09 (dd, 2J(H,H)� 9.5, 3J(H,H)� 9.5 Hz, 1H;
CHHO), 3.29 (s, 3 H; CH3O), 3.45 (dd, 2J(H,H)� 9.5, 3J(H,H)� 4.5 Hz,
1H; CHHO), 3.73 ± 3.79 (m, s, 4 H; s�CH3O, m�CHC�C), 6.32 (s, 1H;
HC�C); 13C NMR (75 MHz, CDCl3, 25 8C): d�ÿ2.46 ((CH3)3Si), 11.8
(CH3), 40.2 (CH), 44.0 (CH), 44.6 (CH), 52.3 (CH3OCH2), 58.8 (CH3OCO),
69.8 (CH2), 137.1 (HC�C), 158.6 (C�C), 172.6 (CO), 199.3 (CO); HRMS
(EI): m/z calcd for C13H21O4Si [M�ÿCH3]: 269.1209, found 269.1210.


2-Methoxymethyl-3-methyl-4-morpholino-6-trimethylsilyl-1,5-cyclohexa-
dienecarbaldehyde (9): Complex 5 b was treated with sulfuric acid (10 mL)
in THF (10 mL) for 12 h. The reaction mixture was extracted with diethyl
ether, and the organic layer dried with Na2SO4, and concentrated. The
residue was purified by silica gel chromatography with hexane/ethyl acetate
3:1. Rf� 0.23. Yield: 34 % (colorless oil); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d� 0.29 (s, 9 H; (CH3)3Si), 0.93 (d, 3J(H,H)� 10.5 Hz, 3H;
CH3), 3.13 ± 3.30 (m, 3H), 3.33 (s, 3 H; OCH3), 3.28 ± 3.37 (m, 5 H;
morpholine, CH), 3.77 (t, 3J(H,H)� 7.2 Hz, 4H; morpholine), 5.12 (s,
1H; HC�C), 9.70 (s, 1H; CHO); 13C NMR (75 MHz, CDCl3, 25 8C): d�
1.13 ((CH3)3Si), 16.9 (CH3), 28.3 (CH), 37.8 (CH), 46.1 (CH2, morpholine),
58.3 (CH3O), 66.4 (CH2, morpholine), 69.5 (CH2OCH3), 96.8 (HC�C),
128.3 (C�C), 159.6 (C�C), 160.9 (C�C), 188.8 (CHO); HRMS (EI): m/z
calcd for C17H29NO3Si [M�]: 323.1917, found 323.1914.


General procedure for the synthesis of complexes 10 and 11: Complex 5 f or
5g (1 mmol) was stirred in THF (10 mL) and aqueous HCl (3n, 10 mL) for
15 min, and was extracted with diethyl ether (3� 20 mL). The combined
organic layer was washed with saturated aqueous NaHCO3 (2� 20 mL)
and brine (20 mL), dried over Na2SO4, and concentrated. The crude
product was chromatographed on silica gel with a 3:1 mixture of hexane/
ethyl acetate.


Pentacarbonyl[7-tert-butyl-4-methyl-3,3a,4,6-tetrahydro-5-isobenzofura-
noneylidene]tungsten(0) (10 g): Yield: 79 % (Yellow solid); m.p. 175 8C
decomp; Rf� 0.20; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 1.19 (d,
3J(H,H)� 6.6 Hz, 3H; CH3), 1.40 (s, 9H; (CH3)3C), 1.91 (m, 1H;
HCCH2O), 2.49 (dd, 3J(H,H)� 5.1, 6.6 Hz, 1H; HCCW), 3.02 (dq,
3J(H,H)� 5.1, 6.6 Hz, 1H; HCCMe), 4.73 (dd, 2J(H,H)� 9.8, 3J(H,H)�
3.5 Hz, 1H; CHHO), 4.89 (d, 2J(H,H)� 9.8 Hz, 1H; CHHO), 6.26 (s, 1H;
HC�C); 13C NMR (50.3 MHz, CDCl3, 25 8C): d� 15.2 (CH3), 29.1
((CH3)3C), 38.1 ((CH3)3C), 46.7 (CH), 71.0 (CH), 86.3 (CH2O), 126.1
(C�CH), 166.5 (C�C), 198.7 (CO), 196.7 (WCO), 203.2 (WCO), 325.7
(W�C); IR (CH2Cl2): nÄ � 2071 (C�O trans), 1948 cmÿ1 (C�O cis);
C18H18O7W (530.2): calcd C 62.42, H 5.24; found C 62.75, H 4.92; HRMS
(EI): m/z calcd for C18H18O7


184W [M�]: 530.0565, found 530.0574.


(1S*,9R*)-5-tert-butyl-4,6-dien-2-methyl-8-oxabicyclo[4.3.0]nonan-3-
one (11g): Yield: 20 % (Yellow solid); Rf� 0.40 (hexane/ethyl acetate,
10:1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 1.10 (d, 3J(H,H)�
6.8 Hz, 3H; CH3), 1.24 (s, 9H; (CH3)3C), 2.23 (dq, 3J(H,H)� 13.7, 6.8 Hz,
1H; HCCH3), 3.05 (ddd, 3J(H,H)� 13.7, 12.0, 9.0 Hz, 1 H; HCCH2), 3.87
(dd, 2J(H,H)� 12.0, 3J(H,H)� 9.0 Hz, 1 H; CHHO), 4.70 (dd, 2J(H,H)�
9.1, 3J(H,H)� 9.2 Hz, 1 H; CHHO), 5.80 (s, 1H; C�CH), 6.95 (s, 1H;
C�CH); 13C NMR (50.3 MHz, CDCl3, 25 8C): d� 13.1 (CH3), 30.2
((CH3)3C), 36.2 ((CH3)3C), 46.1 (CH), 47.2 (CH), 74.9 (CH), 112.9
(C�C), 121.1 (C�CH), 145.8 (C�CH), 160.5 (C�C), 200.6 (CO); HRMS
(EI): m/z calcd for C13H18O2 [M�]: 206.1313, found 206.1306.


(1S*,9R*)-2-Methyl-5-trimethylsilyl-4,6-diene-8-oxabicyclo[4.3.0]nonan-
3-one (11 f): Hydrolysis of 5 f yielded 11 f. The corresponding compound
10g was not isolated. Yield: 40 %. Rf� 0.63; 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d� 0.24 (s, 9 H; (CH3)3Si), 1.12 (d, 3J(H,H)� 6.7 Hz, 3H;
CH3), 2.28 (dq, 3J(H,H)� 13.7, 6.7 Hz, 1H; HCCH3), 3.07 (ddd, 3J(H,H)�


13.7, 12.1, 9.2 Hz, 1 H; HCCH2O), 3.94 (dd, 2J(H,H)� 12.1, 3J(H,H)�
9.2 Hz, 1 H; CHHO), 4.74 (t, 3J(H,H)� 9.2 Hz, 1H; CH2O), 6.0 (s, 1H;
C�CH), 6.1 (d, J(H,H)� 1.9 Hz, 1 H; C�CH); 13C NMR (50.3 MHz,
CDCl3, 25 8C): d�ÿ1.25 ((CH3)3Si), 13.2 (CH3), 46.1 (CH), 46.3 (CH), 75.9
(CH), 117.6 (C�C), 130.9 (C�CH), 145.8 (C�CH), 152.0 (C�C), 199.1
(CO); C12H18O2Si (222.4): calcd C 64.80, H 8.16; found C 64.40, H 8.02;
HRMS (EI): m/z calcd for C12H18O2Si [M�]: 222.1076, found 222.1065.


Preparation of carbene complexes 13 : Carbene complex 4 (2 mmol) was
added to a solution of diene 3 (0.1m, 1 mmol) in THF or toluene at RT.
Once the solution color turned from dark red to dark yellow the solvent
was evaporated, the crude reaction mixture was filtered through a silica gel
column with hexane/ethyl acetate (4:1) as eluent. Two products were
obtained, the less polar one was the orange carbene complex 13, and the
second more polar one was the product resulting from the addition of
morpholine to the triple bond in the starting carbene complex.


Pentacarbonyl[(5-methyl-4-morpholino-2-trimethylsilylphenyl)methoxy-
methylene]tungsten(0) (13 a): Compound 4a (2 mmol, 928 mg) was treated
with 3 (1 mmol, 238 mg) in toluene for 0.5 h to obtain 418 mg (68 %). Rf�
0.59 (hexane/ethyl acetate 3:1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d� 0.26 (s, 9 H; (CH3)3Si), 2.37 (s, 3H; CH3), 3.02 (t, 3J(H,H)� 4.7 Hz, 4H;
morpholine), 3.88 (t, 3J(H,H)� 4.7 Hz, 4H; morpholine), 4.70 (s, 3H;
CH3O), 7.14 (s, 1 H; CH, Ar), 7.77 (s, 1H; CH, Ar); 13C NMR (75 MHz,
CDCl3, 25 8C): d� 0.1 ((CH3)3Si), 17.5 (CH3), 50.7 (CH2, morpholine), 66.3
(CH2, morpholine), 68.6 (CH3O), 123.8 (CH, Ar), 130.5 (C, Ar), 131.8 (C,
Ar), 135.6 (CH, Ar), 151.9 (C, Ar), 155.5 (C, Ar), 196.9 (CO), 202.5 (CO),
324.7 (C�W); HRMS (EI): m/z calcd for C21H25NO7Si184W [M�]: 615.0889,
found: 615.0911.


Pentacarbonyl[(2-tert-butyl-5-methyl-4-morpholinophenyl)methoxyme-
thylene]tungsten (0) (13b): Compound 4b (2 mmol, 896 mg) was treated
with diene 3 (1 mmol, 238 mg) in toluene for 1 h to give 13b (431 mg,
72%); Rf� 0.42 (hexane/ethyl acetate 3:1); orange crystals; m.p. 91 8C; 1H
NMR (200 MHz, C6D6, 50 8C): d� 1.36 (s, 9H; (CH3)3C), 2.22 (s, 3H; CH3),
2.68 (t, 3J(H,H)� 4.6 Hz, 4 H; morpholine), 3.65 (t, 3J(H,H)� 4.6 Hz, 4H;
morpholine), 4.02 (s, 3H; CH3O), 7.04 (s, 1H; CH, Ar), 7.22 (s, 1H; CH,
Ar); 13C NMR (50.3 MHz, C6D6, 50 8C): d� 17.9 (CH3), 34.2 ((CH3)3C),
37.4 ((CH3)3C), 53.1 (CH2, morpholine), 68.0 (CH2, morpholine), 69.1
(CH3O), 119.7 (CH, Ar), 128.9 (CH, Ar), 129.7 (C, Ar), 141.6 (C, Ar), 150.9
(C, Ar), 152.7 (C, Ar), 199.0 (CO), 204.4 (CO), 335.6 (C�W); IR (CH2Cl2):
nÄ � 2069 (C�O trans), 1942 cmÿ1 (C�O cis); C22H25NO7W (599.3): calcd C
44.09, H 4.20, N 2.34; found C 44.39, H 4.17, N 2.37.


Pentacarbonyl[(2-phenyl-5-methyl-4-morpholinophenyl)methoxymethyle-
ne]tungsten(0) (13c): Compound 4 c (2 mmol, 942 mg) was treated with 3
(1 mmol, 238 mg) in toluene for 0.5 h to give 13c (483 mg, 78%). Rf� 0.27
(hexane/ethyl acetate 3:1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d�
2.40 (s, 3 H; CH3), 3.00 (t, 3J(H,H)� 4.5 Hz, 4 H; morpholine), 3.89 (t,
3J(H,H)� 4.5 Hz, 4H; morpholine), 4.34 (s, 3H; CH3O), 6.90 (s, 1 H; CH,
Ar), 7.23 ± 7.40 (m, 6 H; phenyl, CH, Ar); 13C NMR (75 MHz, CDCl3,
25 8C): d� 18.0 (CH3), 51.8 (CH2, morpholine), 67.1 (CH2, morpholine),
69.1 (CH3O), 120.5 (CH, Ar), 127.0 (CH, Ar), 128.2 (CH, phenyl), 129.1
(CH, phenyl ), 130.1 (C, Ar), 133.8 (C, phenyl), 140.8 (C, Ar), 152.0 (C, Ar),
197.0 (CO), 204.0 (CO), 327.7 (C�W); C24H21NO7W (619.3): calcd C 46.55,
H 3.42, N 2.34; found C 46.63, H 3.43, N 2.37.


Pentacarbonyl{[5-methyl-2-(p-methoxyphenyl)-4-morpholinophenyl]-
methoxymethylene}tungsten(0) (13 d): Compound 4 d (2 mmol, 996 mg)
was treated with diene 3 (1 mmol, 238 mg) in THF for 0.5 h to give 13d
(526 mg, 81%). Rf� 0.48 (hexane/ethyl acetate 3:1); orange crystals; m.p.
128 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 2.38 (s, 3H; CH3),
3.00 (t, 3J(H,H)� 4.5 Hz, 4H; morpholine), 3.84 (s, 3H; CH3O), 3.89 (t,
3J(H,H)� 4.5 Hz, 4H; morpholine), 4.39 (s, 3H; CH3O), 6.90 (s, 1 H; CH,
Ar), 6.93 (d, 3J(H,H)� 8.7 Hz, 2 H; CH, p-methoxyphenyl), 7.13 (s, 1H;
CH, Ar), 7.19 (d, 3J(H,H)� 8.7 Hz, 2 H; CH, p-methoxyphenyl); 13C NMR
(50.3 MHz, CDCl3, 25 8C): d� 17.9 (CH3), 51.8 (CH2, morpholine), 55.3
(CH3O), 67.2 (CH2, morpholine), 69.1 (CH3O), 113.7 (CH, Ar), 120.4 (CH,
Ar), 127.9 (C, (p-MeO)Ph), 129.8 (C, Ar), 130.3 (CH, (p-MeO)Ph), 133.0
(C, (p-MeO)Ph), 133.2 (C, (p-MeO)Ph), 141.6 (C, Ar), 151.8 (C, Ar), 158.7
(C, Ar), 197.0 (CO), 204.0 (CO), 328.4 (C�W); IR (CH2Cl2): nÄ � 2069 (C�O
trans), 1940 cmÿ1 (C�O cis); MS: m/z : 649, 565, 509, 494; C25H23NO8W
(649.3): calcd C 46.25, H 3.57, N 2.16; found C 46.58, H 3.56, N 2.06.


Pentacarbonyl[(2-tert-butyl-5-methyl-4-morpholinophenyl)methoxyme-
thylene]chromium(0) (13 e): Compound 4e (2 mmol, 632 mg) was treated
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with diene 49a (1 mmol, 238 mg) in toluene for 1 h to give 13 e (327 mg,
70%). Rf� 0.39 (hexane/ethyl acetate 3:1); orange crystals; m.p. 128 ±
130 8C; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 1.35 (s, 9H;
(CH3)3C) 2.31 (s, 3H; CH3), 2.98 (m, 4 H; morpholine), 3.88 (m, 4H;
morpholine), 4.40 (s, 3H; CH3O), 6.62 (s, 1 H; CH, Ar), 7.03 (s, 1H; CH,
Ar); 13C NMR (75 MHz, CDCl3, 25 8C): d� 17.3 (CH3), 32.8 ((CH3)3C),
36.4 ((CH3)3C), 52.1 (CH2, morpholine), 66.1 (CH3O), 67.3 (CH2, morpho-
line), 198.9 (CH, Ar), 125.1 (CH, Ar), 129.3 (C, Ar), 139.8 (C, Ar), 150.9 (C,
Ar), 216.4 (CO), 223.7 (CO), 360.9 (C�Cr); C22H25NO7Cr (467.44): calcd C
56.53, H 5.39, N 3.00; found C 56.51, H 5.40, N 2.98.


Pentacarbonyl[(2-phenyl-5-methyl-4-morpholinophenyl)methoxymethyle-
ne]chromium(0) (13 f): Compound 4 f (2 mmol, 672 mg) was treated with
diene 49 a (1 mmol, 238 mg) in toluene for 20 min to give 13 f (375 mg,
77%). Rf� 0.37 (hexane/ethyl acetate 3:1); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d� 2.40 (s, 3 H; CH3), 3.00 (m, 4H; morpholine), 3.89 (m, 4H;
morpholine), 4.41 (s, 3H; CH3O), 6.95 (s, 1 H; CH, Ar), 7.23 ± 7.40 (m, 6H;
phenyl, CH, Ar); 13C NMR (75 MHz, CDCl3, 25 8C): d� 17.9 (CH3), 51.8
(CH2, morpholine), 66.5 (CH2, morpholine), 67.1 (CH3O), 120.5 (CH, Ar),
127.3 (CH, Ar), 128.3 (CH, phenyl), 128.9 (CH, phenyl), 130.6 (C, Ar),
132.8 (C, phenyl), 140.1 (C, Ar), 151.4 (C, Ar), 215.7 (CO), 224.0 (CO),
355.9 (C�Cr); HRMS (EI): m/z calcd for C21H21NO4Cr [M�ÿ 3CO]:
403.0875, found 403.0876.


General procedure for the synthesis of fluorene derivatives 15 and 28 :
2-Aminodiene 1 (1 mmol) was added to a solution of complex 4 (1 mmol)
in dry THF (10 mL) at RT. The reaction mixture was stirred at RT for the
time indicated and concentrated at reduced pressure (10ÿ2 Torr). The crude
mixture was dissolved in dry diethyl ether, filtered through a pad of Celite
and cooled to ÿ20 8C overnight to induce precipitation/crystallization of
W(CO)6. Compounds 15 and 28, when solid, were crystallized from cold
hexane.


4,9-Dihydro-2-methyl-9-methoxy-3-morpholino-1H-fluorene (15a): 95%
yield; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 1.85 (s, 3 H; CH3), 2.76
(t, 3J(H,H)� 4.7 Hz, 4 H; morpholine), 2.90 ± 3.10 (m, 2H; CH2), 3.08 (s,
3H; CH3O), 3.71 ± 3.80 (m, 6 H; morpholine, CH2), 4.92 (s, 1H; HCCH3),
7.12 ± 7.19 (m, 2H; phenyl), 7.27 (d, 3J(H,H)� 7.3 Hz, 1 H; phenyl), 7.45 (d,
3J(H,H)� 7.3 Hz, 1H; phenyl); 13C NMR (75 MHz, CDCl3, 25 8C): d� 17.5
(CH3), 20.7 (CH2), 31.2 (CH2), 50.0 (CH2, morpholine), 52.3 (CH3O), 67.3
(CH2, morpholine), 83.2 (CHOCH3), 117.8 (CH, Ph), 121.6 (C�C), 123.4
(CH, phenyl), 125.0 (CH, phenyl), 128.1 (CH, phenyl), 136.0 (C�C) 137.0
(C�C), 137.4 (C�C), 141.9 (C�C), 143.5 (C�C); HRMS (EI): m/z calcd for
C18H23NO2 [M�]: 297.1728, found 297.1718.


(1R*,9S*)-4,9-Dihydro-9-methoxy-1-methoxymethyl-2-methyl-3-morpho-
lino-1H-fluorene (15b): 95 % yield; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 1.94 (s, 3 H; CH3), 2.77 (t, 3J(H,H)� 4.1 Hz, 4 H; morpholine),
3.09 (s, 3H; CH3O), 3.32 (s, 3H; CH3O), 3.40 ± 3.53 (m, 2 H; CH2O), 3.70 ±
3.81 (t, m, 3J(H,H)� 4.2 Hz, 7 H; morpholine), 5.21 (s, 1 H; CHOCH3),
7.21 ± 7.49 (m, 4H; phenyl); 13C NMR (50.3 MHz, CDCl3, 25 8C): d� 15.8
(CH3), 20.9 (CH2), 41.1 (CH), 50.0 (CH2, morpholine), 52.3 (OCH3), 58.8
(OCH3), 67.2 (CH2, morpholine), 74.4 (CH2O), 82.0 (CHOCH3), 117.9 (CH,
phenyl), 121.9 (C�C), 123.4 (CH, phenyl), 124.9 (CH, phenyl), 127.9 (CH,
phenyl), 136.6 (C�C), 139.5 (C�C), 139.9 (C�C), 142.3 (C�C), 143.3
(C�C); HRMS (EI): m/z calcd for C21H27NO3 [M�]: 341.1990, found
341.1984.


(11R*,11bS*)-2,3,4,6,11,11b-Hexahydro-11-methoxy-5-morpholino-1H-b-
enzo[a]fluorene (15c): 92% yield; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 1.00 ± 2.30 (m, 8H; cyclohexyl), 1.83 (t, 3J(H,H)� 4.7 Hz, 4H;
morpholine), 3.06 (s, 3 H; CH3O), 3.32 ± 3.40 (m, 3H), 3.74 (t, 3J(H,H)�
4.7 Hz, 4 H; morpholine), 5.87 (s, 1H; CHOCH3), 7.12 ± 7.22 (t, 3J(H,H)�
7.6 Hz, 2H; phenyl), 7.00 (d, 3J(H,H)� 7.6 Hz, 1 H; phenyl), 7.00 (d,
3J(H,H)� 7.7 Hz, 1H; phenyl); 13C NMR (50 MHz, CDCl3, 25 8C): d� 20.5
(CH2, cyclohexyl), 26.5 (CH2, cyclohexyl), 27.4 (CH2, cyclohexyl), 27.9
(CH2, cyclohexyl), 34.7 (CH2), 38.1 (CH), 50.5 (CH2, morpholine), 52.2
(CH3O), 67.2 (CH2, morpholine), 80.8 (CHOCH3), 117.9 (CH, Ph), 123.4
(CH, phenyl), 124.9 (CH, phenyl) 128.4 (C�C), 128.8 (CH, phenyl), 134,6
(C�C), 135.0 (C�C), 141.3 (C�C), 141.8 (C�C), 143.5 (C�C); C22H27NO2


(337.5): calcd C 78.30, H 8.06, N 4.15; found C 78.57, H 8.02, N 4.14; HRMS
(EI): m/z calcd for C22H27NO2 [M�]: 337.2041, found 337.2043.


4,9-Dihydro-2,7-dimethyl-9-methoxy-3-morpholino-1H-fluorene (28 a):
90% yield; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 1.87 (s, 3H;
CH3), 2.45 (s, 3 H; CH3Ph), 2.76 (t, 3J(H,H)� 2.55 Hz, 4H; morpholine),


3.09 (s, 3H; CH3O), 3.72 ± 3.80 (m, 4H; morpholine), 4.90 (s, 1H;
CHOCH3), 7.00 ± 7.28 (m, 3 H; aryl); 13C NMR (50.3 MHz, CDCl3, 25 8C):
d� 17.6 (CH3), 20.8 (CH2), 21.4 (CH3Ph), 31.3 (CH2), 50.1 (CH2, morpho-
line), 52.4 (CH3O), 67.4 (CH2, morpholine), 83.3 (CHOCH3), 117.5 (CH,
aryl), 121.4 (C�C), 124.6 (CH, aryl), 128.6 (CH, aryl), 134.8 (C�C) 136.0
(C�C), 136.4 (C�C), 137.2 (C�C), 140.9 (C�C), 142.2 (C�C).


4,9-Dihydro-7,9-dimethoxy-2-methyl-3-morpholino-1H-fluorene (28b):
95% yield, m.p. 132 ± 134 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d� 1.86 (s, 3H; CH3), 2.75 (t, 3J(H,H)� 4.7 Hz, 4H; morpholine), 2.90 ±
3.06 (s, m, 5H; s�CH3O, CH2), 3.65 ± 3.80 (s, m, 9H; CH3O, morpholine,
CH2), 4.87 (s, 1 H; CHOCH3), 6.79 (dd,3J(H,H)� 8.2, 2.5 Hz, 1 H; aryl),
6.99 (s, 1H; aryl), 7.04 (dd, 3J(H,H)� 8.2, 2.5 Hz, 1H; aryl); 13C NMR
(50.3 MHz, CDCl3, 25 8C): d� 17.5 (CH3), 20.7 (CH2), 31.1 (CH2), 49.9
(CH2, morpholine), 50.0 (CH3O), 55.6 (CH3O), 67.2 (CH2, morpholine),
83.0 (CHOCH3), 110.9 (CH, aryl), 112.2 (CH, aryl), 117.9 (CH, aryl), 121.2
(C�C), 135.1 (C�C), 135.7 (C�C) 136.3 (C�C), 136.9 (C�C), 143.8 (C�C),
158.0 (C�C); C20H25NO3 (327.4): calcd C 73.37, H 7.63, N 4.55; found C
73.37, H 7.70, N 4.28.


(1R*,9S*)-4,9-Dihydro-2,7-dimethyl-9-methoxy-1-methoxymethyl-3-mor-
pholino-1H-fluorene (28 d): 97% yield; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 1.82 (s, 3H; CH3), 2.35 (s, 3 H; CH3Ph), 2.74 (t, 3J(H,H)� 5.5 Hz,
4H; morpholine), 3.06 (s, 3H; CH3O), 3.20 ± 3.50 (m, 5 H; morpholine,
CHHO), 3.70 ± 3.80 (m, 3 H), 4.14 (t, 3J(H,H)� 5.1, 1H; CHHO), 5.14 (s,
1H; CHOMe), 7.00 ± 7.08 (m, 2 H; aryl), 7.26 (s, 1H; aryl); 13C NMR
(75 MHz, CDCl3, 25 8C): d� 15.8 (CH3), 20.9 (CH2), 21.3 (CH3Ph), 41.1
(CH), 50.0 (CH2, morpholine), 52.3 (OCH3), 58.8 (OCH3), 67.2 (CH2,
morpholine), 74.5 (CH2O), 81.9 (CHOCH3), 117.6 (CH, aryl), 121.9 (C�C),
124.5 (CH, aryl), 128.1 (CH, aryl), 134.7 (C�C) 136.0 (C�C), 136.5 (C�C),
138.8 (C�C), 139.6 (C�C), 140.7 (C�C), 142.4 (C�C); C22H29NO3 (355.5):
calcd C 74.33, H 8.22, N 3.94; found C 74.62, H 7.89, N 4.18.


(1R*,9S*)-4,9-Dihydro-7,9-dimethoxy-1-methoxymethyl-2-methyl-3-mor-
pholino-1H-fluorene (28e): 94% yield; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 1.83 (s, 3H; CH3), 2.67 (dd, 3J(H,H)� 3.4, 5.6 Hz, 4 H; morpho-
line), 3.09 (s, m, 5H; s�CH3O, m�CH2), 3.22 (s, 3H; CH3O), 3.29 ± 3.40
(m, 1 H; CHHO), 3.50 ± 3.71 (m, s, 9H; CH3O, morpholine, CHHO), 5.08 (s,
1H; CHOCH3), 6.71 (dd, 3J(H,H)� 8.1, 4J(H,H)� 2.1 Hz, 1H; aryl), 6.94 ±
7.00 (m, 2 H; aryl); 13C NMR (75 MHz, CDCl3, 25 8C): d� 15.7 (CH3), 20.9
(CH2), 41.0 (CH), 49.7 (CH2, morpholine), 52.0 (CH3O), 55.2 (CH3O), 58.7
(CH3O), 67.5 (CH2, morpholine), 74.4 (CH2O), 87.7 (CHOCH3), 110.9 (CH,
aryl), 112.1 (CH, aryl), 118.2 (CH, aryl), 121.8 (C�C), 136.1 (C�C), 136.2
(C�C), 137.6 (C�C), 139.4 C(�C), 144.2 (C�C), 158.1 (C�C); C22H29NO4


(371.5): calcd C 71.13, H 7.87, N 3.77; found C 70.81, H 7.48, N 3.51; HRMS
(EI): m/z calcd for C22H29NO4 [M�]: 371.2096, found 371.2081.


(11R*,11bS*)-2,3,4,6,11,11b-Hexahydro-11-methoxy-9-methyl-5-morpho-
lino-1H-benzo[a]fluorene (28 f): 95% yield; 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d� 1.08 ± 1.31 (m, 4 H; 2�CH2, cyclohexyl), 1.50 ± 1.68 (m,
4H; 2�CH2, cyclohexyl), 2.38 (s, 3H; CH3), 2.74 (t, 3J(H,H)� 4.6 Hz, 4H;
morpholine), 3.06 (s, m, 4 H; s�CH3O), 3.30 ± 3.39 (m, 2H), 3.74 (t,
3J(H,H)� 4.3 Hz, 4H; morpholine), 5.06 (s, 1 H; CHOCH3), 7.02 (d,
3J(H,H)� 7.7 Hz, 1H; aryl), 7.10 (d, 3J(H,H)� 7.7 Hz, 1H; aryl), 7.28 (s,
1H; aryl); 13C NMR (75 MHz, CDCl3, 25 8C): d� 20.7 (CH2, cyclohexyl),
21.4 (CH3), 26.6 (CH2, cyclohexyl), 27.5 (CH2, cyclohexyl), 28.0 (CH2,
cyclohexyl), 34.8 (CH2), 38.2 (CH), 50.7 (CH2, morpholine), 52.3 (CH3O),
67.3 (CH2, morpholine), 80.9 (CHOCH3), 117.7 (CH, aryl), 124.7 (CH, aryl)
128.5 (CH, aryl), 128.9 (C�C), 134.6 (C�C), 134.7 (C�C), 135.2 (C�C),
140.3 (C�C), 141.0 (C�C), 142.2 (C�C); C23H29NO3 (367.5): calcd C 75.17, H
7.95, N 3.81; found C 75.23, H 7.58, N 3.51.


(11R*,11bS*)-2,3,4,6,11,11b-Hexahydro-9,11-dimethoxy-5-morpholino-1-
H-benzo[a]fluorene (28g): 96 % yield; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 1.00 ± 1.21 (m, 3 H; cyclohexyl), 1.40 ± 1.61 (m, 3 H; cyclohexyl),
2.10 ± 2.19 (m, 2 H; cyclohexyl), 2.60 ± 2.68 (m, 4 H), 2.96 (s, m, 4H; s�
CH3O), 3.20 ± 3.29 (m, 2H), 3.40 ± 3.70 (m, 4 H; morpholine), 3.72 (s, 3H;
CH3O), 4.97 (s, 1H; CHOCH3) 6.71 (dd, 3J(H,H)� 8.1, 4J(H,H)� 2.1 Hz,
1H; aryl), 6.94 (d, 3J(H,H)� 8.1 Hz, 1H; aryl), 6.99 (d, 3J(H,H)� 2.1 Hz,
1H; aryl); 13C NMR (75 MHz, CDCl3, 25 8C): d� 20.6 (CH2, cyclohexyl),
26.4 (CH2, cyclohexyl), 27.4 (CH2, cyclohexyl), 27.9 (CH2, cyclohexyl), 34.7
(CH2), 38.1 (CH), 50.5 (CH2, morpholine), 51.9 (CH3), 55.2 (CH3), 67.2
(CH2, morpholine), 80.7 (CHOCH3), 110.9 (CH, aryl), 112.3 (CH, aryl),
118.1 (CH, aryl), 128.1 (C�C), 134.3 (C�C), 135.0 (C�C), 136.4 (C�C),
138.9 (C�C), 143.7 (C�C), 158.0 (C�C).
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General procedure for the preparation 16 and 17 from the hydrolysis of 15 :
Fluorene 15 was dissolved in THF (10 mL) and aqueous HCl (3n, 10 mL).
The mixture was stirred for 3 h and extracted with diethyl ether (3�
20 mL). The combined organic layers were washed with saturated aqueous
NaHCO3 (2� 20 mL) and brine (20 mL), dried over Na2SO4, and
evaporated. The crude product was chromatographed on silica gel with a
3:1 mixture of hexane/ethyl acetate.


9-Methoxy-2-methyl-2,9,9a-trihydro-1H-fluorene-3-one (16 a): Yield:
75%. Rf� 0.30; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 1.25 (d,
3J(H,H)� 6.9 Hz, 3H; CH3), 2.5 ± 2.6 (m, 2H; CH2), 2.90 ± 2.99 (m, 1H;
CHMe), 3.1 ± 3.2 (m, 1H; CH), 3.6 (s, 3H; OCH3), 4.6 (d, 3J(H,H)� 5.1 Hz
,1H; CHOCH3), 6.3 (d, 4J(H,H)� 3.0 Hz, 1H; C�CH), 7.4 ± 7.6 (m, 4H;
phenyl); 13C NMR (50.3 MHz, CDCl3, 25 8C): d� 15.6 (CH3), 37.2 (CH),
41.6 (CH), 49.7 (CH), 57.7 (CH2), 86.6 (OCH3), 117.5 (C�CH), 122.4 (CH,
phenyl), 125.2 (CH, phenyl), 129.1 (CH, phenyl), 131.7 (CH, phenyl), 136.5
(C�C), 146.8 (C�C), 162.6 (C�C) 201.4 (CO); C15H16O2 (228.3): calcd C
78.92, H 7.06; found C 78.89, H 7.04; HRMS (EI): m/z calcd for C15H16O2


[M�]: 228.1147, found 228.1150.


(1S*,2S*,9S*,9aS*)-9-Methoxy-1-methoxymethyl-2-methyl-2,9,9a-trihydro-
1H-fluorene-3-one (16b): Yield: 50%. Rf� 0.28; 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d� 1.17 (d, 3J(H,H)� 7.3 Hz, 3 H; CH3), 2.75 ± 2.84
(dq, 3J(H,H)� 4.3, 7.3 Hz, 1H; CHCH3), 2.84 ± 2.95 (m, 1H; CHCHOCH3),
3.01 (ddd, 3J(H,H)� 10.3, 5.4, 2.2 Hz, 1H; CHCH2OCH3), 3.33 (s, 3H;
OCH3), 3.41 (s, 3H; OCH3), 3.59 (m, 1 H; CHOCH3), 4.70 (d, 3J(H,H)�
5.4 Hz, 1H; CH3OCH), 6,36 (d, 3J(H,H)� 2.2 Hz, 1H; C�CH), 7.45 ± 7.48
(m, 2 H; phenyl), 7.50 ± 7.56 (m, 1 H; phenyl), 7.66 ± 7.68 (m, 1H; phenyl);
13C NMR (50.3 MHz, CDCl3, 25 8C): d� 11.4 (CH3), 36.1 (CH), 42.0 (CH),
44.3 (CH), 55.9 (OCH3), 58.9 (OCH3), 72.2 (CH2), 80.7 (CH3OCH), 117.7
(C�CH), 123.5 (C�CH, phenyl), 126.1 (C�CH, phenyl), 129.6 (C�CH,
phenyl), 130.9 (C�CH, phenyl) 138.3 (C�C), 145.8 (C�C), 163.3 (C�C),
203.5 (CO); HRMS (EI): m/z calcd for C17H20O3 [M�]: 272.1412, found
272.1398. The stereochemistry of this compound was asigned by NOE
difference spectroscopy. Irradation of the methyl signal at 1.17 produced a
2.7% enhancement of the H-8' signal at 2.99. Irradation of the H-9 signal at
4.70 produced a 7.7% enhancement of the H-8' signal at 2.99.


(4aS*,11S*,11aR*,11bR*)-2,3,4,4a,11,11a,11b-Heptahydro-11-methoxy-1H-
benzo[a]fluorene-5-one (16 c): Yield: 80 %, white solid, m.p. 146 8C; Rf�
0.14 (hexane/ethyl acetate, 10:1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d� 1.17 ± 2.13 (m, 9 H; cyclohexyl), 2.37 (d, 3J(H,H)� 5.7 Hz, 1 H;
CHCHOMe), 2.85 (m, 1 H), 3.34 (s, 3H; OCH3), 4.76 (d, 3J(H,H)�
5.7 Hz, 1H; CHOCH3), 6.39 (d, 3J(H,H)� 2.5 Hz, 1H; HC�C), 7.43 ± 7.68
(m, 4 H; phenyl); 13C NMR (50.3 MHz, CDCl3, 25 8C): d� 25.1 (CH2,
cyclohexyl), 25.8 (2�CH2, cyclohexyl), 31.6 (CH2, cyclohexyl), 39.0 (CH),
50.3 (CH), 56.1 (OCH3), 80.3 (CHOCH3), 118.4 (C�C), 123.4 (C�CH,
phenyl), 126.2 (C�CH, phenyl), 129.5 (C�CH, phenyl), 130.8 (C�CH,
phenyl), 138.6 (C�C, phenyl), 145.7 (C�C; phenyl) 163.2 (C�CH), 200.9
(CO); IR (CH2Cl2): nÄ � 1658 cmÿ1 (C�O); HRMS (EI): m/z calcd for
C18H20O2 [M�]: 268.1463, found 268.1465.


(1R*,2S*,9S*)-9-Methoxy-1-methoxymethyl-2-methyl-2,4,9-trihydro-1H-
fluorene-3-one (17b): Yield 60%. Rf� 0.21; 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d� 1.25 (d, 3J(H,H)� 6.7 Hz, 3H; CH3), 2.78 (dq, 3J(H,H)�
7.7, 6.7 Hz, 1H; CHCH3), 3.00 ± 3.06 (m, 1 H; CH), 3.14 (s, 3H; OCH3), 3.19
(s, 3H; OCH3), 3.26 (s, 2H; CH2), 3.51 (br s, 2H; OCH2), 5.16 (br s, 1H;
CHOCH3), 7.13 (d, 3J(H,H)� 6.9 Hz, 1 H; phenyl), 7.19 ± 7.36 (m, 2H;
phenyl), 7.52 (d, 3J(H,H)� 6.3 Hz, 1 H; phenyl); 13C NMR (50.3 MHz,
CDCl3, 25 8C): d� 11.4 (CH3), 36.7 (CH2), 40.1 (CH), 44.5 (CH), 52.4
(OCH3), 58.8 (OCH3), 71.0 (OCH2), 81.5 (OCH3), 118.4 (CH, phenyl),
123.9 (CH, phenyl), 125.7 (CH, phenyl), 128.4 (CH, phenyl), 138.0 (C�C)
141.9 (C�C), 142.1 (C�C), 142.5 (C�C), 209.3 (CO); HRMS (EI): m/z calcd
for C17H20O3 [M�]: 272.1412, found 272.1432.


(1R*,2S*,9S*)-9-Methoxy-2-methyl-2,4,9-trihydro-1-trimethylsilyloxymethyl-
1H-fluorene-3-one (17 d): Yield: 83 %; white solid; Rf� 0.29 (hexane/ethyl
acetate, 10:1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d�ÿ0.04 (s, 9H;
Si(CH3)3), 1.2 (d, 3J(H,H)� 6.4 Hz, 3 H; CH3), 2.80 (dq, 3J(H,H)� 12.7,
6.4 Hz, 1H; CHCH3), 2.92 ± 2.94 (m, 1H; CH), 3.13 (s, 3 H; OCH3), 3.21 ±
3.24 (m, 2 H; CH2), 3.6 (dd, 2J(H,H)� 10.1, 3J(H,H)� 1.9 Hz, 1 H; CHHO),
3.8 (dd, 2J(H,H)� 10.1, 2J(H,H)� 3.5 Hz, 1 H; CHHO), 5.1 (br s, 1H;
CHOCH3), 7.1 ± 7.4 (m, 3H; phenyl), 7.5 (d, 3J(H,H)� 6.7 Hz, 1 H; phenyl);
13C NMR (50.3 MHz, CDCl3, 25 8C): d�ÿ1.0 (Si(CH3)3), 11.4 (CH3), 36.7
(CH2), 41.7 (CH), 44.5 (CH), 52.4 (OCH3), 60.5 (OCH2), 81.4 (CHOCH3),


118.3(CH, phenyl), 123.9 (CH, phenyl), 125.6 (CH, phenyl), 128.5 (CH,
phenyl), 138.6 (C�C), 141.9 (C�C) 142.2 (C�C), 142.7 (C�C), 209.2 (CO);
IR (CH2Cl2): nÄ � 1658 cmÿ1 (C�O); HRMS (EI): m/z calcd for C19H26SiO3


[M�]: 330.1651, found 330.1650.


General procedure for the preparation of fluorenedione derivatives 18 and
29 : The fluorene 15 (or 28) was dissolved in THF (10 mL) and aqueous HCl
(3n, 10 mL). The mixture was stirred overnight and extracted with diethyl
ether (3� 20 mL). The combined organic layers were washed with
saturated aqueous NaHCO3 (2� 20 mL) and brine (20 mL), dried over
Na2SO4, and evaporated. The crude product was chromatographed in silica
gel with hexane/ethyl acetate (3:1).


2-Methyl-2,4,4a,9a-tetrahydro-1H-fluorene-3,9-dione (18 a): Yield: 50%;
Rf� 0.20; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 1.08 (d, 3J(H,H)�
6.8 Hz, 3 H; CH3), 1.56 (q, 3J(H,H)� 13.7 Hz, 1H; CHCH3), 2.20 ± 2.42 (m,
3H; CH, CHHO), 2.82 (dd, 2J(H,H)� 15.2, 3J(H,H)� 6.3 Hz, 1H;
CHHO), 2.97 (ddq, 3J(H,H)� 13.7, 12.0, 2.6 Hz, 1 H; CHCH3), 3.70 (sept,
3J(H,H)� 7.3 Hz, 1H), 7.36 ± 7.43 (m, 2 H; phenyl), 7.59 (dd, 3J(H,H)� 9.0,
7.7 Hz, 1H; phenyl), 7.75 (d, 3J(H,H)� 7.7 Hz, 1 H; phenyl); 13C NMR
(50.3 MHz, CDCl3, 25 8C): d� 15.7 (CH3), 29.7 (CH2), 36.4 (CH), 41.6
(CH), 42.9 (CH2), 46.1 (CH), 124.3 (CH, phenyl), 125.6 (CH, phenyl), 128.3
(CH, phenyl), 135.4 (CH, phenyl), 135.5 (C�C, phenyl), 156.5 (C�C,
phenyl), 206.7 (CO), 213.3 (CO); C14H14O2 (214.3): calcd C 78.48, H 6.59;
found C 78.69, H 6.98; HRMS (EI): m/z calcd for C14H14O2 [M�]: 214.0993,
found 214.0996.


(1R*,2S*)-1-Methoxymethyl-2-methyl-2,4,4a,9a-tetrahydro-1H-fluorene-
3,9-dione (18b): Yield: 51%; Rf� 0.16; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 1.02 (d, 3J(H,H)� 6.9 Hz, 3 H; CH3), 2.18 (quintet, 3J(H,H)�
6.9 Hz, 1HN CHCH3), 2.33 (dd, 2J(H,H)� 17.1, 3J(H,H) �7.6 Hz, 1H;
CHHCO), 2.70 (quintet, 3J(H,H)� 5.1 Hz, 1H; CHCH2O), 2.80 ± 3.11 (m,
2H), 3.29 (s, 3H; OCH3), 3.48 (dd, 2J(H,H)� 17.8, 3J(H,H)� 9.5 Hz, 1H;
CHHCO), 3.68 (dd, 3J(H,H)� 17.8, 5.4 Hz, 1 H; CHHO), 3.85 (dd,
3J(H,H)� 15.2, 7.6 Hz, 1 H; CHC�CO), 7.31 ± 7.41 (m, 2H; phenyl), 7.53 ±
7.61 (m, 1H; phenyl), 7.73 (d, 3J(H,H)� 7.6 Hz, 1H; phenyl); 13C NMR
(50.3 MHz, CDCl3, 25 8C): d� 11.6 (CH3), 37.3 (CH), 40.4 (CH), 42.5 (CH),
43.5 (CH2), 49.1 (CH), 58.8 (OCH3), 72.0 (OCH2), 123.9(CH, phenyl), 125.1
(CH, phenyl), 128.0 (CH, phenyl), 135.3 (CH, phenyl), 157.6 (C), 207.1 (C)
211.2 (CO); HRMS (EI): m/z calcd for C16H18O3 [M�]: 258.1256, found
258.1242.


7-Chloro-2-methyl-2,4,4a,9a-tetrahydro-1H-fluorene-3,9-dione (29c): Mix-
ture of epimers 1:1. Yield: 36%. 29'' Rf� 0.35; 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d� 1.15 (d, 3J(H,H)� 6.9 Hz, 3H; CH3), 2.27 ± 2.48 (m, 4H),
2.88 (dd, 2J(H,H)� 15.5, 3J(H,H)� 5.6 Hz, 1 H; CHHO), 3.05 (ddq,
3J(H,H)� 7.8, 7.7, 5.1 Hz, 1 H; CHCH3), 3.68 ± 3.77 (m, 1H), 7.43 (dd,
3J(H,H)� 8.1, 0.8 Hz, 1H; phenyl), 7.62 (dd, 3J(H,H)� 8.1, 2.1 Hz, 1H;
phenyl), 7.77 (d, 3J(H,H)� 2.1 Hz, 1H; phenyl); 13C NMR (75 MHz,
CDCl3, 25 8C): d� 15.7 (CH3), 29.6 (CH2), 36.0 (CH), 41.7 (CH), 42.7
(CH2), 46.6 (CH), 124.1 (CH, phenyl), 126.8 (CH, phenyl), 134.7 (C,
phenyl), 135.4 (CH, phenyl), 137.1 (C, phenyl), 154.5 (C, phenyl), 205.3
(CO), 212.7 (CO); HRMS (EI): m/z calcd for C14H13ClO2 [M�]: 248.0604,
found 248.0611. 29'''' Rf� 0.34; 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d� 1.07(d, 3J(H,H)� 6.9 Hz, 3 H; CH3), 2.25 ± 2.28 (m, 1H), 2.02 (td,
3J(H,H)� 11.6, 6.5 Hz, 1H), 2.39 (dt, 3J(H,H)� 14.1, 4.3 Hz, 1 H), 2.70 (dd,
3J(H,H)� 15.9, 6.9 Hz, 1H), 2.96 (dd, 3J(H,H)� 15.9, 6.9 Hz, 1 H), 3.09 ±
3.15 (m, 1 H), 3.88 (q, 3J(H,H)� 4.7 Hz, 1 H), 7.44 (d, 3J(H,H)� 8.1 Hz, 1H;
phenyl), 7.60 (dd, 3J(H,H)� 8.1, 1.7 Hz, 1H; phenyl), 7.74 (d, 3J(H,H)�
1.7 Hz, 1 H; phenyl); 13C NMR (75 MHz, CDCl3, 25 8C): d� 15.4 (CH3),
30.8 (CH2), 36.3 (CH), 40.5 (CH), 41.9 (CH2), 45.4 (CH), 123.6 (CH,
phenyl), 126.7 (CH, phenyl), 134.8 (C, phenyl), 135.6 (CH, phenyl), 138.2
(C, phenyl), 154.8 (C, phenyl), 206.6 (CO), 212.3 (CO); HRMS (EI): m/z
calcd for C14H13ClO2 [M�]: 248.0604, found 248.0609.


Pentacarbonyl[2-(Z)-6-(E)-6-methyl-1-methoxy-7-methoxymethyl-5-mor-
pholino-3-phenylocta-2,4,6-trien-1-ylidene]tungsten(0) (19): 2-Amino-
diene 1d (1 mmol) was added to a solution of complex 4c (1 mmol) in
dry THF (10 mL) at RT. The reaction mixture was stirred at RT for a few
minutes until the solution changed its color to purple, and was then
concentrated at reduced pressure (10ÿ2 torr). The crude reaction mixture
was dissolved in dry hexane/diethyl ether (3:1), filtered through a pad of
Celite and cooled to ÿ20 8C overnight to induce crystallization of complex.
Yield: 95 % (purple crystals); m.p. 140 8C; Rf� 0.12 (hexane/ethyl acetate;
3:1); 1H NMR (400 MHz,CDCl3, ÿ20 8C, TMS) d� 1.31 (s, 3 H; CH3), 3.19
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(m, 4 H; morpholine), 3.28 (s, 3 H; OCH3), 3.51 (dd, 2J(H,H)� 9.7,
3J(H,H)� 6.5 Hz, 1 H; CHHO), 3.70 (dd, 2J(H,H)� 9.4, 3J(H,H)� 9.7 Hz,
1H; CHHO), 3.79 (m, 4H; morpholine), 4.59 (s, 3 H; W�COCH3), 5.18 (d,
5J(H,H)� 2.9 Hz, 1 H; HC�C morpholine), 6.36 (s, 1 H; HC�C), 7.30 (br s,
5H; phenyl), 7.35 (m, 1H;C�CHCH2O); 13C NMR (100 MHz,CDCl3,
ÿ20 8C): d� 22.6 (CH3), 48.7 (CH2), 58.7 (OCH3), 63.4 (CH2, morpholine),
68.4 (W�COCH3), 70.1 (CH2, morpholine), 109.6 (CH), 127.8 (CH), 129.1
(CH), 129.4 (CH), 132.8 (CH), 133.8 (C), 140.9 (morpholine, C�CH), 143.6
(C), 149.5 (C), 160.6 (C), 198.7 (CO), 204.6 (CO), 293.2 (W�C); IR
(CH2Cl2): nÄ � 2060 (C�O trans), 1932 cmÿ1 (C�O cis); C26H27NO8W
(665.4): calcd C 64.90, H 5.66, N 2.91; found C 64.10, H 5.34, N 2.71;
HRMS (EI): m/z calcd for C26H27NO8


184W [M�]: 665.1252, found 665.1238.


2-Phenyl-5-methyl-6-methoxymethyl-4-morpholino-1,3-cyclohexadiene-
carbaldehyde (20): Compound 19 (0.5 mmol) was dissolved in THF
(10 mL). The reaction mixture was warmed up to reflux. After chromato-
graphic purification, compound 20 was isolated as an oil. Yield: 10 %; Rf�
0.10 (hexane/ethyl acetate; 3:1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d� 1.09 (d, 3J(H,H)� 6.9 Hz, 3H; CH3), 3.27 ± 3.40 (m, s, 11 H; s�OCH3),
3.76 (t, 3J(H,H)� 5.0 Hz, 4H; morpholine), 4.90 (s, 1H; CH), 7.27 ± 7.40 (m,
5H; phenyl), 9.27 (s, 1 H; CHO); 13C NMR (75 MHz, CDCl3, 25 8C): d�
17.3 (CH3), 28.9 (CH), 37.9 (CH), 46.3 (CH2, morpholine), 58.4 (OCH3),
66.3 (CH2, morpholine), 69.9 (CH2), 96.1 (C�CH), 118.2 (C�C), 127.9
(C�CH), 128.9 (C�CH), 138.9 (C�C), 158.5 (C�C), 160.5 (C�C), 189.7
(CHO); HRMS (EI): m/z calcd for C20H25NO3 [M�]: 327.1831, found.
327.1834.


4,9-Dihydro-3,9-dimethoxy-1-phenyl-1H-fluorene (22 a): Diene 21 a
(1 mmol) was added to a solution of complex 4 c (1 mmol) in dry THF
(10 mL) at RT. The reaction mixture was stirred at RT for 72 h and
concentrated at reduced pressure (10ÿ2 Torr). The crude mixture was
chromatographed on silica gel with hexane/dichloromethane (4:1). Yield:
51% (red oil); Rf� 0.60; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 3.03
(s, 3 H; OCH3), 3.22 (d, 2J(H,H)� 4.3 Hz, 1H; CHH), 3.63 (s, 3H; OCH3),
3.82 (d, 3J(H,H)� 6.7 Hz, 1H; CHPh), 4.34 (d, 2J(H,H)� 4.3 Hz, J(H,H)�
2.9 Hz, 1 H; CHH), 4.54 (s, 1H; CHOCH3), 4.82 (d, 3J(H,H)� 6.7 Hz, 1H;
C�CCH), 7.04 ± 7.17 (m, 9H; phenyl); 13C NMR (75 MHz, CDCl3, 25 8C):
d� 26.6 (CH2), 41.6 (CH), 52.5 (OCH3), 54.4 (OCH3), 81.2 (HCOCH3),
96.6 (C�CH), 118.4 (CH, phenyl), 123.7 (CH, phenyl), 125.4 (CH, phenyl),
127.5 (CH, phenyl), 128.1 (CH, phenyl), 128.6 (CH, phenyl), 128.5 (CH,
phenyl), 135.1 (C�C), 141.5 (C�C), 142.4 (C�C), 143.0 (C�C), 144.7 (C�C),
153.1 (C�C).


4,9-Dihydro-2,3-dimethyl-9-methoxy-1H-fluorene (22b): Carbene 4 c
(1 mmol) and diene 21b (2 mL) were stirred at 50 8C for 96 h. The mixture
was concentrated at reduced pressure (10ÿ2 Torr). The crude reaction
mixture was chromatographed through a silica gel column with hexane/
ethyl acetate (10:1). Yield: 10 %; yellow oil; Rf� 0.56; 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d� 1.81 (2s, 6 H; 2�CH3), 2.81 ± 3.10 (m, 4 H; 2�
CH2), 3.15 (s, 3H; OCH3), 4.97 (s, 1H; CHOCH3), 7.15 ± 7.51 (m, 4H;
phenyl); 13C NMR (75 MHz, CDCl3, 25 8C): d� 18.9 (2�CH3), 30.4 (CH2),
31.7 (CH2), 52.0 (OCH3), 83.5 (HCOCH3), 117.9 (CH, phenyl), 122.6
(C�C), 123.3 (CH, phenyl), 123.5 (C�C), 124.9 (CH, phenyl), 128.2 (CH,
phenyl), 136.5 (C�C), 138.3 (C�C), 141.8 (C�C) 143.7 (C�C); C16H16O
(224.3): calcd C 85.68, H 7.19; found C 85.79, H 7.48; HRMS (EI): m/z calcd
for C16H16O [M�ÿ 2H]: 224.1205, found 224.1201.


2,3-Dimethyl-9-methoxy-1H-fluorene (22b''): Yield:5 %; Rf� 0.47 (hexane/
ethyl acetate, 10:1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 2.34 (s,
3H; CH3), 2.35 (s, 3 H; CH3), 3.06 (s, 3 H; OCH3), 5.56 (s, 1 H; HCOCH3),
7.26 ± 7.41 (m, 3 H; phenyl), 7.45 (s, 1 H; phenyl), 7.46 (s, 1 H; phenyl), 7.60
(dd, 3J(H,H)� 5.2 Hz, 1H; phenyl); 13C NMR (75 MHz, CDCl3, 25 8C):
d� 20.1 (2�CH3), 50.1 (OCH3), 81.2 (HCOCH3), 119.4 (C�CH), 121.0
(C�CH), 125.3 (C�CH), 126.5 (C�CH), 126.8 (C�CH), 128.8 (C�CH),
136.0 (C�C), 137.3 (C�C), 138.8 (C�C), 140.1 (C�C), 141.2 (C�C), 142.6
(C�C); HRMS (EI): m/z calcd for C16H16O [M�]: 224.1205, found 224.1197.


General procedure for reactions of dienes 2, 3, and 39 : The alkynyl carbene
complex 4 f,g,j,m (1, 2, or 3 mmol) was added to a solution of diene 2, 3, or
Danishefsky�s diene 39 in THF. Reaction was stirred at room temperature
for the time specified in each case and the solvent was evaporated under
reduced pressure. Products were purified by column chromatography in
silica gel.


5-Morpholino-1,2,3,11-tetrahydrofluorene[2,1-b]pyrane (24): Compound
4 f (1 mmol, 336 mg) was treated with 2 (1 mmol, 195 mg) in toluene for


12 h. p-Toluensulphonic acid was added and the mixture refluxed for 1 h to
give 24 (178 mg, 58%). Rf� 0.32 (hexane/ethyl acetate 3:1); orange
crystals; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 2.12 (m, 2H; CH2,
pyrane), 2.82 (m, 2 H; CH2, pyrane), 3.15 (m, 4H; morpholine), 3.65 (s, 2H;
CH2), 3.95 (m, 4 H; morpholine), 4.31 (m, 2H; CH2O, pyrane), 7.24 (t,
3J(H,H)� 7.3 Hz; 1 H; CH, phenyl), 7.24 (s, 1H; CH, Ar), 7.34 (t, 3J(H,H)�
7.3 Hz; 1H; CH, phenyl), 7.50 (d, 3J(H,H)� 7.3 Hz; 1H; CH, phenyl), 7.68
(d, 3J(H,H)� 7.3 Hz; 1 H; CH, phenyl); 13C NMR (75 MHz, CDCl3, 25 8C):
d� 21.7 (CH2), 22.8 (CH2), 35.0 (CH2), 51.5 (CH2, morpholine), 66.4
(CH2O), 67.1 (CH2, morpholine), 107.3 (CH), 118.7 (CH), 119.4 (C), 124.6
(CH), 125.1 (CH), 1226.5 (CH), 133.1 (C), 137.1 (C), 140.2 (C), 142.2 (C),
142.7 (C), 147.1 (C); C20H21NO2 (307.4): calcd C 78.15, H 6.89, N 4.56; found
C 78.20, H 6.91, N 4.58.


2-Methyl-9-methoxy-3-morpholino-9H-fluorene (25): Compound 4 f
(1 mmol, 336 mg) was treated with diene 3 (1 mmol, 238 mg) in THF for
6 d at ÿ10 8C to give 25 (100 mg, 34%). Rf� 0.40 (hexane/ethyl acetate,
3:1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 2.38 (s, 3H; CH3), 3.00
(t, 3J(H,H)� 4.3 Hz, 4 H; morpholine), 3.07 (s, 3H; CH3O), 3.90 (t,
3J(H,H)� 4.3 Hz, 4H; morpholine), 5.53 (s, 1H; CHOMe), 7.30 (dd,
3J(H,H)� 7.3 Hz, 4J(H,H)� 1.3 Hz, 1 H; phenyl), 7.33 (s, 1H; CH, Ar), 7.38
(dt, 3J(H,H)� 7.3 Hz, 4J(H,H)� 0.9 Hz, 1 H; phenyl), 7.43 (s, 1 H; CH, Ar),
7.57 (d, 3J(H,H)� 7.3 Hz, 1 H; phenyl), 7.63 (d, 3J(H,H)� 7.3 Hz, 1H;
phenyl); 13C NMR (75 MHz, CDCl3, 25 8C): d� 18.3 (CH3), 52.3 (CH2,
morpholine), 52.3 (CH3O), 67.4 (CH2, morpholine), 81.0 (CHOMe), 110.4
(CH), 119.4 (CH), 125.3 (CH), 127.0 (CH), 128.0 (CH), 128.8 (CH), 132.1
(C), 137.3 (C), 139.6 (C), 141.1 (C), 142.8 (C), 152.3 (C(morpho-
line)); HRMS (EI): m/z calcd for C19H21NO2 [M�]: 295.157218, found:
295.158033.


6-Methyl-8-methoxy-5-morpholino-8H-indene[2,1-b]furane (26): Com-
pound 4g (1 mmol, 326 mg) was treated with diene 49a (1 mmol, 238 mg)
im THF for 12 h to give 26 (108 mg, 38%). Rf� 0.40 (hexane/ethyl acetate
3:1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 2.32 (s, 3H; CH3), 2.93
(m, 4H; morpholine), 3.36 (s, 3H; CH3O), 3.86 (m, 4H; morpholine), 5.13
(s, 1 H; CHOMe), 6.56 (s, 1H; CH, furyl), 7.00 (s, 1 H; CH, Ar), 7.23 (s, 1H;
CH, furyl), 7.48 (s, 1 H; CH, Ar); 13C NMR (75 MHz, CDCl3, 25 8C): d�
17.9 (CH3), 52.1 (CH2, morpholine), 54.6 (CH3O), 67.2 (CH2, morpholine),
74.7 (CHOMe), 104.8 (CH), 110.7 (CH), 127.9 (CH), 129.0 (C), 130.2 (C),
134.5 (C), 138.0 (C), 147.7 (CH), 151.5 (C), 161.3(C, morpholine); HRMS
(EI): m/z calcd for C17H19NO3 [M�]: 285.1364, found: 285.1359.


Pentacarbonyl{[2-(p-chlorophenyl)-5-methyl-4-morpholinocyclohexa-2,5-
dienyl]methoxymethylene}tungsten(0) (27): 2-Aminodiene 1c (1 mmol)
was added to a solution of complex 4h (1 mmol) in THF (10 mL) at RT.
The reaction mixture was stirred at RT for 3 min and concentrated at
reduced pressure (10ÿ2 Torr). The crude product was dissolved in a dry
solution of hexane/diethyl ether (2:1), filtered through a pad of Celite, and
cooled at ÿ78 8C overnight to induce crystallization. Yield: 74%; 1H NMR
(400 MHz, CD2Cl2, ÿ40 8C) d� 1.20 (s, 3 H; CH3), 1.90 ± 2.31 (m, 4H;
morpholine), 2.32 ± 2.37 (m, 2 H; CH2), 2.52 ± 2.61 (m, 2 H; CH2), 3.08 ± 3.16
(m, 4H; morpholine), 3.94 (s, 3 H; OCH3), 6.49 (d, 3J(H,H)� 8.9 Hz, 2H;
phenyl), 6.75 (d, 3J(H,H)� 8.2 Hz, 2H; phenyl); 13C NMR (100 MHz,
CD2Cl2, ÿ20 8C) d� 16.7 (CH3), 28.6 (CH2), 35.5 (CH2), 50.3 (CH2,
morpholine), 67.4 (CH2, morpholine), 70.5 (OCH3), 118.9 (C�C), 124.1
(C�C), 128.6 (2�CH, phenyl), 128.9 (CH, phenyl), 130.3 (2�CH, phenyl),
133.4 (C�C), 137.1(C�C), 139.1 (C�C), 150.1(C�C), 196.6 (CO), 204.2
(CO), 333.5 (C�W); C24H22ClNO7W (655.7): calcd C 43.96, H 3.38, N 2.14;
found C 43.34, H 3.39, N 2.10; MS EI: (m/z, %): (570.9, 10) [M�ÿ 3CO].


Pentacarbonyl{[5-methyl-4-morpholino-2-phenyl-1,3-cyclohexadienyl]-
methoxymethylene}tungsten(0) (32): Treatment of compound 30, gener-
ated at low temperature, with silica gel afforded a mixture of 31 and 32.
After chromatographic purification with hexane/ethylacetate (3:1), com-
plex 32 was isolated as a purple oil. Yield: 30%; Rf� 0.30 (hexane/ethyl
acetate, 3:1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d �1.11 (d,
3J(H,H)� 6.9 Hz, 3 H; CH3), 3.10 ± 3.50 (m, 7H CH2, CH, morpholine),
3.76 ± 3.82 (s,m, s�CH3O; m�morpholine), 4.99 (s, 1 H; C�CCH), 7.01 ±
7.30 (m, 5H; phenyl); 13C NMR (75 MHz, CDCl3, 25 8C): d� 15.4 (CH3),
30.4 (CH), 39.6 (CH2), 46.3 (CH2, morpholine), 66.2 (CH2, morpholine),
99.2 (NC�CCH), 126.6 (CH, phenyl), 127.8 (CH, phenyl), 128.6 (CH,
phenyl), 134.7 (C�C), 144.4 (C�C), 145.2 (C�C), 161.7 (C�C), 198.6 (CO),
202.9 (CO), 298.7 (C�W), the signal for the methoxy group is missing; IR
(CH2Cl2) nÄ � 2055 (C�O trans), 1919 cmÿ1 (C�cis).
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Pentacarbonyl{dimethylamino[5-methyl-4-morpholino-2-phenyl-1,3-cyclo-
hexadienyl]methylene}tungsten(0) (33): Treatment of 30, generated at low
temperature, with dimethylamine at ÿ78 8C afforded, after crystallization
in dry hexane, complex 33 as yellow crystals. Yield: 88%; m.p. 148 8C; 1H
NMR (300 MHz, CDCl3, 25 8C, TMS): d� 1.85 (s, 3 H; CH3), 2.40 ± 2.49 (m,
2H; CH2), 2.70 ± 2.75 (m, 4H; morpholine), 2.95 ± 3.02 (m, 2 H; CH2), 3.39
(s, 3H; NCH3), 3.68 (s, 3H; NCH3), 3.76 (t, 3J(H,H)� 4.3 Hz, 4H;
morpholine), 7.12 (d, 3J(H,H)� 7.7 Hz, 2 H; phenyl), 7.27 ± 7.37 (m, 3H;
phenyl); 13C NMR (75 MHz, CDCl3, 25 8C): d� 16.7 (CH3), 28.3 (CH2),
35.1 (CH2), 44.4 (NCH3), 50.2 (CH2, morpholine), 52.8 (NCH3), 67.3 (CH2,
morpholine), 118.6 (C�C), 121.2 (C�C), 127.0 (�CH, phenyl), 127.4 (�HC;
phenyl), 128.3 (�CH, phenyl), 138.1 (C�C), 140.3 (C�C), 143.6 (C�C),
198.1 (CO), 202.7 (CO), 259.2 (C�W); IR (CH2Cl2) nÄ � 2060 (C�O trans),
1923 cmÿ1 (C�O cis); C25H26N2O6W (634.3): calcd C 47.34, H 4.13, N 4.42;
found C 47.48, H 4.30, N 4.23; HRMS (EI): m/z calcd for C23H26N2O4


184W
[M�ÿ 2CO]: 578.1407, found 578.1369.
Warming of compound 33 to 66 8C (refluxing THF), afforded 34, which was
isolated after chromatography (silica gel, hexane/ethyl acetate 3:1) as a
yellow oil (27 % yield based on 4 c). 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 1.07 (d, 3J(H,H)� 7.3 Hz, 3H; CH3), 2.75 ± 2.90 (m, 1 H), 2.89 (s,
3H; NCH3), 3.00 ± 3.15 (m, 4 H; morpholine), 3.24 (dd, 3J(H,H)� 15.9,
6.9 Hz, 1H), 3.52 (s, 3 H; CH3), 3.69 ± 3.80 (t, m, 3J(H,H)� 5.1 Hz, 5 H; t�
morpholine), 5.04 (s, 1 H; �CH), 7.32 ± 7.34 (m, 5 H; phenyl); 13C NMR
(75 MHz, CDCl3, 25 8C): d� 18.9 (CH3), 29.3 (CH2), 39.8 (CH), 45.1
(NCH3), 47.3 (CH2, morpholine), 53.4 (NCH3), 66.9 (CH2, morpholine),
99.0 (NC�CCH), 125.2 (C�C), 127.6 (C�CH, phenyl), 128.8 (C�CH,
phenyl), 128.9 (C�CH, phenyl), 133.0 (C�C), 142.5 (C�C), 154.9 (C�C),
200.1 (CO), 203.7 (CO), 253.5 (C�W).


General procedure for the preparation of 35, 36, and 38 : Diene 1 (1 mmol)
was added to a solution of carbene complex 4 (2 mmol) in THF (20 mL).
The reaction was monitored by TLC until complex 4 disappeared. The
reaction mixture was concentrated to dryness, and the metal carbonyl
formed sublimed at 40 8C (10ÿ3 mm Hg). The residue was dissolved in
hexane, filtered through a pad of Celite, concentrated, and crystallized or
precipitated in the solvent indicated at ÿ20 8C.


(2R*,4R*,9S*,10S*)-5,8-Dihydro-1,9-dimethoxy-2,10-diphenyl-4,9-methano-
7-methyl-6-morpholino-2H-benzo[c]indene (35a): Crystallized from hex-
ane. Yield 95%; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 1.82 (s, 3H;
CH3), 2.64 (t, 3J(H,H)� 7.1 Hz, 4H; morpholine), 2.82 ± 2.90 (m, 2 H; CH2),
3.34 (br s, 1 H; CHPh), 3.41 ± 3.44 (s, m, 5H; s�OCH3, m�CH2), 3.72 (t,
3J(H,H)� 7.1 Hz, 4H; morpholine), 3.84 (s, 3H; OCH3), 4.08 (d, 3J(H,H)�
2.4 Hz, 1H; CH), 4.55 (d, 3J(H,H)� 2.4 Hz, 1 H; CHPh), 5.37 (d,
3J(H,H)� 2.8 Hz, 1H; �CH), 7.25 ± 7.35 (m, 10H; phenyl); 13C NMR
(75 MHz, CDCl3, 25 8C): d� 17.6 (CH3), 23.1 (CH2), 29.0 (CH2), 50.0 (CH2,
morpholine), 50.6 (CH), 53.8 (CH), 60.4 (CH), 62.7 (OCH3), 67.3 (CH2,
morpholine), 69.4 (OCH3), 94.5 (CHOCH3), 111.1 (�CH), 119.5 (C�C),
120.6 (C�C), 126.1 (CH, phenyl), 126.6 (CH, phenyl), 127.5 (CH, phenyl),
127.9 (CH, phenyl), 128.7 (CH, phenyl), 128.8 (CH, phenyl), 134.2(C�C),
136.6 (C�C), 137.6 (C�C), 137.8 (C�C), 138.5 (C�C), 152.8 (C�C), 153.5
(C�C); MS EI: m/z (%): 493 (45) [M�], 478 (22), 402 (19), 323 (43), 264
(100); C33H35NO3 (493.6): calcd C 80.29, H 7.15, N 2.84; found C 80.15, H
7.10, N 2.64.


(2R*,4S*,9S*,10R*)-5,8-Dihydro-1,9-dimethoxy-2,10-diphenyl-4,9-methano-
6-morpholino-3,4,7-trimethyl-2H-benzo[c]indene (35d): Yield 67 %. Crys-
tallized from hexane. M.p. 150 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 1.34 (s, 3H; CH3), 1.67 (s, 3H; CH3), 1.87 (s, 3 H; CH3), 2.54 ±
2.67 (m, 2 H; CH2), 2.68 (t, 3J(H,H)� 4.6 Hz, 4H; morpholine), 2.92 ± 3.20
(m, 2H; CH2), 3.33 ± 3.35 (s, m, 4H; s�OCH3, m�CHPh), 3.73 ± 3.82 (s,
m, 7 H; s�OCH3, m�morpholine), 4.24 (s, 1H; CHPh), 7.22 ± 7.41 (m,
10H; phenyl); 13C NMR (50.3 MHz, CDCl3, 25 8C): d� 11.0 (CH3), 12.3
(C�CCH3), 17.6 (C�CCH3), 20.8 (CH2), 29.0 (CH2), 50.1 (CH2, morpho-
line), 53.5 (PhCH), 54.3 (CCH3), 60.0 (OCH3), 66.3 (OCH3), 67.3 (CH2,
morpholine), 75.0 (PhCH), 93.1 (C), 119.7 (COCH3), 119.8 (C�C), 120.8
(C�C), 126.3 (CH, phenyl), 126.6 (CH, phenyl), 127.7 (CH, phenyl), 127.9
(CH, phenyl), 128.6 (CH, phenyl), 130.1 (CH, phenyl), 135.1 (C�C), 136.0
(C�C), 136.2 (C�C), 137.8 (C�C), 138.7 (C�C), 148.7 (C�C), 151.2 (C�C);
C35H39NO3 (521.7): calcd C 80.64, H 7.48, N 2.68; found C 80.65, H 7.42, N
2.38; HRMS (EI): m/z calcd for C35H37NO3 [M�ÿ 2]: 521.2929, found
521.2919.


(1S*,8R*,11S*,18S*)-9,11-Dimethoxy-14-methyl-15-morpholino-hexacy-
clo[9.6.5.01,18.02,10.03,8.012,17]docosa-2,9,1217,14-tetraenyl (35e): Precipitated


from methanol. Yield: 86%; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d�
0.90 ± 1.32 (m, 7 H; cyclohexyl), 1.45 ± 1.72 (m, 6 H; cyclohexyl), 1.73 ± 1.84
(m, s, 4 H; s�CH3), 1.91 (dd, 3J(H,H)� 12.4, 4.7 Hz, 1H), 2.11 ± 2.19 (m,
1H) , 2.22 ± 2.32 (m, 1 H), 2.41 (t, 3J(H,H)� 8.2 Hz, 1H), 2.49 ± 2.54 (m,
2H), 2.68 ± 2.79 (m, 5 H), 2.86 (dd, 3J(H,H)� 12.0, 5.6 Hz, 1H), 3.43 (s, 3H;
OCH3), 3.72 ± 3.75 (s, m, 7 H; s�OCH3); 13C NMR (50.3 MHz, CDCl3,
25 8C): d� 17.5 (CH3), 20.6 (CH2, cyclohexyl), 21.5 (CH2, cyclohexyl), 23.5
(CH2, cyclohexyl), 23.9 (CH2, cyclohexyl), 25.2 (CH2, cyclohexyl), 25.5
(CH2, cyclohexyl), 25.7 (CH2, cyclohexyl), 28.5 (CH2, cyclohexyl), 29.4
(CH2), 31.7 (CH2), 50.1 (CH2, morpholine), 50.1 (C), 52.0 (CH), 56.6 (CH),
60.3 (OCH3), 66.6 (OCH3), 67.4 (CH2, morpholine), 94.0 (COCH3), 119.4
(C�C), 121.0 (C�C), 121.2 (C�C), 136.0 (C�C), 136.5 (C�C), 137.7 (C�C),
144.6 (C�C), 152.3 (C�C); C26H34O4 (410.6): calcd C 79.47, H 8.74, N 3.16;
found C 77.30, H 8.63, N 3.05; HRMS (EI): m/z calcd for C29H39NO3 [M�]:
449.2928, found 449.2930.


(1S*,8R*,11S*,13R*,18S*)-9,11-Dimethoxy-13-methoxymethyl-14-methyl-
15-morpholino-hexacyclo[9.6.5.01,18.02,10.03,8.012,17]docosa-2,9,1217,14-
tetraenyl (35 f): Crystallized from hexane. Yield: 85%; m.p. 155 ± 157 8C;
1H NMR (300 MHz, C6D6, 25 8C, TMS) d� 0.87 ± 1.45 (m, 5 H; cyclohexyl),
1.47 ± 1.87 (m, 7H; cyclohexyl), 2.01 ± 2.13 (s, m, 4H; s�CH3), 2.26 ± 2.31
(m, 1H), 2.44 ± 2.57 (m, 6H), 2.70 ± 2.78 (m, 2H), 2.89 (dd, 3J(H,H)� 21.0,
4.2 Hz, 1 H), 3.09 (dd, 3J(H,H)� 11.8, 5.4 Hz, 1H), 3.23 (s, 3 H; OCH3), 3.47
(s, 3H; OCH3), 3.60 ± 3.66 (m, 6 H; morpholine, CH, CHHO), 3.80 (s, 3H;
OCH3), 3.94 (dd, 2J(H,H)� 8.7, 3J(H,H)� 2.7 Hz, 1 H; CHHO); 13C NMR
(75 MHz, C6D6, 25 8C) d� 16.9 (CH3), 20.7 (CH2, cyclohexyl), 22.4 (CH2,
cyclohexyl), 24.0 (CH2, cyclohexyl), 24.4 (CH2, cyclohexyl), 25.7 (CH2,
cyclohexyl), 26.1 (CH2, cyclohexyl), 26.4 (CH2, cyclohexyl), 29.1 (CH2,
cyclohexyl), 32.5 (CH2), 42.4 (CH), 50.4 (CH2, morpholine), 52.1 (CPh),
53.6 (CH), 55.9 (OCH3), 58.3 (OCH3), 58.7 (CH), 67.4 (CH2 morpholine),
68.4 (OCH3), 74.2 (CH2), 94.2 (COCH3), 121.2 (C�C), 121.4 (C�C), 125.2
(C�C), 138.1 (C�C), 139.2 (C�C), 139.4 (C�C), 145.5 (C�C), 151.1 (C�C);
C31H43NO4 (493.7): calcd C 75.42, H 8.78, N 2.84; found C 75.67, H 8.75, N
2.75.


12,14-Dimethoxy-4-morpholino-6-oxaheptacyclo[10.9.5.01,26.02,11.05,10.013,21.
015,20]hexacosa-2(11),4,13,20-tetraenyl (35h): Compound 4 m (2 mmol,
632 mg) was treated with diene 3 (1 mmol, 238 mg) in THF for 12 h to
give 35h (427 mg, 87 %) as a white solid. 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 0.85 ± 2.83 (m, 24H), 2.92 (m, 4 H; CH2N, morpholine), 3.10 (m,
1H), 3.41 (s, 3 H; CH3O), 3.68 (m, 4H; CH2O, morpholine), 4.10 (m, 2H;
CH2O); 13C NMR (50.3 MHz, CDCl3, 25 8C): d� 24.6 (CH2), 23.4 (CH2),
23.8 (CH2), 25.2 (CH2), 25.3 (CH2), 25.6 (CH2), 25.7 (CH2), 28.2 (CH2), 28.5
(CH2), 31.4 (CH2), 31.8 (CH2), 36.9 (CH), 50.2 (CH2, morpholine), 51.3 (C),
53.4 (CHC(OMe)), 55.8 (CHC(OMe)), 59.3 (C(OCH3)), 67.7 (CH2,
morpholine), 68.5 (�C(OCH3)), 69.7 (CH2O), 94.1 (C(OMe)), 120.7 (C),
121.7 (C), 124.9 (C�C(OMe)), 137.9 (C), 138.5 (C), 142.9 (C), 144.5 (C),
150.6 (C); HRMS (EI): m/z calcd for C31H41O4N 491.3035, found: 491.3024;
C31H41O4N (491.68): calcd C 75.73, H 8.41, N 2.85 found C 75.94, H 8.54,
2.56.


(1S*,8R*,11S*,13S*,14R*,18S*)-13-Allyloxymethyl-9,11-dimethoxy-14-
methyl-hexacyclo[9.6.5.01,18.02,10.03,8.012,17]docosa-2,9,1217-triene-15-one
(36g): Diene 1e (1 mmol) was added to a solution of carbene complex 4m
(2 mmol) in THF (20 mL). The reaction was allowed to proceed for 4 d, and
then concentrated to dryness. The residue was hydrolyzed while chromato-
graphed in silica gel with hexane/ethyl acetate (10:1) and collected the
fraction of Rf� 0.7 (hexane/ethyl acetate 3:1); Colorless oil. Yield 54%; 1H
NMR (300 MHz, CDCl3, 25 8C, TMS): d� 1.14 (d, 3J(H,H)� 6.7 Hz, 3H;
CH3), 1.60 ± 2.31 (m, 12 H; cyclohexyl), 2.42 ± 2.63 (m, 2 H; cyclohexyl),
2.76 ± 2.90 (d, m, 3J(H,H)� 7.6 Hz, 2 H), 3.37 (dd, 2J(H,H)� 9.5, 3J(H,H)�
2.1 Hz, 1H; CHHO), 3.48 (d, 3J(H,H)� 0.9 Hz, 3H; OCH3), 3.50 ± 3.79 (m,
2H), 3.77 (d, 3J(H,H)� 0.9 Hz, 2 H; C�CCH2O), 4.9 (dm, 3J(H,H)�
14.0 Hz, 2 H; C�CCH2), 5.50 ± 5.59 (m, 1H; �CH); 13C NMR (75 MHz,
CDCl3, 25 8C): d� 11.9 (CH3), 21.9 (CH2, cyclohexyl), 23.3 (CH2, cyclo-
hexyl), 23.7 (CH2, cyclohexyl), 25.2 (CH2, cyclohexyl), 25.6 (2�CH2,
cyclohexyl), 28.4 (CH2, cyclohexyl), 31.7 (CH2, cyclohexyl), 35.9 (CH), 40.4
(CH), 44.6 (CH), 51.6 (C), 53.7 (CH), 55.7 (OCH3), 58.7 (OCH3), 67.1
(OCH2), 71.4 (OCH2), 93.4 (COCH3), 115.1 (C�CH2), 119.5 (C�C), 122.1
(C�C), 134.7 (C�CH), 138.4 (C�C), 140.7 (C�C), 143.4 (C�C), 150.5
(C�C), 210.4 (CO); HRMS (EI): m/z calcd for C29H38O4 [M�]: calcd
450.2769, found 450.2770.


(1R*,4R*,7S*,10S*)-1,3-Dimethoxy-8-{5-methoxy-3-methyl-2-morpholino-
2-pentadienyl}-1,3-dimethyl-4,10-diphenyl-[5.2.1.02, 6]tricyclodeca-2,5,7-tri-
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ene (38): Diene 1d (1 mmol) was added to a solution of carbene complex 4l
(2 mmol) in THF (20 mL). The reaction was allowed to proceed for 24 h,
and then concentrated to dryness. The residue was hydrolyzed while
chromatographed in silica gel with hexane/ethyl acetate (10:1) and
collected the fraction of Rf� 0.3 (hexane/ethyl acetate 3:1). Colorless oil;
yield 93%; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 1.55 (s, 3H; CH3),
1.68 (s, 3H; CH3), 1.89 (s, 3 H; CH3), 2.05 ± 2.65 (m, 1H), 2.73 ± 2.75 (m, 4H;
morpholine), 2.76 ± 2.82 (m, 1 H), 3.30 ± 3.48 (m, 2 H), 3.50 (s, 3H; OCH3),
3.73 (s, 3H; OCH3), 3.74 (s, 3H; OCH3), 3.74 ± 3.90 (m, 4H; morpholine),
5.57 (d, 3J(H,H)� 12.4 Hz, 1H; �CH), 5.88 (br s, 1H; �CH), 6.65 (d,
3J(H,H)� 12.4 Hz, 1 H; �CH), 7.16 ± 7.50 (m, 10H; phenyl); 13C NMR
(75 MHz, CDCl3, 25 8C): d� 11.0 (CH3), 12.8 (CH3), 13.2 (CH3), 40.4
(CH2), 51.2 (CH2, morpholine), 53.5 (CH), 54.0 (CCH3), 55.5 (CH), 59.9
(OCH3), 63.9 (OCH3), 65.0 (OCH3), 67.4 (CH2, morpholine), 88.3
(COCH3), 106.4 (C�CH), 114.4 (C�CH), 119.7 (C�C), 121.3 (C�C), 121.9
(C�C), 126.6 (C�CH, phenyl), 126.7 (C�CH, phenyl), 127.8 (C�CH,
phenyl), 128.3 (C�CH, phenyl), 128.6 (C�CH, phenyl), 129.4 (C�CH,
phenyl), 136.1 (C�C), 137.7 (C�C), 141.1 (C), 144.5 (C�CH), 149.0 (C�C),
149.9 (C�C), 152.3 (C).


General procedure for the preparation of 37: Diene 1 (1 mmol) was added
to a solution of carbene complex 4 (2 mmol) in THF (20 mL). The reaction
was monitored by TLC until complex 4 disappeared. Aqueous HCl (3n,
20 mL) was then added and the mixture stirred for 45 min. The mixture was
extracted with diethyl ether, the organic layer washed with Na2SO4 and
concentrated. The residue was purified by silica gel chromatography in
hexane/ethyl acetate 3:1.


(2R*,4S*,7S*,8S*,9S*,10R*)-2,10-Diphenyl-4,9-methano-7-methyl-9-methoxy-
8-methoxymethyl-3,5,7,8-tetrahydro-1H-benzo[c]indene-1,6-dione (37c):
Rf� 0.18; crystallized from hexane; m.p. 186 ± 188 8C; Yield 30 %.; 1H
NMR (400 MHz, C6D6, 25 8C, TMS) d� 1.00 (d, 3J(H,H)� 10.0 Hz, 3H;
CH3), 2.13 (quintet, 3J(H,H)� 6.7 Hz, 1H; CHCH3), 2.55 (d, 3J(H,H)�
2.5 Hz, 1 H; CHHCHPh), 2.57 (d, 2J(H,H)� 6.1 Hz, 1 H; CHHCHPh), 2.68
(s, 2 H; CH2), 2.78 ± 2.83 (m, 1H; CHCH2O), 2.90 (s, 3 H; CH2OCH3), 2.97
(d, 3J(H,H)� 0.9 Hz, 1 H; CHCHPh), 3.11 (dd, 2J(H,H)� 9.5, 3J(H,H)�
2.7 Hz, 1 H; HHCO), 3.51 (dd, 2J(H,H)� 9.5, 3J(H,H)� 2.0 Hz, 1 H;
HHCO), 3.55 (s, 3 H; COCH3), 3.74 (dd, 3J(H,H)� 6.0, 2.5 Hz, 1H;
COCHPh), 4.24 (br s, 1 H; CHPh), 7.19 ± 7.29 (m, 10H; phenyl); 13C NMR
(100 MHz, C6D6, 25 8C) d� 12.0 (CH3), 36.8 (CH2), 40.5 (CH2), 41.6 (CH),
44.5 (CH), 53.8 (CH), 56.0 (OCH3), 58.8 (CH), 59.3 (OCH3), 69.1 (OCH2),
82.3 (CH), 98.0 (COCH3), 139.4 (C�C), 141.5 (C�C), 142.2 (C�C), 147.1
(C�C), 158.4 (C�C), 196.6 (C�C), 197.4 (CO), 207.1 (CO); HRMS (EI): m/
z calcd for C30H30O4 [M�]: calcd 454.2144, found 454.2160.


11-Methoxy-13-methoxymethyl-14-methylhexacyclo[9.6.5.01,18.02,10.03,8.
012,17]docosa-212,1217-enyl-9,15-dione (37 f): Rf� 0.20; crystallized from
hexane; m.p.� 148 ± 150 8C; Yield: 51%.; 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d� 1.11 (d, 3J(H,H)� 6.9 Hz, 3H; CH3), 1.42 ± 1.81 (m, 14H;
cyclohexyl), 1.86 ± 1.98 (m, 1H; cyclohexyl), 2.07 ± 2.15 (m, 1H; cyclo-
hexyl), 2.52 ± 2.71 (m, 3H), 2.81 ± 3.02 (m, s, 7H), 3.24 (dd, 2J(H,H)� 9.4,
3J(H,H)� 2.2 Hz, 1 H; CHHO), 3.29 (dd, 2J(H,H)� 9.4, 3J(H,H)� 2.6 Hz,
1H;CHHO), 3.50 (s, 3H; OCH3); 13C NMR (75 MHz, CDCl3, 25 8C): d�
11.0 (CH3), 20.2 (CH2, cyclohexyl), 20.7 (CH2, cyclohexyl), 23.0 (CH2,
cyclohexyl), 23.2 (2�CH2, cyclohexyl), 23.5 (CH2, cyclohexyl), 23.9 (CH2,
cyclohexyl), 25.8 (CH2, cyclohexyl), 37.6 (CH2),38.6 (CH), 49.9 (CH), 43.9
(CH), 52.2 (OCH3), 55.1 (CH), 58.2 (OCH3), 58.4 (C), 68.0 (OCH2), 79.4
(CH), 96.0 (COCH3), 142.4 (C�C), 148.0 (C�C), 156.8 (C�C), 200.4 (C�C),
204.2 (CO), 209.5 (CO); C26H34O4: calcd C 76.06, H 8.35; found: C 75.86, H
8.13; HRMS (EI): m/z calcd for C26H34O4 [M�]: 410.2467, found 410.2457.


(1R*,8S*,11R*)-14-Methyl-9,11-dimethoxy-15-morpholino-2,9,12,14,16-
hexacyclo[9.6.5.01,22.02,10.03,8.012,17]docosapentaenyl (40a): Compound 4m
(2 mmol, 632 mg) was treated with diene 3 (1 mmol, 238 mg) in THF
overnight to give 40 a (255 mg, 57%). Rf� 0.29 (hexane/ethyl acetate 8:1);
white solid; m.p. 184 ± 185 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d� 0.8 ± 2.0 (m, 12H; CH2, cyclohexyl), 2.29 (s, 3 H; CH3), 2.63 (m, 3H;
CH2, allylic, CH bridge), 2.73 (dd, 3J(H,H)� 5.6, 11.8 Hz, 1 H; CH,
cyclopentadiene), 2.92 (dd, 3J(H,H)� 4.1, 8.5 Hz, 4H; CH2, morpholine),
3.60 (s, 3 H; CH3O), 3.81 (s, 3H; CH3O), 3.88 (t, 3J(H,H)� 4.5 Hz, 4H;
CH2, morpholine), 6.81 (s, 1H; CH, Ar), 7.10 (s, 1 H; CH, Ar); 13C NMR
(50.3 MHz, CDCl3, 25 8C): d� 17.9 (CH3), 21.5 (CH2), 21.7 (CH2), 24.1
(CH2), 25.1 (CH2), 25.2 (CH2), 25.7 (CH2), 28.4 (CH2), 31.4 (CH2), 50.9 (C),
52.4 (CH2, morpholine), 53.6 (CHC(OMe)), 55.7 (CHC(OMe)), 60.2
(C(OMe)), 67.4 (CH2, morpholine), 69.0 (C�C(OCH3)), 91.7 (C(OMe)),


112.4 (CH, Ar), 118.5 (C�C(OMe)), 121.6 (C), 122.4 (CH, Ar), 129.6 (C),
140.7 (C), 142.8 (C), 142.9 (C), 149.0 (C), 153.0 (C); MS 432 [M�ÿMe],
299, 284; C29H37NO3 (447.3): calcd C 77.82, H 8.33, N 3.13; found C 77.55, H
7.97, N 2.80.


(1R*,8S*,11R*)-9,11-Dimethoxy-15-trimethylsililoxy-2,9,12,14,16-hexacy-
clo[9.6.5.01,22.02,10.03,8012,17]docosapentaenyl (40 b): Compound 4m (1 mmol,
316 mg) was treated with Danishefsky�s diene 39 (1 mmol, 194 mL) in THF
for 3 d to give 40b (280 mg, 64%). Rf� 0.67 (hexane/ethyl acetate 3:1); 1H
NMR (200 MHz, CDCl3, 25 8C, TMS): d� 0.27 (s, 9 H; Si(CH3)3), 0.85 ±
2.10 (m, 10 H; CH2, cyclohexyl), 2.20 ± 2.32 (m, 2H; cyclohexyl), 2.55 ± 2.80
(m, 3H; CH bridge, CH2 alyllic), 3.58 (s, 3 H; CH3O), 3.80 (s, 3 H; CH3O),
6.75 (dd, 3J(H,H)� 7.7 Hz, 4J(H,H)� 2.1 Hz, 1H; CH, Ar), 6.62 (d,
4J(H,H)� 2.1 Hz, 1H; CH, Ar), 7.12 (d, 3J(H,H)� 7.7 Hz, 1H; CH, Ar);
13C NMR (50.3 MHz, CDCl3, 25 8C): d� 0.2 (Si(CH3)3), 21.6 (CH2), 21.7
(CH2), 24.1 (CH2), 25.1 (CH2), 25.2 (CH2), 25.7 (CH2), 28.4 (CH2), 31.3
(CH2), 50.9 (C), 53.6 (CHC(OMe)), 55.7 (CHC(OMe)), 60.1 (C(OCH3)),
68.9 (�C(OCH3)), 91.6 (C(OMe)), 114.0 (CH, Ar), 116.1 (CH, Ar), 118.7
(C�C(OMe)), 120.3 (CH, Ar), 121.9 (C), 138.8 (C), 142.6 (C), 146.1 (C),
152.8 (C), 153.4 (C); HRMS (EI): m/z calcd for C27H36O3Si [M�]: 436.2433,
found: 436.2435.


(1R*,8S*,11R*)-9,11-Dimethoxy-2,9,12,14,16-hexacyclo[9.6.5.01,22.02,10.03,8.
012,17]docosapentaenyl-15-ol (40 c): Compound 40b (0.5 mmol) was treated
with sodium carbonate in methanol for 2 h to give 40 c (158 mg, 87%). Rf�
0.39 (hexane/ethyl acetate 3:1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d� 0.85 ± 2.10 (m, 10H; CH2, cyclohexyl), 2.20 ± 2.32 (m, 2 H; cyclohexyl),
2.50 ± 2.82 (m, 3 H; CH bridge, CH2 alyllic), 3.59 (s, 3 H; CH3O), 3.79 (s, 3H;
CH3O), 6.30 (br s, 1 H; OH), 6.56 (dd, 3J(H,H)� 7.9 Hz, 4J(H,H)� 2.0 Hz,
1H; CH, Ar), 6.67 (d, 4J(H,H)� 2.0 Hz, 1 H; CH, Ar), 7.11 (dd, 3J(H,H)�
7.9 Hz, 1 H; CH, Ar); 13C NMR (50.3 MHz, CDCl3, 25 8C): d� 20.9 (CH2),
21.6 (CH2), 24.1 (CH2), 25.0 (CH2), 25.1 (CH2), 25.6 (CH2), 28.3 (CH2), 31.3
(CH2), 50.9 (C), 53.6 (CHC(OMe)), 55.7 (CHC(OMe)), 60.2 (C(OCH3)),
68.5 (�C(OCH3)), 91.7 (C(OMe)), 109.5 (CH, Ar), 111.8 (CH, Ar), 119.0
(C�C(OMe)), 120.7 (CH, Ar), 122.2 (C), 137.7 (C), 142.4 (C), 146.3 (C),
152.6 (C), 154.4 (C); HRMS (EI): m/z calcd for C27H36O3Si [M�]: 364.2038,
found: 364.2037.


Pentacarbonyl[3-(5-methyl-4-morpholino-8-methoxy-2,4,6-pentacyclo-
[6.6.5.01,19.02,7.09,14]nonadecatrien-9-yl)-1-methoxy-2-propynylidene]chro-
mium(0) (41): Compound 4 m (2 mmol, 632 mg) was treated with 3
(1 mmol, 238 mg) in THF overnight to give 41 (57 mg, 9%). Rf� 0.25
(hexane/ethyl acetate 8:1); dark red solid; m.p. 178 8C (decomp); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d� 0.9 ± 1.5 (m, 11H; CH2, cyclohexyl
rings), 1.62 (m, 3H; cyclohexyl), 1,80 (d, 3J(H,H)� 9.4 Hz; CH), 2.30 (dd,
3J(H,H)� 12.5, 5.6 Hz, 2 H; CH2), 2.34 (s, 3H; CH3), 2.65 (dd, 3J(H,H)�
11.2, 4.3 Hz, 1H; CH), 2.94 (m, 4 H; CH2, morpholine), 3.58 (s, 3H; CH3O),
3.87 (m, 4 H; CH2, morpholine), 4.38 (s, 3 H; CH3O), 6.78 (s, 1H; CH, Ar),
7.07 (s, 1H; CH, Ar); 13C NMR (75 MHz, CDCl3, 25 8C): d� 17.2 (CH2),
18.1 (CH3), 18.1 (CH2), 18.5 (CH2), 20.4 (CH2), 21.8 (CH2), 24.5 (CH2), 24.8
(CH2), 27.3 (CH2), 48.6 (C), 52.1 (C), 52.5 (CH2, morpholine), 55.2
(CHC(OMe)), 57.2 (CHC(OMe)), 63.4 (OCH3), 65.6 (OCH3), 67.5 (CH2,
morpholine), 88.9 (C), 97.4 (C), 114.1 (CH, Ar), 114.2 (CH), 126.3 (CH,
Ar), 129.6 (C), 135.9 (C), 141.8 (C), 150.1 (C), 216.4 (CO), 225.2 (CO), 317.6
(C�Cr); IR (CH2Cl2): nÄ � 2062 (C�O trans), 1954 cmÿ1 (C�O cis);
C34H37NO8Cr (639.6): calcd C 63.84, H 5.83, N 2.19; found C 63.97, H
5.94, N 1.87.


(1R*,3S*,10S*,12R*,15S*)-7-Methyl-10,12,14-trimethoxy-6-morpholino-2-
(11),4,6,8,13,20-nonacyclo[10.9.5.53,10.01,2602,11.03,27.04,9.013,21.015,20]hentriacon-
tahexaenyl (42a): Compound 4m (0.5 mmol, 158 mg) was treated with
compound 40 a (0.5 mmol, 223 mg) in THF for 48 h to give 42a (452 mg,
76%). Rf� 0.29 (hexane/ethyl acetate 8:1); white solid; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 0.8 ± 2.0 (m, 22 H; CH2, cyclohexyl),
2.20 (s, 3H; CH3), 2.30 ± 2.35 (m, 4H; CH2 allylic, CH bridge), 2.78 (m, 2H;
morpholine), 2.73 (dd, 3J(H,H)� 3.9, 12.0 Hz, 1 H; CH, cyclopentadiene),
2.94 (m, 2 H; morpholine), 3.38 (s, 3 H; CH3O), 3.56 (s, 3 H; CH3O), 3.65 (s,
3H; CH3O), 3.90 (m, 4 H; CH2, morpholine), 6.49 (s, 1H; CH, Ar), 6.86 (s,
1H; CH, Ar); 13C NMR (50.3 MHz, CDCl3, 25 8C): d� 17.7 (CH3), 20.7
(CH2), 21.3 (CH2), 21.6 (CH2), 23.8 (CH2), 24.0 (CH2), 24.6 (CH2), 25.3
(CH2), 25.5 (CH2), 27.2 (CH2), 27.7 (CH2), 30.7 (CH2), 52.6 (C), 52.9 (CH2,
morpholine), 53.6 (CHC(OMe)), 54.2 (C), 54.8 (CH3), 59.0 (CHC(OMe)),
65.8 (C(OCH3)), 67.2 (CH2, morpholine), 74.8 (�C(OCH3)), 93.8
(C(OMe)), 97.1 (C(OMe)), 111.7 (CH, Ar), 115.3 (C�C(OMe)), 123.2







Cascade Reaction 2280 ± 2298
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(CH, Ar), 123.4 (C), 127.0 (C), 140.7 (C), 144.3 (C), 146.8 (C), 153.7 (C),
156.4 (C), 161.1 (C).


X-Ray diffraction study for 42a : Data collection, crystal, and refinement
parameters were collected in Table 9. The unit cell parameters were


obtained from the least-squares fit of 25 reflections (with q� 4 ± 208). Data
were collected with the w-2q scan technique with a learned profile method
with a constant scan rate; the scan speed was 5.498minÿ1. The final drift
correction factors were between 0.98 and 1.02. Profile analysis[21] was
performed on all reflections. Lorentz and polarization corrections were
applied and the data were reduced to F 2


o values.[22] The structure was solved
by SHELXS-90[23] (Direct methods). Isotropic full-matrix least-squares
refinement on F 2 with SHELXL-93[24] converged to R� 0.15. The position-
al parameters and the anisotropic thermal parameters of the non hydrogen
atoms were refined. All the hydrogen atoms were geometrically placed and
refined, with their own isotropic factor, riding on their parent atoms. At this
stage, with R� 0.07, an empirical absorption correction was applied with
XABS2.[25] Maximum and minimum transmission factors were 1.00 and
0.46, respectively. The function minimized was [Sw(F 2


o ÿF 2
c )2/Sw(F 2


o )2]1/2,
w� 1/[s2(F 2


o )� (0.0577P)2� 0.41 P], where P� (Max (F 2
o,0)� 2 F 2


c )/3) with
s2(F 2


o ) from counting statistics. The maximum shift to e.d.s. ratio in the last
full-matrix least square cycle was less than 0.001. The final difference
Fourier map showed no peaks higher than 0.21 e�ÿ3, nor lower than
ÿ0.25 e�ÿ3. Atomic scattering factors were taken from International
Tables for X-Ray Crystallography (1974).[26] Geometrical calculations were
made with PARST.[27] Crystallographic data (excluding structure factors)
for the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-101522. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


(1R*,3S*,10S*,12R*,15S*)-10,12,14-Trimethoxy-6-trimethylsililoxy-2(11),-
4,6,8,13,20-nonacyclo[10.9.5.53,10.01,26.02,11.03,27.04,9.013,21.015,20]hentriaconta-
hexaenyl (42 b): Compound 4m (3 mmol, 948 mg) was treated with
Danishefsky�s diene (1 mmol, 0.195 mL) in THF for 3d to give 42b
(344 mg, 59%). Rf� 0.67 (hexane/ethyl acetate 3:1); 1H NMR (300 MHz,


CDCl3, 25 8C, TMS): d� 0.24 (s, 9H; Si(CH3)3), 0.82 ± 2.20 (m, 24H; CH2,
cyclohexyl rings), 2.20 ± 2.45 (m, 4H; CH bridge, CH2 allylic), 2.84 (dd,
3J(H,H)� 4.3, 11.6 Hz, 1H; CH, cyclopentadiene), 3.40 (s, 3 H; CH3O), 3.56
(s, 3 H; CH3O), 3.66 (s, 3 H; CH3OC�C), 6.31 (dd, 3J(H,H)� 7.3 Hz,
4J(H,H)� 1.7 Hz, 1H; CH, Ar), 6.33 (d, 3J(H,H)� 1.7 Hz, 1 H; CH, Ar),
6.84 (d, 3J(H,H)� 7.3 Hz, 1H; CH, Ar); 13C NMR (75 MHz, CDCl3, 25 8C):
d� 0.4 (Si(CH3)3), 20.7 (CH2), 21.3 (CH2), 21.4 (CH2), 23.8 (CH2), 24.0
(CH2), 24.5 (CH2), 24.6 (CH2), 25.0 (CH2), 25.3 (CH2), 27.2 (CH2), 27.8
(CH2), 30.6 (CH2), 52.6 (C), 53.6 (CHC(OMe)), 54.1 (C), 54.7 (CH), 56.0
(CH3), 59.0 (CHC(OMe)), 65.8 (C(OCH3)), 74.7 (C�C(OCH3)), 93.8
(C(OMe)), 96.9 (C(OMe)), 113.4 (CH, Ar), 113.8 (CH, Ar), 114.9
(C�C(OMe)), 120.5 (CH, Ar), 124.1 (C), 138.7 (C), 140.4 (C), 147.3 (C),
146.8 (C), 151.8 (C), 153.5 (C), 157.1 (C), 160.7 (C); HRMS (EI): m/z calcd
for C37H48O4Si [M�]: 584.3321, found: 584.3327.


(1R*,3S*,10S*,12R*,15S*)-10,12,14-Trimethoxy-2(11),4,6,8,13,20-nonacy-
clo[10.9.5.53,10.01,26.02,11.03,27.04,9.013,21.015,20]hentriacontahexaenyl-6-ol (42 c):
Compound 42 b (0.5 mmol), was treated with sodium carbonate in
methanol for 15 min to give 42c (243 mg, 92 %). Rf� 0.39 (hexane/ethyl
acetate 3:1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 0.82 ± 2.20 (m,
24H; CH2, cyclohexyl rings), 2.20 ± 2.45 (m, 4 H; CH bridge, CH2 alyllic),
2.84 (dd, 3J(H,H)� 4.3 Hz, 3J(H,H)� 11.8 Hz, 1 H; CH, cyclopentadiene),
3.40 (s, 3H; CH3O), 3.56 (s, 3H; CH3O), 3.66 (s, 3H; CH3OC�C), 4.85 (br s,
1H; OH), 6.31 (dd, 3J(H,H)� 7.6 Hz, 4J(H,H)� 2.2 Hz, 1H; CH, Ar), 6.33
(d, 4J(H,H)� 2.2 Hz, 1 H; CH, Ar), 6.84 (d, 3J(H,H)� 7.6 Hz, 1H; CH, Ar);
13C NMR (75 MHz, CDCl3, 25 8C): d� 20.7 (CH2), 21.3 (CH2), 21.5 (CH2),
23.8 (CH2), 24.0 (CH2), 24.1 (CH2), 24.5 (CH2), 25.2 (CH2), 25.4 (CH2), 27.2
(CH2), 29.7 (CH2), 30.5 (CH2), 52.4 (C), 53.6 (CHC(OMe)), 54.2 (C), 54.8
(CH), 56.4 (CH3), 59.0 (CHC(OMe)), 65.6 (C(OCH3)), 74.2 (�C(OCH3)),
93.9 (C(OMe)), 97.1 (C(OMe)), 108.9 (CH, Ar), 109.3 (CH, Ar), 114.4
(C�C(OMe)), 120.5 (CH, Ar), 124.4 (C), 137.9 (C), 140.2 (C), 147.7 (C),
152.7 (C), 153.4 (C), 157.2 (C), 160.4 (C); C34 H40 O4 (512.7): calcd C 79.65,
H 7.86; found C 79.64, H 7.88.


(1S*,3R*,6S*,9R*,11S*)-6-Phenyl-14-methyl-7,9,11-trimethoxy-15-morpho-
lino-2(10),4,7,12,14,16-octacyclo[9.6.5.53,9.01,22.02,10.03,23.04,8.012,17]heptacosa-
hexaenyl (42d): Compound 4j (0.5 mmol, 180 mg) was treated with 40a
(0.5 mmol, 223 mg) in THF for 48h to give 42 d (462 mg, 85%). Rf� 0.29
(hexane/ethyl acetate 8:1); white solid; m.p. 183 ± 184 8C; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 1.01 ± 2.10 (m, 16H; CH2, cyclohexyl
rings), 2.29 (s, 3 H; CH3), 2.40 ± 2.61 (m, 2 H; CH bridge), 5.96 (t, 3J(H,H)�
4.4 Hz, 4 H; CH2N, morpholine), 3.44 (s, 3H; CH3O), 3.50 (d, 3J(H,H)�
1.8 Hz, 1H; CH, cyclopentadiene), 3.60 (s, 3H; CH3O), 3.70 (s, 3 H; CH3O),
3.87 (t, 3J(H,H)� 4.4 Hz, 4H; CH2O, morpholine), 4.67 (t, 3J(H,H)�
1.8 Hz, 1H; C�CH, cyclopentadiene), 6.62 (s, 1 H; CH, Ar), 6.69 (s, 1H;
CH, Ar), 6.69 ± 7.04 (m, 2 H; Ph), 7.12 ± 7.27 (m, 3H; Ph); 13C NMR
(75 MHz, CDCl3, 25 8C): d� 17.4 (CH3), 20.6 (CH2), 21.0 (CH2), 21.6 (CH2),
23.7 (CH2), 23.8 (CH2), 24.4 (CH2), 24.4 (CH2), 25.8 (CH2), 52.5 (CH2,
morpholine), 52.8 (C), 53.6 (CHC(OMe)), 54.6 (C), 54.7 (CH3), 58.9
(CHC(OMe)), 62.0 (C(OCH3)), 65.7 (C(OCH3)), 67.4 (CH2, morpholine),
74.5 (C�C(OCH3)), 93.7 (C(OMe)), 97.0 (C(OMe)), 111.7 (CH, Ar), 113.4
(C�CH), 116.2 (C�C(OMe)), 123.2 (CH, Ar), 126.2 (CH, Ph), 127.1 (CH,
Ph), 127.3 (C), 128.3 (CH, Ph), 139.8 (C), 141.5 (C), 144.5 (C), 146.6 (C),
154.2(C), 154.8 (C), 159.4 (C), 161.4 (C); HRMS (EI): m/z calcd for
C41H47NO4 [M�]: 617.3505, found: 617.3484; C41H47NO4 (617.8): calcd C
79.71; H 7.67; N 2.27; found: C 79.53; H 7.51; N 2.02.
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Photoacoustic Measurements of Porphyrin Triplet-State Quantum Yields
and Singlet-Oxygen Efficiencies


Marta Pineiro, Ana L. Carvalho, Mariette M. Pereira, A. M. d�A. Rocha Gonsalves,
Luís G. Arnaut,* and SebastiaÄo J. Formosinho


Abstract: Photoacoustic calorimetry was used to measure the quantum yields of
singlet molecular oxygen production by the triplet states of tetraphenylporphyrin
(TPP), ZnÿTPP and CuÿTPP in toluene, yielding values of 0.67� 0.14, 0.68� 0.19
and 0.03� 0.01, respectively. We show that a novel dichlorophenyl derivative of
ZnÿTPP is capable of singlet-oxygen production with a 0.90� 0.07 quantum yield.
The synthesis and characterisation of a new photostable chlorin with high absorptivity
in the red that is capable of singlet-oxygen production with 0.54� 0.06 quantum yield
is described. Our results suggest that chlorinated chlorins may be interesting new
sensitisers for photodynamic therapy.


Keywords: metalloporphyrins ´
photoacoustic calorimetry ´ por-
phyrinoids ´ singlet oxygen ´ sensi-
tizers


Introduction


The ubiquitous tetrapyrrolic macrocycles play highly diverse
roles in biological systems.[1±5] The natural roles of these
structures stimulated the search for new applications, exploit-
ing in particular the use of new synthetic porphyrins.[6] One of
the more recent and promising applications of porphyrin
chemistry in medicine is in the detection and cure of
tumours,[7, 8] referred to as photodynamic therapy (PDT).
The first reports of clinical trials of haematoporphyrin
derivatives (HPD) in PDT were followed by systematic
research for improved sensitisers over the last 20 years.[9]


A good photosensitiser must be able to selectively photo-
damage the tumour tissue, while being irradiated with visible
or, preferably, near-infrared light. Two mechanisms are
possible. In one mechanism the excited photosensitiser reacts
directly with substrate molecules in the tissue by electron- or
hydrogen-transfer reactions (Type I process). In the other, it
transfers energy to the ground state of molecular oxygen,
generating singlet oxygen (1Dg), which is the tissue-damaging
species (Type II process). Evidence favours the role of the


Type II photooxygenation process in cells.[7, 8] Adequate
sensitisers have specific biological and photochemical proper-
ties. The desired biological features of the sensitiser are:
1) little or no dark toxicity
2) selective accumulation and prolonged retention in tumour


tissues
3) controlled photofading to reduce the unwanted skin


photosensitivity side effects and increase light penetration
during therapy.


The chemical and photochemical requisites are:
1) stability, purity and long shelf-life
2) high absorption coefficient in the phototherapeutic win-


dow (600 ± 1000 nm)
3) high quantum yield for singlet molecular O2 (1Dg) sensi-


tisation.
The most important precursor of singlet oxygen is the


triplet state of the sensitiser, and a high singlet-oxygen
quantum yield requires at least three sensitiser triplet-state
properties: a near-unity quantum yield (FT� 1), an electronic
energy at least 20 kJ molÿ1 above that of singlet oxygen (ED�
94 kJ molÿ1), and a long lifetime (tT> 5 ms).


The quantum yield of the triplet state of porphyrins and
related macrocycles is a critical quantity in determining their
efficiency in PDT. However, uncertainties persist concerning
the triplet quantum yields of basic members of this family of
compounds. For example, studies on the triplet quantum yield
of 5,10,15,20-tetraphenylporphyrin (TPP) reported values
ranging from as low as FT� 0.67� 0.07[10] to as high as FT�
0.88� 0.03.[11] The triplet quantum yield of zinc 5,10,15,20-
tetraphenylporphyrinate (ZnÿTPP) is also subject to some
scatter; values of FT� 0.86[12] and FT� 0.97[13] can be found in
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the literature. The various methods available for measuring
the quantum yield of singlet-oxygen production have been
recently reviewed,[14] and the value of 0.62 was selected as the
standard value for FD of TPP in aerated CCl4. Other FD


values relevant to this work are 0.68 ± 0.93 for ZnÿTPP in
aerated benzene or toluene and<0.01 for CuÿTPP in aerated
CCl4. The use of photothermal methods to measure FD,
pioneered by Braslavsky and co-workers,[15, 16] is particularly
relevant to this work.


This work reports the use of photoacoustic calorimetry
(PAC),[17, 18] to measure energy-transfer rates and singlet-
oxygen sensitisation quantum yields for a selected range of
porphyrins and a chlorin (Figure 1). Some of these species are
new and include basic structures that can be derivatized with
more polar groups, notably hydroxyl and sulfonamide,[19]


which modulate the solubility of the photosensitisers and
their selective accumulation in specific tissues.[20]


Results


Porphyrin synthesis : 5,10,15,20-Tetrakisarylporphyrins have a
simple basic structure, but their characteristics can be
modified by peripheral structural changes. The methodology
first described by Rothemund in 1935[21] and modified by
Adler in 1967[22] was recently improved by Rocha Gonsalves
et al.[23] This methodology is now useful for the preparation of
large amounts of a wide range of pure porphyrins, which were
previously very difficult or impossible to prepare. A source of
potentially useful new porphyrins for PDT applications
became available.


In our approach, the aldehyde and pyrrole are made to
react in acetic acid or propionic acid in the presence of
nitrobenzene at 120 8C to give, very often by direct crystal-


Abstract in Portuguese: A calorimetria fotoacuÂstica foi
utilizada para determinar os rendimentos quaÃnticos de forma-
çaÄo de oxigØnio singuleto molecular pelos estados tripleto de
TPP, ZnÿTPP e CuÿTPP em tolueno, onde TPP representa a
tetrafenilporfirina na sua forma protonada ou desprotonada,
tendo-se obtido 0.67� 0.14, 0.68� 0.19 e 0.031� 0.01, respec-
tivamente. Um novo derivado da ZnÿTPP, com aÂtomos de
cloro nas posiçoÄes orto do grupo fenilo, produz oxigØnio
singuleto com um rendimento quaÃntico de 0.90� 0.07. EÂ


descrita a síntese e feita a caracterizaçaÄo de uma nova clorina
foto-estaÂvel, capaz de produzir oxigØnio singuleto com um
rendimento quaÃntico de 0.54� 0.06. Estes resultados sugerem
que clorinas cloradas podem ser sensibilizadores apropriados
para a terapia fotodinaÃmica.


Figure 1. Structural diagram of porphyrin and chlorin macrocycles. Abbreviations: TPP, 5,10,15,20-tetraphenylporphyrin; ZnÿTPP, ZnII 5,10,15,20-
tetraphenylporphyrinate; CuÿTPP, CuII 5,10,15,20-tetraphenylporphyrinate; MnÿTPP, MnIII 5,10,15,20-tetraphenylporphyrinate; ZnÿTDFPP, ZnII


5,10,15,20-tetrakis(2,6-difluorophenyl)porphyrinate; ZnÿTDCPP, ZnII 5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrinate; TNP, 5,10,15,20-tetranaphthyl-
porphyrin; ZnÿTNP, ZnII 5,10,15,20-tetranaphthylporphyrinate; TNC, 5,10,15,20-tetranaphthylchlorin.
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lisation, the corresponding porphyrin free of any chlorin
contamination. Yields of porphyrins are presented in Figure 1,
and their full characterisation is described in the Experimen-
tal Section. The effect of nitrobenzene as oxidant and
aromatizing agent was described in the synthesis of other
aromatic compounds[24, 25] and also in the oxidation of
porphyrinogen to porphyrins or chlorins.[26]


The Zn and Cu complexes were easily prepared by
refluxing the porphyrins in the presence of the desired acetate
salt with dimethylformamide as solvent.[27]


Yields are presented in the Experimental
Section. Our interest in obtaining compounds
with high absorption coefficients prompted us
to synthesise 5,10,15,20-tetranaphthylchlorin
(TNC) by refluxing the corresponding por-
phyrin in g-picoline in the presence of p-
toluenesulfonylhydrazine and sodium carbo-
nate for about 6 hours.[28] After preparative
TLC purification, the new 5,10,15,20-tetra-
naphthylchlorin was isolated; its full charac-
terisation is presented in the Experimental
Section.


Porphyrin photophysics and photochemistry :
The relevant data from the absorption and
luminescence spectra of the porphyrins and
chlorin are summarised in Table 1. The con-
centrations used in our spectroscopic and PAC
studies were in the 10ÿ7 ± 10ÿ5m range. The
Beer ± Lambert Law was always obeyed in this
concentration range, and we found no evi-
dence for aggregation. The present results are


in good agreement with the available literature data for TPP
and the corresponding porphyrinates.[29±31] The spectroscopic
singlet-state energies (ES) were obtained from the intersec-
tion of the normalised absorption and fluorescence spectra. In
Figure 2 we show the absorption, fluorescence excitation and
fluorescence emission spectra of TNC. The Stokes shifts of the
free bases are very small, and the spectroscopic energies are
nearly identical to the relaxed energies of the singlet states.
The same is probably true for the triplet states[32] , and the


Table 1a. Absorption and luminescence data of the free bases in deaerated toluene solutions.


Absorption lmax [nm] (e [mÿ1 cmÿ1]) Fluorescence
lmax [nm] (RT)


Phosphorescence
lmax [nm] (77 K)


ES


[kJ molÿ1]
FF ET


[kJ molÿ1]
Qx (0 ± 0) Qx(1 ± 0) Qy (0 ± 0) Qy(1 ± 0) B(0 ± 0) Q(0 ± 0) Q(0 ± 1) T(0 ± 0) T(0 ± 1)


TPP 649.8 592.0 548.0 514.6 418.8 652 719 183.9� 0.3 0.10� 0.01 138.0[a]


(9.6� 103) (1.0� 104) (1.16� 104) (1.8� 104) (2.67� 105)
TNP 654.0 589.5 548.5 514.0 423.0 654 715 766 778 183.8� 0.3 0.16� 0.02 153.9� 1.9


(5.16� 103) (8.61� 103) (7.67� 103) (2.4� 104) (3.81� 105)
TNC 652.0 601.8 542.8 517.0 423.4 657 721 775 182.9� 0.7 0.36� 0.02 154.5� 0.7


(3.7� 104) (1.9� 103) (4.5� 103) (1.0� 104) (1.57� 105)


[a] Ref [27].


Table 1b. Absorption and luminescence data of the free bases in deaerated toluene solutions.


Absorption lmax [nm] (e [mÿ1 cmÿ1]) Fluorescence lmax [nm] (RT) Phosphorescence
lmax [nm] (77 K)


ES [kJ molÿ1] FF ET [kJ molÿ1]


Q(0 ± 0) Q(1 ± 0) B(0 ± 0) Q(0 ± 0) Q(0 ± 1) Q(0 ± 2) T(0 ± 0) T(0 ± 1)


Zn-TPP 588.4 549.6 423.4 600 648 715 757 ± 201.5� 2.0 0.033� 0.005 160.0� 1.0
(2.8� 103) (1.21� 104) (4.52� 105)


Zn-TNP 583 549.2 426.2 595 644 770 ± 203.5� 2.1 0.077� 0.005 157.0� 1.0
(8.28� 102) (1.56� 104) (2.73� 105)


Zn-TDFPP 546.0 420.8 588 644 720 737 ± 211.5� 7.8 < 10ÿ4 160.3� 1.0
(1.45� 104) (3.15� 105)


Zn-TDCPP 586.6 550.4 423.8 595 652 725 754 ± 202.7� 1.4 < 10ÿ4 163.9� 1.9
(3.6� 103) (1.22� 104) (2.42� 105)


Cu-TPP 539.8 418.4 [a] [a] 738 ± 205.3[b] [a] 163.7� 1.2
(1.65� 104) (2.4� 105)


[a] We observe a residual fluorescence atributable to TPP, suggesting that our sample of Cu-TPP is only 98% pure. [b] Ref. [29].


Figure 2. Absorption, fluorescence excitation and emission (normalised) spectra of TNC in
toluene at room temperature. The phosphorescence spectrum of TNC was obtained in
deaerated toluene at 77 K.
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maximum of the highest energy phosphorescence band was
used to obtain the triplet energies (ET) presented in Table 1.
The Stokes shifts of the zinc porphyrins correspond to 3 ±
4 kJ molÿ1. Thus, we add 1.5 kJ molÿ1 to the energy corre-
sponding to the maximum of the first vibrational band in the
phosphorescence spectrum of Zn ± porphyrins to obtain the
ET energies presented in Table 1. The same procedure was
followed to obtain the triplet energy of CuÿTPP from the the
phosphorescence maximum obtained in this work (lmax�
738 nm), which is in good agreement with that reported by
Harriman.[31]


Time-resolved PAC is based on the measurement of the
acoustic wave generated by the heat released in the non-
radiative processes following electronic excitation. The ex-
perimental wave (E-wave) of the sample studied is compared
with that of the pressure transducer (T-wave). The T-wave is
obtained with a calorimetric reference absorbing the same
fraction of light as the sample and releasing it as thermal
energy in a time much shorter than the transducer oscillation
frequency. The phase and amplitude differences between the
T- and E-wave allow for the simultaneous determination of
the thermal energy released by the transients and their
lifetimes. Typical background-corrected reference and sample
signals are shown in Figure 3.


CoÿTPP and ZnÿTPP have been used as PAC references.[32]


Whereas the first of these compounds is radiationless, the use
of the second one in PAC requires a correction for its
fluorescence. The use of 5,10,15,20-tetrakis(p-sulfonylphe-
nyl)porphyrin as calorimetric reference in aqueous solu-
tions[33] has been shown to be inadvisable.[34] The same is
probably true for any compounds yielding long-lived tran-


sients. For this reason, we selected MnÿTPP as the calori-
metric reference for our PAC studies in the visible and tested
it against reliable calorimetric references in the UV and
visible. It is known than MnÿTPP is very weakly lumines-
cent,[35, 36] is soluble in a wide range of solvents and absorbs
strongly in the 350 ± 550 nm region. The absorption spectrum
of MnÿTPP did not change as a result of prolonged irradiation
with the N2 laser. We compared the acoustic waves of
MnÿTPP and 2-hydroxybenzophenone (HBP), an established
PAC reference for UV irradiation,[17] using the N2 laser. The
linearity of the photoacoustic response of MnÿTPP with the
fraction of laser energy absorbed is not distinguishable from
that of HBP in toluene solutions. We also tested the photo-
acoustic response of MnÿTPP with irradiation at 337 nm in
ethanol/water (1:1 by volume) against that of K2CrO4. When
the fraction of energy absorbed is less than 50 % of the N2-
laser energy, the photoacoustic responses of MnÿTPP and
K2CrO4 solutions are linear (correlation coefficient better
than 0.990) and have indistinguishable slopes. MnÿTPP and
K2CrO4 give slightly larger waves than HBP in this solvent
mixture. It is known that the ground-state repopulation of
HPB in non-hydrogen-bonding solvents is 35� 5 ps, but in
ethanol a fraction of the molecules populate the triplet state,
which has a 1.5 ns lifetime.[37] This advises against the use of
HPB as a PAC reference in hydrogen-bonding solvents.
Finally, we tested MnÿTPP against trans-b-carotene (Aldrich)
in toluene at 421 nm, because trans-b-carotene has a singlet-
state lifetime of 8.4� 0.6 ps[38] and a fluorescence quantum
yield of 6� 10ÿ5.[39] The photoacoustic responses of MnÿTPP
and trans-b-carotene are linear with the fraction of laser
energy absorbed and have identical slopes.


We interpret the waves of N2-saturated
samples with two sequential exponentials, the
first one for the formation of the triplet state of
the sensitiser and the second one for its decay
(Figure 4). The formation of the triplet state is
faster than the time resolution of our experi-
ments, and we arbitrarily set the lifetime of the
first exponential decay to t1� 1 ns; smaller
values of t1 do not change the other parameters
in the deconvolution. This is not strictly true for
CuÿTPP, because t2 is small. For this system we
set t1 to 0.1 ns. We interpreted the waves of air-
saturated samples with three sequential expo-
nentials, the second one representing the two
decay channels now available for the triplet
(energy transfer to oxygen or nonradiative
decay to the ground state), and the last one
associated with the decay of singlet oxygen.
Each decay step is described by two parame-
ters: the lifetime of the transient and the
fraction of thermal energy released in that
lifetime (Figure 4). The convolution of the
reference wave with parameters of the kinetic
model for the decay of transient species gives a
calculated E-wave. The appropriateness of the
kinetic model and its parameters to describe
the observed E-wave can be evaluated by the
difference between the amplitudes of observed


Figure 3. Typical sample photoacoustic wave, E-wave (obs) and reference wave (T-wave),
obtained in a PAC experiment. The E- and T-waves depicted were corrected for the
background signal and normalised. The normalisation factor is the reciprocal of the largest
absolute value of the T-wave. The sample (TNP), reference (MnÿTPP) and solvent (toluene)
data were obtained under the following experimental conditions: irradiation at 517 nm of N2-
saturated solutions with a filter with 93 % transmittance; absorbance of 1.50 at 517 nm;
solution flow of 1 mL minÿ1. The calculated wave, E-wave (calcd), was obtained with two
sequential exponential decays with lifetimes t1� 1 ns and t2� 5.5 ms and fractions of heat
released f1� 0.2995 and f2� 0.3052. Res�E-wave(calc)ÿE-wave(obs).
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and calculated E-waves at each decay time. As shown in
Figure 3, that difference is typically 1/100 of the amplitude of
the sample wave. The decay parameters were obtained by
deconvolution of the background-corrected and normalised
E- and T-waves with the algorithm described by Melton and
co-workers.[40]


The fractions of laser energy released by each system were
measured at four different laser intensities. In some systems,
the first fraction of energy released varied with the laser
intensity. We used the Student�s t test, at the 95 % confidence
level, to decide whether the values obtained at the different
laser energies were significantly different. When the differ-
ences were significant, we plotted the first fraction of energy
released as a function of the laser energy and obtained linear
correlation coefficients greater than 0.96. The difference was
assigned to transient ± transient absorption and was corrected
by extrapolating the fraction of energy released to zero laser
intensity.


Discussion


The absorption and emission spectra of porphyrins and
chlorin exhibit the typical features of this class of compounds.
It is worth mentioning the large molar absorption coefficient
of the Qx(0,0) band of TNC (e652� 37 000 mÿ1 cmÿ1).


The series of halogenated ZnII complexes show fluores-
cence quenching due to the heavy-atom effect in the
intersystem-crossing rate. This effect was also described by
Quimby and Longo[30] for halogen substituents positioned on
phenyl rings of the free base and ZnII 5,10,15,20-tetrakis-
(2-chlorophenyl)porphyrinates in benzene. However, these


authors reported that the fluores-
cence yield of ZnII 5,10,15,20-tetra-
kis(2-chlorophenyl)porphyrinate
was larger than that of ZnÿTPP.
This unexplained result has no
parallel in ZnÿTDCPP. Actually
we find that introducing two halo-
gens in the ortho positions of the
phenyl ring is as effective in
quenching fluorescence as halo-
genation in the meso positions of
the porphyrin.[41]


Energy conservation in N2-satu-
rated samples requires that the
energy of the laser light absorbed
(Ehn) be given by Equation (1),
where EF is the integrated radiative


Ehn(N2)�EF�Ehnf1�Ehnf2 (1)


energy of the singlet state, f1 and
f2 are the fractions of laser energy
released as thermal energy in the
lifetimes t1 and t2 , respectively.
The spectroscopic energy of the
singlet (ES) is an upper limit of EF.
This is given by Equation (2),


where IF and I0 are the intensities of emitted and absorbed
light, and accounts for the energy emitted by the singlet at
each frequency. For a Gaussian emission band, Equation (2)
can be approximated by Equation (3), where EnÄmax


is the
energy at the maximum fluorescence intensity.


EF�
�


EF(n) IF(n)/I0 dn (2)


EF�Enmax
FF (3)


When two or more emission bands are observed, they can
be broken into a series of Gaussians, each centred around a
maximum. The thermal energy released in a time shorter than
the resolution of the 2.25 MHz transducer (t1< 10 ns) is due
to the formation of the relaxed singlet followed by the
formation of the triplet and by the internal conversion to the
ground state (internal conversion quantum yield FIC). The
ground-state species formed by fluorescence also relax in this
time window and contribute (DEr FF) to the thermal energy
dissipated in lifetime t1 [Eq. (4)].


Ehnf1� (EhnÿES)� (ESÿET)FT�ES FIC�DEr FF (4)


The thermal energy released in the longer decay is
associated with the triplet-state energy [Eq. (5)], but triplets
with lifetimes longer than t2> 10 ms are difficult to follow with


Ehnf2�ET FT (5)


the 2.25 MHz transducer. In such cases, FT can be obtained
from Equation (4) from the value of f1 determined by PAC,
ET from phosphorescence measurements (Table 1) and Equa-


Figure 4. Photoinduced processes: a) in the absence and b) in the presence of molecular oxygen. Full lines:
radiative processes; dashed lines: radiationless processes. DEr represents the relaxation energy of the
ground-state species formed radiatively from the lowest excited singlet state. In our PAC measurements the
radiationless processes in a) are described by two sequential exponentials: formation of the triplet state and
internal conversion to the ground state, followed by decay of the triplet. In b) there are three sequential
exponentials: formation of the triplet state and internal conversion to the ground state, followed by decay of
the triplet by intersystem crossing or energy transfer to oxygen and, finally, the decay of singlet oxygen.
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tion (6), where FF is given by fluorescence measurements
(Table 1). From Equations (4) and (6) we obtain Equa-
tion (7), because ES�Enmax


�DEr. The values of FT deter-
mined by this procedure are presented in Table 2.


FIC� 1ÿFTÿFF (6)


FT� [(1ÿf1)EhnÿFF Enmax
]ET (7)


Energy conservation in air-saturated samples yields Equa-
tion (8), where Ehnf1, Ehnf2 and Ehnf3 are given by Equa-
tions (9), (10) and (11), respectively, and Fisc represents the
intersystem-crossing quantum yield from the triplet to the
ground state in the presence of oxygen (FT fT


D�Fisc�FT).


Ehn(air)�Enmax
FF�Ehnf1�Ehnf2�Ehnf3 (8)


Ehnf1� (EhnÿES)� (ESÿET)FT�ES FIC�DEr FF (9)


Ehnf2� (ETÿED) FT fT
D�ET Fisc (10)


Ehnf3�ED FT fT
D (11)


The decay of singlet oxygen in toluene (tD� 17.4 ms[42]) is
difficult to follow with the 2.25 MHz transducer. However, we
can obtain the fraction of triplet states quenched by oxygen,
which gives singlet oxygen (fT


D) either by rearranging Equa-
tion (10) to Equation (12) or by adding Equations (9) and (10)
together to give Equation (13). The values of fT


D and FD


(�FTfT
D) presented in Table 2 were obtained with Equa-


tion (12) because they are not sensitive to cumulative errors in
the measurement of f1 and f2 .


FT fT
D�
�FT ET ÿ Ehn �2�


ED


(12)


FT fT
D�
�1ÿ �1 ÿ �2�Ehn � �1ÿFT�ET ÿ ES FF


ED


(13)


It has been argued that structural volume changes accom-
pany thermal expansion in the triplet state formation of some
porphyrins, and that both contribute to PAC signals.[34, 43] The
relevance of such structural volume changes to our studies can
be assessed by use of ZnÿTDCPP, because its triplet decays in
the time window of our experiments, and because the energy


lost by room-temperature luminescence can be neglected.
Equation (7) with the experimental value of f1� 0.4121�
0.058, FT� 1 and FF� 0, gives ET� 167.2� 0.5 kJ molÿ1 in
good agreement with the energy obtained from phosphor-
escence (ET� 163.9� 1.9 kJ molÿ1). On the other hand, Equa-
tion (5) with the experimental value of f2� 0.487� 0.197,
gives ET� 139� 56 kJ molÿ1. In this system we obtain f1�
f2� 0.90� 0.25 in the absence of oxygen. The large uncer-
tainty in the value of f2 reflects the difficulty of measuring
microsecond lifetimes with the 2.25 MHz transducer.


According to the mechanism of triplet-state quenching
discussed in detail by Wilkinson [Eq. (14) ± (16)],[44] the rate
constant of the quenching by oxygen (kq� kTD� kTS) can be
obtained from the lifetimes of the triplet in N2 and air-
saturated solutions from Equation (17), taking [O2]� 1.81�
10ÿ3m in toluene at room temperature.[42]


3M ÿ! 1M (14)


3M� 3O2 ÿ!kTD 1M� 1O2 (15)


3M� 3O2 ÿ!
kT
P


quenching (16)


kq[O2]�
1


t2�N2�
ÿ 1


t2�air� (17)


When t2(N2)> 10 ms we simply take kq[O2]� 1/t2(air).
Some properties of the triplet states of the porphyrins and
chlorin are presented in Table 2. The present results are in
good agreement with the literature data for TPP, ZnÿTPP and
CuÿTPP. The fractions of O2 (1Dg) formed from the triplet
state of the sensitisers are all close to unity (fT


D� 1), except for
CuÿTPP, which will be discussed below. This indicates that
kTD� 10 kTS.


Following the pioneering work of Porter,[45] it is believed
that when kq� 1/9 kdiff the quenching of triplet states by
molecular oxygen follows an energy-transfer mechanism. In
toluene at room temperature 1/9 kdiff� 3.4� 109 mÿ1 sÿ1.[42] The
rates measured in our study are slightly below 1/9 kdiff and, with
the exception of CuÿTPP, tend to decrease as ET increases
(Figure 5). A similar trend for energy gaps (DE�ETÿED)
between 40 and 200 kJ molÿ1 was also apparent in the work of
Porter and was investigated in detail by Schmidt and co-
workers.[46] The energy-gap dependence of long-distance


Table 2. Quantum yields and triplet lifetimes in toluene measured by time-resolved photoacoustic calorimetry.[a]


FT FD
[b] FD


[c] fT
D tT(N2) tT(O2) kq� 10ÿ9


[ns] [ns] [mÿ1 sÿ1]


TPP 0.73� 0.10 0.67� 0.14 0.55 ± 0.72 0.92� 0.22 > 10000 196� 6 2.82� 0.02
TNP 0.86� 0.13 0.97� 0.10 1.13� 0.20 > 10000 264� 7 2.09� 0.01
TNC 0.55� 0.10 0.54� 0.06 0.98� 0.17 1390� 99 545� 130 0.62� 0.12
Zn-TPP 0.86� 0.17 0.68� 0.19 0.68 ± 0.92 0.79� 0.26 > 10000 309� 31 1.79� 0.07
Zn-TNP 0.90� 0.10 0.76� 0.11 0.84� 0.15 > 10000 424� 34 1.30� 0.08
Zn-TDFPP 0.99� 0.04 0.99� 0.05 1.00� 0.06 5921� 597 604� 5 0.82� 0.06
Zn-TDCPP 1.02� 0.01 0.90� 0.07 0.88� 0.07 4185� 890 738� 59 0.62� 0.02
Cu-TPP 0.88� 0.02 0.03� 0.01 < 0.01[d] 0.04� 0.01 17.8� 1.5 15.9� 0.7 11.6� 0.09


[a] The uncertainties are calculated for a 95% confidence level. [b] Values of FD(TNP)� 0.66, FD(TNC)� 0.68 and FD(Zn-TNP)� 0.77 relative to
FD(TPP)� 0.66 were measured, with the same samples, at the Free Radical Research Facility of the Paterson Institute for Cancer Research (Manchester,
U.K.) by means of the method described by Bonnett et al in ref. [10]. [c] Range of values in benzene or toluene solutions reported in ref. [14]. [d] Limit in
CCl4 reported in ref. [14].
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Figure 5. Energy-gap dependence of triplet-quenching rate constants by
molecular oxygen (ED� 94 kJmolÿ1). The circle represents the quenching
of the triplet state of TNC, and suggests that chlorins and porphyrins have
different Franck ± Condon factors. The triangle represents the quenching of
CuÿTPP, which follows a different mechanism.


triplet energy-transfer rates was interpreted as the simulta-
neous transfer of two electrons,[47, 48] with the electron-
exchange mechanism originally proposed by Dexter.[49] A
quantitative interpretation of long-distance triplet energy-
transfer reaction rates was offered by the intersecting-state
model (ISM).[50] The rates of energy transfers taking place
between reactants in close contact, such as those measured in
this study, will depend on the details of the orbital interactions
that allow electron exchange.[51] Such electron exchanges may
have some inner-sphere character, and the energy-transfer
rates calculated with ISM assuming an outer-sphere mecha-
nism tend to underestimate the experimental rates, especially
for near-resonance transfers.


The luminescence of CuÿTPP originates from the triplet
manifold of the porphyrin.[52, 53] Adding the 1.5 kJ molÿ1


correction to the energy obtained from the maximum of the
emission band we obtain ET� 163.7 kJ molÿ1. Equation (7),
with f1� 0.4967� 0.0133 and FF� 0, gives FT� 0.88� 0.02.
This result may be unexpected in view of the fast intersystem-
crossing rates. However, the transient absorption of CuÿTPP
in toluene relaxes by 10 ± 15 % between 40 ps and 2.4 ns,[54]


and FT should be in the range of 0.85 ± 0.90. Our results
suggest that most of the initially excited singdoublet (2Q)
relaxes very rapidly to the emissive tripdoublet (2T) and
tripquartet (4T) states, while a smaller fraction returns to
the ground state (2S0) probably via a charge-transfer (CT)
state.


The relevance of a low-energy CT state in CuÿTPP is
supported by the large triplet-quenching rate in the presence
of molecular oxygen. Wilkinson proposed the involvement of
CT complexes in oxygen quenching to account for rate
constants larger than 1/9 kdiff.[55, 56] When triplet quenching via
CT complexes is diffusion-limited, the quenching rate con-
stant expected is 4/9 kdiff (� 1.4� 1010 mÿ1 sÿ1 in toluene), and
the limiting value of fT


D is 0.25. We calculated fT
D� 0.038 using


Equation (12), which presumes a phosphorescence quantum
yield FP� 0 in room-temperature air-saturated toluene sol-
utions of CuÿTPP. It seems that in the encounter complex
between excited CuÿTPP and molecular oxygen the energy of
the CT state is lowered and becomes a very effective
dissipative channel.


Conclusions


This work describes a reliable methodology for the measure-
ment of singlet-oxygen quantum yields in solution by means
of time-resolved photoacoustic calorimetry and luminescence
techniques. We show that the presence of two chlorine atoms
in the ortho positions of the phenyl ring in TPP is sufficient to
increase the intersystem crossing rate to yield the triplet state
quantitatively, and yet this state lives long enough to sensitise
singlet oxygen with unit quantum yield. The presence of low-
energy charge-transfer states may accelerate the sensitisation
of singlet oxygen, but it also opens other radiationless
channels that waste a significant part of the energy absorbed.


The molecules synthesised in this study have the photo-
chemical properties required for a good PDT sensitiser.
However, none gather all the necessary biological and
photochemical properties simultaneously. The synthesis of
chlorins with hydroxyl and sulfonamide substituents, in
addition to chlorine substituents, is in progress in our
laboratory and is expected to more closely approach the
desired properties of a PDT sensitiser.


Experimental Section


Instrumentation : 1H NMR spectra were recorded on 300 Mhz Bruker -
AMX spectrometer. Mass spectra were obtained on a VG autospec and
elemental analysis on EA1108-CHNS-0 Fisons Instruments. Absorption
and luminescence spectra were recorded with Shimadzu UV-2100 and
SPEX Fluorog 111 spectrophotometers, respectively.


Luminescence measurements : Fluorescence quantum yields (FF) were
measured by the method described by Parker and Rees.[57] Carefully diluted
solutions of each porphyrin in toluene with absorbance 0.02 at the
excitation wavelength (417 nm) were deaerated with N2 saturated in
toluene and kept in the dark before the measurements. Using 1,4-
dihydroxyanthraquinone as reference,[58] we obtained FF� 0.10 for TPP,
in agreement with literature data.[30] The other FF values were obtained
with FF� 0.10 for TPP. The phosphorescence studies were carried out in
toluene at liquid nitrogen temperature, with excitation at the Soret band.
Second-order harmonics were eliminated with appropriate filters. Fluo-
rescence and phosphorescence excitation spectra were obtained for all the
porphyrins and agreed well with the corresponding absorption spectra.


Photoacoustic measurements : The PAC apparatus follows the front-face
irradiation design described by Arnaut et al. (Figure 6).[18] The solutions
were pumped through a 0.11 mm thick cell at a 1 mL minÿ1 flow rate with
an SSI chromatography pump, and irradiated with an unfocused PTI dye
laser (model PL2300), pumped by a N2 laser working at a frequency of
2 Hz. TPP, ZnÿTPP, ZnÿTNP, ZnÿTDFPP, ZnÿTDCPP and CuÿTPP were
irradiated at 421 nm, whereas TNP and TNC were irradiated at 517 nm.
More than 99 % of the light impinging on the front-face dielectric mirror is
reflected back into the solution; the rest is transmitted, minimising the
background signal. We measured the N2 laser energy using Aberchrome
(Aberchromics Ltd.) as actinometer and obtained 1.0 mJ/pulse in the PAC
cell; the energy of the dye lasers is about 10 % that of the N2 laser. A small
fraction of the laser beam was deflected to a photodiode in order to trigger
the digital storage oscilloscope (Tektronix DSA 601, 1 Gs sÿ1, two chan-
nels). The acoustic waves generated by nonradiative processes following
light absorption in the cell were detected with a 2.25 MHz Panametrics
transducer (model A106S), pre-amplified with a Panametrics ultrasonic
preamplifier (model 5676), captured by the transient recorder and trans-
ferred to a PC for data analysis. The decay of the triplet state of CuÿTPP
was measured with a Panametrics 15 MHz transducer (model A113S) given
the short lifetime expected: 29 ns in toluene.[59] Prior to each PAC
experiment, we matched to better than 1 % the absorbances of sample
and reference at the irradiation wavelength. We collected and averaged
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100 acoustic waves of the sample, reference and pure solvent in the same
conditions. Four sets of averaged sample, reference and solvent waves were
used for data analysis at a given laser intensity, and four laser intensities
were employed in each experiment. These laser intensities were obtained
by interposing filters with transmissions in the 30 to 100 % range. The
sample solutions used in the oxygen photosensitisation measurements were
saturated with air; in the other measurements they were deaerated by
purging with solvent-saturated N2. The pure solvent signal was scaled by
the fraction of light absorbed by the sample in the PAC cell (typically 5%)
and subtracted from the sample and reference signals. All the measure-
ments were made in toluene solutions with Mn-TPP as photoacoustic
reference.


Materials : All solvents and reagents (Aldrich) were purified by standard
methods before use. The toluene employed in PAC studies was first washed
with sulfuric and nitric acids and then with distilled water until neutralisa-
tion. Most of the water was removed by adding anhydrous CaCl2; the
toluene was then filtered and distilled over P2O5. We added sodium and
benzophenone to the distilled toluene, and refluxed the mixture until it
turned blue, indicating that all traces of water were eliminated. The toluene
was then re-distilled.


General porphyrin syntheses : Porphyrins were synthesised by a method
developed by Rocha Gonsalves et al.[23] The general procedure is as follows.
In a typical reaction, arylaldehyde (0.4� 10ÿ3 mol) were dissolved in a
mixture of acetic acid (140 mL, 2.45 mol) and nitrobenzene (70 mL,
0.68 mol), and the temperature was raised to 120 8C. Pyrrole (2.8 mL, 0.4�
10ÿ3 mol) was then added. The reaction was followed by UV/Vis spectro-
scopy, and the temperature was maintained until the Soret-band intensity
reaches a maximum. The solution was cooled to room temperature to give
porphyrin crystals, which were filtered off, washed with methanol and
dried. Simple recrystallisation from dichloromethane/methanol (10:1) gave
the compounds with yields and characterisation presented below.


5,10,15,20-Tetraphenylporphyrin : Yield: 20 %; 1H NMR (300 MHz,
CDCl3): d� 8.89 (s, 8H), 8.19 ± 8.31 (m, 12 H), 7.75 (m, 8 H), ÿ2.77 (br s,
2H); MS (FAB): m/z� 615 (molecular ion); C44H30N4: calcd C 85.97, H
4.92, N 9.12; found C 85.71, H 4.78, N 9.02.


5,10,15,20-Tetrakis(2,6-difluorophenyl)porphyrin : Yield: 11%; 1H NMR
(300 MHz, CDCl3): d� 8.88 (s, 8H), 7.73 ± 7.89 (m, 4 H), 7.32 ± 7.44 (m, 8H),
ÿ2.76 (br s, 2H); MS (FAB): m/z� 759 (molecular ion); C44H22N4F8: calcd
C 69.66, H 2.92, N 7.38; found C 69.72, H 2.91, N 6.91.


5,10,15,20-Tetrakis(2,6-dichlorophenyl)porphyrin : Yield: 5%; 1H NMR
(300 MHz, CDCl3): d� 8.62 (s, 8 H), 7.65 ± 7.85 (m, 12 H), ÿ2.59 (br s, 2H);
MS (FAB): m/z� 887 ± 905 (Cl isotopes for molecular ion); C44H22N4Cl8:
calcd C 59.36, H 2.49, N 6.29; found C 59.30, H 2.47, N 6.25.


5,10,15,20-Tetranaphthylporphyrin : Yield: 23%;
1H NMR (300 MHz, CDCl3): d� 8.47 (s, 8H),
8.21 ± 8.30 (m, 8 H), 8.09 ± 8.12 (d, 4 H), 7.79 ± 7.85
(m, 4H), 7.44 ± 7.49 (m, 4H), 7.08 ± 7.21 (m, 8H),
ÿ2.25 (br s, 2 H); MS (FAB): m/z� 815 (molecular
ion); C60H38N4: calcd C 88.42, H 4.70, N 6.88; found
C 88.44, H 4.71, N 6.86.


5,10,15,20-Tetranaphthylchlorin synthesis : We used
the method of Whitlock[28] to synthesise this
chlorin. 5,10,15,20-Tetranaphthylporphyrin (0.05 g,
0.06 mmol) and sodium carbonate (3 g, 0.02 mol)
were dissolved in freshly distilled g-picoline
(50 mL), and the mixture was heated to 140 8C. A
solution of p-toluenesulfonylhydrazine in g-pico-
line (10 mL, 0.4m) was added to the reaction
mixture. The reaction, monitored by UV/Vis spec-
troscopy, was complete in 6 hours. After workup,
the product was chromatographed with dichloro-
methane/hexane (1:3) in silica preparative thin-
layer, and the second fraction was separated. The
silica was washed with dichloromethane, and the
chlorin was recrystallised from dichloromethane/
hexane (10:1). Yield: 51 %; 1H NMR (300 MHz,
CDCl3): d� 8.29 ± 8.31 (m, 6H), 8.14 ± 8.22 (m, 8H),
8.08 ± 8.09 (m, 8 H), 7.94 ± 8.03 (m, 8H), 7.78 ± 7.83
(m, 4H), 7.40 ± 7.54 (m, 4H), 3.80 (s, 4H), ÿ0.99 (s,


2H); MS (FAB): m/z� 817 (molecular ion); C60H40N4: calcd C 88.20, H
4.94, N 6.86; found C 88.18, H 4.91, N 6.84.


General metalloporphyrin syntheses : Porphyrin metal complexes were
synthesised by the method of Adler.[27] Porphyrin (0.07 mmol) was
dissolved in dimethylformamide (50 mL) and heated to 150 8C. The desired
metal acetate salt (0.4 mol) was added. The reaction was monitored by UV/
Vis spectroscopy. After workup, the metal complex was purified by silica-
gel column chromatography with the appropriate dichloromethane/hexane
ratio. Recrystallisation from dichloromethane/hexane gave the isolated
products with yields described below.


MnIII 5,10,15,20-tetraphenylporphyrinate acetate : Yield: 89%; MS (FAB):
m/z� 667 (molecular ionÿ acetate); UV/Vis (toluene): l (e)� 477.40
(1.1� 105), 534.0 (5.4� 103), 585.4 (8.4� 103), 621.0 nm (9.9� 103). Al-
though this is a MnIII complex involving acetate ion as ligand, we abbreviate
it as MnÿTPP. C46H31N4O2Mn: calcd C 77.74, H 4.40, N 7.88; found C 77.64,
H 4.51, N 7.84.


ZnIII 5,10,15,20-tetraphenylporphyrinate : Yield: 90 %; 1H NMR (300 MHz,
CDCl3): d� 8.85 (s, 8 H), 8.20 (m, 8 H), 7.75 (m, 12 H); MS (FAB): m/z�
676 (molecular ion). C44H28N4Zn: calcd C 77.93, H 4.16, N 8.26; found C
76.94, H 4.12, N 7.80.


CuII 5,10,15,20-tetraphenylporphyrinate : Yield: 86%; C44H28N4Cu: calcd C
78.15, H 4.17, N 8.28; found C 78.12, H 4.48, N 8.28.


ZnII 5,10,15,20-tetranaphthylporphyrinate : Yield: 93%; 1H NMR
(300 MHz, CDCl3): d� 8.56 (s, 8H), 8.20 ± 8.30 (m, 8H), 8.09 ± 8.12 (d,
4H), 7.80 ± 7.85 (m, 4H), 7.44 ± 7.49 (m, 4H), 7.07 ± 7.23 (m, 8H);
C60H36N4Zn: calcd C 82.05, H 4.13, N 6.38; found C 81.97, H 4.71, N 6.41.


ZnII 5,10,15,20-tetrakis(2,6-difluorophenyl)porphyrinate : Yield: 87 %; 1H
NMR (300 MHz, CDCl3): d� 8.81 (s, 8 H), 7.60 ± 7.74 (m, 4 H), 7.20 ± 7.36
(m, 8H); MS (FAB): m/z� 822 (molecular ion); C44H20N4F8Zn: calcd C
64.29, H 2.45, N 6.82; found C 63.71, H 2.96, N 6.35.


ZnII 5,10,15,20-tetrakis(2,6-chlorophenyl)porphyrinate : Yield: 67%; 1H
NMR (300 MHz, CDCl3): d� 8.70 (s, 8H), 7.60 ± 7.80 (m, 12H); MS (FAB):
m/z� 954 (peak centred); C44H20N4Cl8Zn: calcd C 55.42, H 2.11, N 5.87;
found C 55.64, H 2.42, N 5.64.
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Figure 6. Front-face cell used in PAC. The dielectric mirrors are specific for each dye laser and
reflect more than 99.5 % of the incident light. The remaining light is transmitted. The laser beam is
defocused to match the diameter of the transducer.
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Gold(i) and Gold(iii) Complexes with the 1,1'-Bis(diethyldithiocarbamate)-
ferrocene Ligand


M. ConcepcioÂ n Gimeno, Peter G. Jones, Antonio Laguna,* Cristina Sarroca,
Maria J. Calhorda, and Luis F. Veiros


Abstract: The reaction of FcLi2 ´
TMDA [Fc� (h5-C5H4)2Fe; TMDA�
tetramethylenediamine] with (S2CNEt2)2


affords the ferrocene derivative
Fc(S2CNEt2)2, which reacts with several
gold(i) or gold(iii) precursors. Thus the
treatment with [AuCl(tht)] (tht� tetra-
hydrothiophene) or [Au(OTf)(PPh3)]
(OTf� trifluoromethanesulfonate) gives
the complexes [Au2Cl2{Fc(S2CNEt2)2}]
or [Au2(PPh3)2{Fc(S2CNEt2)2}](OTf)2.
The gold(iii) derivatives [Au2{(C6F5)3}2-


{Fc(S2CNEt2)2}] and [Au2{(C6F5)2Cl}2-
{Fc(S2CNEt2)2}] were obtained by reac-
tion of Fc(S2CNEt2)2 with [Au(C6F5)3-
(OEt2)] or [Au(C6F5)2(m-Cl)]2, respec-
tively. Fc(S2CNEt2)2 and [Au2Cl2{Fc-
(S2CNEt2)2}] have been characterised


by X-ray diffraction studies. A new type
of h2 interaction found between the gold
complex and the cyclopentadienyl li-
gand was studied by the extended Hück-
el method; it consists of carbon-to-gold
electron donation in the absence of
back-donation. The interaction was also
detected by density functional calcula-
tions, which showed the energy of the
three independent molecules to be com-
parable.


Keywords: density functional calcu-
lations ´ extended Hückel calcula-
tions ´ gold ´ pi interactions ´ structure
elucidation


Introduction


In the last few years the chemistry of ferrocene and the design
of new compounds containing the ferrocene unit have
received much attention; this is associated with their wide-
spread utility, for example, in organic synthesis, catalysis and
material chemistry.[1, 2] Numerous derivatives have been
described in which the ferrocene unit is bound to a fragment
containing one or more donor atoms.[1] Studies of these


ligands are important because the complexes thus obtained
may have interesting redox properties or unusual structures.


Although 1,1'-bis(diethyldithiocarbamate)ferrocene, Fc-
(S2CNEt2)2 (1), was synthesised more than ten years ago,[3]


its ligand properties have not been studied. As part of our
investigations of ferrocene derivatives[4±8] we have synthesised
a polymeric chain complex of this ligand with silver, in which
the silver atom is bound to the dithiocarbamate unit and also,
in a h2 fashion, to the cyclopentadienyl ring.[9] Here we report
further complexation studies of the ligand to gold(i) or
gold(iii) centres, together with the crystal structures of the
ligand 1 and the gold(i) complex [Au2Cl2{Fc(S2CNEt2)2}] (2).
The structure of the gold compound is unprecedented because
the Au atoms are bound to the cyclopentadienyl rings through
the p system, similar to the situation in the polymeric silver
derivative.


Results and Discussion


The reaction of dilithioferrocene with tetraethylthiuram
disulfide affords 1 in high yield. This compound had been
reported previously,[3] but characterisation by X-ray diffrac-
tion had not been carried out. We have confirmed the
structure by X-ray analysis; the molecule is shown in Figure 1,
with a selection of bond lengths and angles in Table 1. The
cyclopentadienyl rings are eclipsed (torsion angle C-Cp-Cp-C
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Figure 1. Atom-numbering scheme for the molecular structure of 1 in the
crystal. Radii are arbitrary. Displacement parameter ellipsoids represent
50% probability surfaces. Only one component of the disordered ethyl
group (see text) is shown.


48, where Cp indicates the respective ring centroid), but the
diethyldithiocarbamate groups are not (S-Cp-Cp-S 768), thus
presenting a synclinal eclipsed conformation that is not
common in this type of ferrocene derivative. The distance
from the iron atom to the mean plane of each Cp ring is
1.647(1) � and the sulfur atoms are located 0.196(3) and
0.204(3) � out of the same plane, displaced towards the iron
centre. As expected, S2ÿC11 (1.656(2) �) and S4ÿC16
(1.658(2) �) correspond to S�C double bonds, whereas
S1ÿC11 (1.790(2) �) and S3ÿC6 (1.749(2) �) are single
bonds. These bond lengths are similar to those found in
related dithiocarbamate ligands, such as CH2[S2CN-
(CH2Ph)2]2,[10] or in metal complexes with monodentate
dithiocarbamate, such as [Au(S2CNEt2)(PPh3)].[11]


The reactivity of the ligand 1 towards several gold
compounds has been studied (Scheme 1). Treatment of 1 with
2 equiv. of [AuCl(tht)] (tht� tetrahydrothiophene) leads to


Scheme 1. Synthetic routes to the gold complexes: i) 2 [AuCl(tht)]; ii)
2 [Au(OTf)(PPh3)]; iii) 2 [Au(C6F5)3(OEt2)]; iv) [Au(C6F5)2(m-Cl)]2.


the dinuclear gold species 2, which is an orange air- and
moisture-stable solid. In the IR spectrum a band at
1512(m) cmÿ1 is assigned to the nÄ(C�N) vibration; nÄ(AuÿCl)
appears at 335(m) cmÿ1. The 1H NMR spectrum includes two
multiplets arising from the a and b protons of the cyclo-
pentadienyl groups; the two ethyl groups of the dithiocarba-
mate units are nonequivalent and therefore produce two
triplets and two quartets. This behaviour of the ethyl protons
is attributable to the restricted rotation around the carbamate
CÿN bond; the rotation barrier about this bond has been
estimated.[3]


Abstract in Spanish: Por tratamiento de FcLi2 ´ TMDA [Fc�
(h5-C5H4)2Fe; TMDA� tetrametilenodiamina] con (S2CNEt2)2


se obtiene el derivado de ferroceno, Fc(S2CNEt2)2. Este
reacciona con diversos compuestos de oro(i) y oro(iii) como
[AuCl(tht)] (tht� tetrahidrotiofeno) o [Au(OTf)(PPh3)]
(OTf� trifluorometilsulfonato) para dar los complejos
[Au2Cl2{Fc(S2CNEt2)2}] o [Au2(PPh3)2{Fc(S2CNEt2)2}](OTf)2.
Los derivados de oro(iii) [Au2{(C6F5)3}2{Fc(S2CNEt2)2}] y
[Au2{(C6F5)2Cl}2{Fc(S2CNEt2)2}] se preparan por reaccioÂn de
Fc(S2CNEt2)2 con [Au(C6F5)3(OEt2)] o [Au(C6F5)2(m-Cl)]2,
respectivamente. Los compuestos Fc(S2CNEt2)2 y [Au2Cl2{Fc-
(S2CNEt2)2}] se han caracterizado por difraccioÂn de rayos X.
El complejo de oro revela una interaccioÂn h2 de los dos aÂtomos
de oro con los anillos ciclopentadienilo del ligando. La
naturaleza de este nuevo tipo de interaccioÂn se ha estudiado
por el meÂtodo Hückel extendido y consiste en donacioÂn electro-
nica de los aÂtomos de carbono al oro; no existiendo retrodo-
nacioÂn. CaÂlculos de DFT detectan igualmente este tipo de
interaccioÂn y muestran, ademaÂs, que la energõÂa de las tres
moleÂculas independientes es comparable.


Table 1. Selected bond lengths [�] and angles [8] for 1.


S1ÿC1 1.751(2) S1ÿC11 1.790(2)
S2ÿC11 1.656(2) S3ÿC6 1.749(2)
S3ÿC16 1.790(2) S4ÿC16 1.658(2)
C11ÿN1 1.326(3) N1ÿC12 1.465(4)
N1ÿC14 1.473(3) C16ÿN2 1.339(3)
N2ÿC17 1.476(3) N2ÿC19 1.478(3)


C1-S1-C11 102.80(10) C6-S3-C16 102.94(10)
C2-C1-S1 125.6(2) C5-C1-S1 125.5(2)
C7-C6-S3 124.9(2) C10-C6-S3 126.2(2)
N1-C11-S2 124.2(2) N1-C11-S1 114.5(2)
S2-C11-S1 121.27(12) C11-N1-C12 124.0(2)
C11-N1-C14 120.7(2) C12-N1-C14 114.5(2)
N1-C12-C13 107.4(3) N1-C14-C15 113.1(2)
N2-C16-S4 125.8(2) N2-C16-S3 112.4(2)
S4-C16-S3 121.72(12) C16-N2-C17 120.5(2)
C16-N2-C19 123.5(2) C17-N2-C19 116.0(2)
N2-C17-C18 113.0(2) N2-C19-C20 115.6(2)
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The positive liquid secondary-ion mass spectrum (LSIMS)
of 2 shows the peak arising by loss of one chloride ligand at
m/z� 909 (10 %) and also the fragment [Au{Fc(S2CNEt2)2]�


at m/z� 677 (100%).
The structure of 2 has been established by X-ray diffraction;


selected bond lengths and angles are given in Table 2. The
complex crystallises with three independent molecules in the
asymmetric unit. There are no short gold ± gold interactions in
any of the molecules, although such contacts are common in


dinuclear complexes. The AuÿS and AuÿCl distances are
2.240 ± 2.251 (average 2.245) � and 2.263 ± 2.284 (average
2.270) �, respectively. The AuÿS distances are shorter than
those found in other bis(dithiocarbamate) digold(i) complexes
(2.293(6) �[12±14]) or in [Au2{m-(CH2)2PPh2}(m-S2CNEt2)]
(2.326(6) �),[15] but are consistent with other S donors
coordinated trans to Cl, such as [AuCl(SPPh3)]
(2.246(1) �)[16] or [AuCl(C5H10N2S)] (2.25(1) �).[17]


The three independent molecules display distinct confor-
mations. In molecule 1 (Figure 2) the Cp rings are staggered


Figure 2. Atom-numbering scheme for the molecular structure of mole-
cule 1 of complex 2 in the crystal. Radii are arbitrary. Displacement
parameter ellipsoids represent 50% probability surfaces. Hydrogen atoms
are omitted for clarity.


(C1-Cp-Cp-C8 ÿ338), whereas in the other two molecules
they are eclipsed (C1'-Cp-Cp-C9' 98, C1'-Cp-Cp-C8' 68). This
is also reflected in the S-Cp-Cp-S angles, which are ÿ1778,
1528, 1538 ; the dithiocarbamate groups are thus pseudo-
antiperiplanar across the ferrocene ring system, in contrast
with the pseudo-gauche arrangement in the free ligand (see
above). More importantly, the SÿAuÿCl side chains adopt
quite different positions; in molecules 1 and 2 the Au atoms lie
above the ipso-C atoms of the Cp rings in a manner
reminiscent of the above-mentioned silver polymer[9]


(Au1 ´´´ C1 2.98 �, Au2 ´´ ´ C6 3.06 �, Au1' ´ ´ ´ C1' 3.08 �,
Au2' ´ ´ ´ C6' 3.08 �), whereas in molecule 3 (Figure 3) the side
chain is rotated so that the Au atoms lie between the Cp rings,
displaced sideways (Au1'' ´ ´ ´ Fe'' 5.49 �, Au2'' ´ ´ ´ Fe'' 4.83 �).
The torsion angles mainly responsible for this are C1-S2-C11-
S1 and C6-S4-C16-S3, which are ÿ58, 18 ; 248, 78 ; 1528, ÿ1188
in molecules 1 ± 3 respectively.


The different conformations of the three molecules are also
evident in the geometry of the Au atoms; in molecules 1 and 2
the Cl-Au-S angles are distorted from linearity and range
from 171.0(2)8 to 174.1(2)8, whereas in molecule 3 they are
almost linear (176.9(2)8 and 178.7(2)8). The distortion of the
Cl-Au-S angles in molecules 1 and 2 is a consequence of the
weak interactions of the Au atoms with the cyclopentadienyl
CÿC bond. Interactions of Au atoms with p systems are not
common; only the complex [Au(C5H5)(PPh3)][18] shows a slip
distortion towards a h3-mode of coordination. In addition to


Table 2. Selected bond lengths [�] and angles [8] for 2.


Au1ÿS1 2.245(4) Au1ÿCl1 2.282(4)
Au2ÿS3 2.240(5) Au2ÿCl2 2.284(4)
S1ÿC11 1.70(2) S2ÿC1 1.74(2)
S2ÿC11 1.78(2) S3ÿC16 1.70(2)
S4ÿC6 1.75(2) S4ÿC16 1.78(2)
N1ÿC11 1.33(2) N1ÿC12 1.45(2)
N1ÿC14 1.51(2) N2ÿC16 1.29(2)
N2ÿC19 1.50(2) N2ÿC17 1.53(3)
Au1'ÿS1' 2.243(4) Au1'ÿCl1' 2.268(4)
Au2'ÿS3' 2.239(5) Au2'ÿCl2' 2.272(4)
S1'ÿC11' 1.72(2) S2'ÿC1' 1.75(2)
S2'ÿC11' 1.76(2) S3'ÿC16' 1.73(2)
S4'ÿC6' 1.74(2) S4'ÿC16' 1.76(2)
N1'ÿC11' 1.31(2) N1'ÿC12' 1.48(2)
N1'ÿC14' 1.49(2) N2'ÿC16' 1.33(2)
N2'ÿC19' 1.48(2) N2'ÿC17' 1.48(2)
Au1''ÿS1'' 2.252(5) Au1''ÿCl1'' 2.264(5)
Au2''ÿS3'' 2.251(5) Au2''ÿCl2'' 2.263(5)
S1''ÿC11'' 1.72(2) S2''ÿC1'' 1.77(2)
S2''ÿC11'' 1.79(2) S3''ÿC16'' 1.73(2)
S4''ÿC6'' 1.75(2) S4''ÿC16'' 1.78(2)
N1''ÿC11'' 1.31(2) N1''ÿC12'' 1.46(2)
N1''ÿC14'' 1.48(2) N2''ÿC16'' 1.28(2)
N2''ÿC17'' 1.49(2) N2''ÿC19'' 1.50(2)


S1-Au1-Cl1 172.8(2) S3-Au2-Cl2 172.3(2)
C11-S1-Au1 115.3(6) C1-S2-C11 107.6(8)
C16-S3-Au2 116.0(6) C6-S4-C16 108.3(8)
C11-N1-C12 122.9(13) C11-N1-C14 122.4(14)
C12-N1-C14 114.7(12) C16-N2-C19 123(2)
C16-N2-C17 124(2) C19-N2-C17 112(2)
N1-C11-S1 118.1(13) N1-C11-S2 114.0(12)
S1-C11-S2 127.7(10) N1-C12-C13 113.1(13)
N1-C14-C15 112.8(12) N2-C16-S3 118.4(14)
N2-C16-S4 114.5(13) S3-C16-S4 127.0(10)
C18-C17-N2 99(2) N2-C19-C20 115.5(14)
S1'-Au1'-Cl1' 174.1(2) S3'-Au2'-Cl2' 171.0(2)
C11'-S1'-Au1' 113.2(6) C1'-S2'-C11' 106.2(8)
C16'-S3'-Au2' 115.5(6) C6'-S4'-C16' 109.3(8)
C11'-N1'-C12' 121.4(14) C11'-N1'-C14' 122.5(14)
C12'-N1'-C14' 115.6(13) C16'-N2'-C19' 121.0(14)
C16'-N2'-C17' 121.7(13) C19'-N2'-C17' 117.3(13)
N1'-C11'-S1' 118.3(13) N1'-C11'-S2' 115.2(12)
S1'-C11'-S2' 126.5(10) N1'-C12'-C13' 115.6(14)
N1'-C14'-C15' 111.8(13) N2'-C16'-S3' 117.4(12)
N2'-C16'-S4' 114.8(11) S3'-C16'-S4' 127.5(9)
N2'-C17'-C18' 111.4(13) N2'-C19'-C20' 114.5(13)
S1''-Au1''-Cl1'' 176.9(2) S3''-Au2''-Cl2'' 178.7(2)
C11''-S1''-Au1'' 105.6(6) C1''-S2''-C11'' 110.6(8)
C16''-S3''-Au2'' 106.6(6) C6''-S4''-C16'' 100.7(8)
C11''-N1''-C12'' 121.0(14) C11''-N1''-C14'' 125(2)
C12''-N1''-C14'' 113.6(13) C16''-N2''-C17'' 121.9(13)
C16''-N2''-C19'' 123.7(14) C17''-N2''-C19'' 113.9(12)
N1''-C11''-S1'' 121.9(13) N1''-C11''-S2'' 125.7(13)
S1''-C11''-S2'' 112.2(9) N1''-C12''-C13'' 113.4(14)
N1''-C14''-C15'' 114.0(14) N2''-C16''-S3'' 120.7(12)
N2''-C16''-S4'' 122.3(12) S3''-C16''-S4'' 117.1(8)
N2''-C17''-C18'' 112.6(13) N2''-C19''-C20'' 109.9(13)
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Figure 3. Atom-numbering scheme for the molecular structure of mole-
cule 3 of complex 2 in the crystal. Displacement parameter ellipsoids
represent 50% probability surfaces.


the AuÿC s bond (2.175(9) �), two Au ´´´ C contacts (2.791(9)
and 2.688(9) �) with the Cp C atoms adjacent to the ipso
position are observed. The h5 coordination of the cyclo-
pentadienyl ring to the iron atom may be responsible for the
longer interatomic distances.


The reaction of Fc(S2CNEt2)2 with 2 equiv.
[Au(OTf)(PPh3)] (OTf� trifluoromethanesulfonate) gives
the cationic gold derivative [Au2(PPh3)2{Fc(S2CN-
Et2)2}](OTf)2 (3), which is a moisture- and air-stable yellow
solid that behaves as a 1:2 electrolyte in acetone. In the IR
spectrum the bands from the PPh3 group and the ionic
triflate[19] are at 1264 (vs, br) [nÄas(SO3)], 1224 (s) [nÄ s(CF3)],
1155 (s) [nÄas(CF3)] and 1023 (s) [nÄ s(SO3)] cmÿ1. The nÄ(C�N)
vibration appears at 1518(m) cmÿ1. The pattern of the 1H
NMR spectrum is the same as for complex 2 and the 31P{1H}
NMR spectrum shows a singlet as a result of the equivalence
of the two phosphorus atoms.


Gold(iii) derivatives have been prepared by reaction of
Fc(S2CNEt2)2 with [Au(C6F5)3(OEt2)] or [Au(C6F5)2(m-Cl)]2


to give the neutral complexes [Au2{(C6F5)3}2{Fc(S2CNEt2)2}]
(4) or [Au2{(C6F5)2Cl}2{Fc(S2CNEt2)2}] (5). Both are yellow
solids, air and moisture stable, and nonconducting in acetone
solutions. In their IR spectra the bands from the pentafluoro-
phenyl groups are at 1507 (s), 969 (s), 807 (m) and 793
(m) cmÿ1 for 4 and 1510 (s), 970 (s), 810 (m) and 800 (m) cmÿ1


for 5. The vibrations nÄ(C�N) appear at 1612 (w) and 1638 (w)
(4) and 1617 (w) (5). In complex 5 the vibration nÄ(AuÿCl) is at
334 (m) cmÿ1.


In the 1H NMR spectrum of 4 the cyclopentadienyl protons
are inequivalent and thus eight multiplets appear; the ethyl
protons of the dithiocarbamate groups are also inequivalent
and four triplets and four quartets are present. Usually,
complexes with disubstituted ferrocene ligands show two
multiplets in the 1H NMR spectra for the a and b protons of
the cyclopentadienyl rings, even though in the solid state
(because of the different ring conformations) the eight
protons are inequivalent. This is, however, seldom observed;
sometimes when the temperature is lowered four proton
signals, or in a few cases eight, are resolved. This fluxional


behaviour is very common in ferrocene derivatives and has
been studied for systems such as the 1,1'-bis(diphenylphos-
phino)ferrocene ligand.[1] In complex 4 the presence of three
rigid pentafluorophenyl groups on each Au atom probably
prevents the torsional twist of the Cp rings even at room
temperature. In the 19F NMR spectrum the inequivalence of
the Au(C6F5)3 units can be observed; six signals appear for
each unit (three signals for the ortho, meta and para fluorine
of each C6F5 group) because of the equivalence of the
mutually trans pentafluorophenyl groups. This also proves the
nonexistence of fluxionality between the two Cp rings.


In the 1H NMR spectrum of 5 the a and b protons of the Cp
rings are equivalent and therefore only two multiplets appear.
In the 19F NMR spectrum there are six signals for the two
different pentafluorophenyl groups.


In the positive LSIMS the molecular peaks appear at m/z�
1876 (4, 2 %) and 1619 (5, 3 %). The fragments arising by the
loss of one Au(C6F5)3 or Au(C6F5)2Cl unit are also present at
m/z� 1179 (16 %) and 1047 (7%), respectively.


Molecular Orbital Calculations


Extended Hückel calculations[20] were undertaken to gain an
understanding of the novel interactions involving gold descri-
bed above. With experimental coordinates taken from the
X-ray structure, a first set of calculations showed interactions
either between Au and two C atoms in molecules 1 and 2 or
between Au and S in molecule 3, overlap populations ranging
respectively from 0.001 to 0.012 (AuÿC) and 0.003 to 0.021
(AuÿS). These values indicate weak interactions, which are
not surprising with the linear coordination exhibited by AuI


and the long distances involved (dAuÿC> 2.98 �, dAuÿS>


3.05 �), but they are reminiscent of other weak interactions
involving Au atoms.[21] A model was constructed that allowed
a fragment analysis, but avoided consideration of the scission
of the SÿC bond (C1ÿS2 in molecule 1, for instance). The
interaction between Au and the two C atoms of the cyclo-
pentadienyl ligand is depicted in Scheme 2. As there are two
Au atoms in the molecule, each of them interacting with one
of the Cp rings, we can see both the symmetric and the
antisymmetric combinations of the two Au p orbitals that act
as acceptors.


The Cp rings donate electrons from two ferrocene molec-
ular orbitals (MOs) derived from the symmetric and anti-
symmetric combinations of the Cp totally symmetric a1


orbital. The C atoms contribute strongly to these ferrocene
MOs and are the only ones involved in the interaction. As
Scheme 2 shows, the fragment orbitals are slightly stabilised
when the interaction occurs. There is no back-donation to the
empty ferrocene levels, as these are high-energy FeÿCp
antibonding levels, located mainly in the metal and not in the
C atoms.


Another interesting aspect of this arrangement is the h2-Cp
coordination to Au. We studied the haptotropic migration by
methods similar to those used previously for other frag-
ments;[22] we found that when the gold fragment moves from
the centre of the ring towards the edge, the edge position has
the lowest energy, allowing for minimal repulsion between all
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Scheme 2. Interaction between Au and two C atoms of a Cp ring in a
model of molecules 1 and 2 of complex 2.


the occupied levels and leading to the weak interaction
described.


In the isomeric molecule 3, the contact between the Au
atom and the second S atom of the thiocarbamate ligand is
short. The SÿAu interaction is similar to the weak AuÿAu
interactions described previously (Scheme 3).


Scheme 3. Interaction between Au and S in a model of molecule 3 of
complex 2.


There is a four-electron destabilising interaction between
the S sp lone pair and the Au sz2 orbital, which is relieved by
mixing-in of the Au p orbital. The main stabilisation is
achieved by electron donation from sulfur to empty gold p
orbitals.


Density functional calculations (DFT single-point) were
performed with the experimentally observed isomeric struc-
tures of the three molecules of 2. The energies obtained were
ÿ320.42, ÿ321.40 and ÿ321.47 eV for molecules 1, 2 and 3,
respectively. Molecules 1 and 2 have the same arrangement,
with Au close to two C atoms of the Cp ring, whereas 3
exhibits the short Au ´´´ S contact. Interestingly, the largest
energy difference is between 1 and 2, and 3 is the most stable.
All of these energy differences are small, however, and may


not be very significant as they are of the same order of
magnitude as crystal packing effects and other interactions
taking place in the solids. In molecules 1 and 2 we could
detect, in the DFT calculations, a small positive overlap
population (ranging from 0.0052 to 0.0120) between Au
and C.


These new compounds thus demonstrate how the coordi-
nation sphere of Au can be extended if the atoms become
involved in weak interactions, not only with other Au atoms,
but also with C atoms from a cyclopentadienyl ring or S.


Experimental Section


Infrared spectra were recorded in the range 4000 ± 200 cmÿ1 on a Perkin-
Elmer 883 spectrophotometer with Nujol mulls between polyethylene
sheets. Conductivities were measured in about 5� 10ÿ4m solutions with a
Philips 9509 conductimeter. C and H analyses were carried out with a
Perkin-Elmer 2400 microanalyser. Mass spectra were recorded on a
VG Autospec by the LSIMS technique, with nitrobenzyl alcohol as matrix.
NMR spectra were recorded on a Varian Unity 300 spectrometer and a
Bruker ARX 300 spectrometer in CDCl3. Chemical shifts are cited relative
to SiMe4 (1H, external) and 85% H3PO4 (31P, external). The starting
materials [AuCl(tht)],[23] [Au(C6F5)3(OEt2)][24] and [Au(C6F5)2(m-Cl)][25]


were prepared by published procedures. [Au(OTf)(PPh3)] was prepared
by reaction of [AuCl(PPh3)] with Ag(OTf) in dichloromethane.


Syntheses :
[Au2Cl2{Fc(S2CNEt2)2}] (2): Fc(S2CNEt2)2 (0.048 g, 0.1 mmol) was added to
a solution of [AuCl(tht)] (0.064 g, 0.2 mmol) in dichloromethane (20 mL),
and the mixture was stirred for 1 h. Concentration of the solution to about
5 mL and addition of diethyl ether (10 mL) gave 2 as a yellow solid. Yield
77%; 1H NMR: d� 4.64 (m, 8H; C5H4), 4.14 (q, 2H; CH2CH3), 3.96 (q,
2H; CH2CH3), 1.40 (t, 3 H; CH2CH3); C20H28Au2Cl2FeN2S4: calcd C 25.40,
H 2.98, N 2.96, S 13.56; found C 25.66, H 3.55, N 2.93, S 13.53.


[Au2(PPh3)2{Fc(S2CNEt2)2}](OTf)2 (3): Fc(S2CNEt2)2 (0.048 g, 0.1 mmol)
was added to a solution of [Au(OTf)(PPh3)] (0.121 g, 0.2 mmol) in
dichloromethane (20 mL), and the mixture was stirred for 1 h. Concen-
tration of the solution to about 5 mL and addition of diethyl ether (10 mL)
gave 3 as a yellow solid. Yield 90%; LM (acetone)� 196 Wÿ1 cm2 molÿ1; 1H
NMR: d� 4.64 (m, 8 H; C5H4), 4.14 (q, 2H; CH2CH3), 3.96 (q, 2H;
CH2CH3), 1.40 (t, 3 H; CH2CH3); 31P{1H} NMR: d� 36.7 (s). C58H58Au2F6-


FeN2O6P2S6: calcd C 41.04, H 3.44, N 1.65, S 11.33; found: C 41.42, H 3.40, N
1.43, S 10.75.


[Au2{Au(C6F5)3}2{Fc(S2CNEt2)2}] (4): Fc(S2CNEt2)2 (0.048 g, 0.1 mmol)
was added to a solution of [Au(C6F5)3(OEt2)] (0.154 g, 0.2 mmol) in
dichloromethane (20 mL), and the mixture was stirred for 30 min.
Concentration of the solution to about 1 mL and addition of hexane
(10 mL) gave 4 as a yellow solid. Yield 60%; LM (acetone)�
12 Wÿ1 cm2 molÿ1; 1H NMR: d� 4.67 (m, 1 H; C5H4), 4.64 (m, 1H; C5H4),
4.63 (m, 1 H; C5H4), 4.56 (m, 1 H; C5H4), 4.51 (m, 1H; C5H4), 4.49 (m, 1H;
C5H4), 4.42 (m, 1 H; C5H4), 4.39 (m, 1H; C5H4), 4.29 (q, 2 H; CH2CH3), 3.98
(q, 2H; CH2CH3), 3.86 (q, 2H; CH2CH3), 3.84 (q, 2H; CH2CH3), 1.38 (t,
3H; CH2CH3), 1.33 (t, 3H; CH2CH3), 1.23 (t, 3H; CH2CH3), 1.10 (t, 3H;
CH2CH3); 19F NMR: d�ÿ120.0 (m, 4 F; o-F),ÿ122.1 (m, 2 F; o-F),ÿ157.4
(t, 3J(F,F)� 19.3 Hz, 2 F; p-F), ÿ157.5 (t, 3J(F,F)� 19.3 Hz, 1 F; p-F),
ÿ161.7 (m, 4F; m-F), ÿ161.8 (m, 2F; m-F). C56H28Au2F30FeN2S4: calcd C
35.79, H 1.50, N 1.49, S 6.82; found C 36.10, H 1.85, N 1.95, S 7.8.


[Au2{Au(C6F5)2Cl}2{Fc(S2CNEt2)2}] (5): Fc(S2CNEt2)2 (0.048 g, 0.1 mmol)
was added to a solution of [Au(C6F5)2(m-Cl)]2 (0.132 g, 0.1 mmol) in
dichloromethane (20 mL) was added and the mixture was stirred for 1 h
Concentration of the solution to about 5 mL and addition of hexane
(10 mL) gave 5 as a yellow solid. Yield 55%; LM (acetone)�
35 Wÿ1 cm2 molÿ1; 1H NMR: d� 4.74 (m, 4 H; C5H4), 4.71 (m, 4H; C5H4),
4.27 (q, 4H; CH2CH3), 4.06 (q, 4H; CH2CH3), 1.60 (t, 6 H; CH2CH3), 1.26
(t, 6 H; CH2CH3); 19F NMR: d�ÿ121.2 (m, 2F; o-F), ÿ122.9 (m, 2 F; o-F),
ÿ156.3 (t, 3J(F,F)� 19.3 Hz, 1 F; p-F), ÿ157.1 (t, 3J(F,F)� 19.3 Hz, 1F; p-
F), ÿ161.2 (m, 2 F; m-F), ÿ161.7 (m, 2F; m-F); C44H28Au2Cl2F20FeN2S4:
calcd C 32.73, H 1.73, N 1.73, S 7.93; found C 32.25, H 1.46, N 1.54, S 6.96.
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Crystallography : The crystals were mounted in inert oil on glass fibres and
transferred to the cold gas stream of a Stoe STADI-4 (1) or Siemens P4 (2)
diffractometer equipped with an LT-2 low-temperature attachment. Data
were collected with monochromated MoKa radiation (l� 0.71073 �). The
scan mode was w/V (1) or w (2). Absorption corrections were applied on
the basis of Y-scans. The structures were solved by direct methods and
refined on F 2 with the SHELXL-93 program.[26] All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were included as rigid
methyl groups or a riding model. A system of restraints to light-atom
displacement-factor components and local ring symmetry was used. In
complex 1 the ethyl group C12/C13 is disordered over two sites. Further
details of the data collection and structure refinement are given in Table 3.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-101458.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).


Molecular orbital calculations : The extended Hückel method[20] with
modified Hij values was used for all calculations.[27] The basis set for the
metal atoms consisted of n s, np and (nÿ 1) d orbitals. The s and p orbitals
were described by single Slater-type wave functions, and the d orbitals were
taken as contracted linear combinations of two Slater-type wave functions.
Only s and p orbitals were considered for S and Cl. Parameters (Hii (eV), z):
for Au: 6 s ÿ10.92, 2.602; 6 p ÿ5.55, 2.584; 5d ÿ15.07, 6.163, 2.794 (z2),
0.6442 (C1), 0.5356 (C2); for Fe: 4s ÿ9.17, 1.900; 4 p ÿ5.37, 1.900; 3d
ÿ12.70, 5.350, 1.800 (z2), 0.5366 (C1), 0.6678 (C2). Standard parameters
were used for other atoms.


Calculations were performed on the three independent molecules of the
real structure, and on model complexes with idealised geometries and Cs


symmetry based on the crystal structures. The models were used for the
orbital rationalisation of the AuÿC(Cp) and AuÿS long-range interactions;


the results were tested with calculations on the real structures. The
diethyldithiocarbamate ligand was modelled by CH2�S in order to allow
fragment separation without the scission of a CÿS bond. The bond lengths
(�) were as follows: FeÿCp(ring centroid) 1.65, AuÿCl 2.27, AuÿS 2.25,
AuÿC(Cp) 3.00, AuÿS(SH2) 3.00, SÿC 1.70, CÿC 1.40, CÿH 1.08, SÿH 1.30.


DFT calculations[28] were carried out with the Amsterdam density func-
tional (ADF) program[29] developed by Baerends and co-workers[30] with
nonlocal exchange and correlation corrections.[31] The coordinates of
molecules 1, 2 and 3 of [Au2Cl2{Fc(S2CNEt2)2}] (2) were used for single-
point calculations. The relativistic effects were treated by a quasi-
relativistic method in which Darwin and mass ± velocity terms are
incorporated.[32] In all the calculations, a triple-z Slater-type orbital
(STO) basis set was used for Au 6s and 6 p; a triple-z STO augmented
with a 3d single-z polarisation function was used for S 3 s and 3 p, and for C
2s and 2p; a double-z STO was used for H 1s, Fe 4s and 4 p, Cl 3s and 3 p, N
2s and 2p. A frozen-core approximation was used to treat the core
electrons of Fe, Cl, S, C, N and Au.
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Tetraazatriphenylenes as Extremely Efficient Antenna Chromophores
for Luminescent Lanthanide Ions**


Erik B. van der Tol, Hendrik J. van Ramesdonk, Jan W. Verhoeven,* Frank J. Steemers,
Esther G. Kerver, Willem Verboom, and David N. Reinhoudt*


Abstract: A series of tetraazatriphenylene derivatives is presented that constitutes a
new and efficient class of sensitisers with significant complexing power for lanthanide
ions. These tetraazatriphenylenes have the ability to sensitise the luminescence of
different lanthanide ions simultaneously within a practically suitable excitation
window, and the 2:1 (ligand ± ion) complexes are stable even at low concentrations in
acetonitrile. The very high luminescence quantum yields obtained for both Eu3� and
Tb3� (up to 0.41 and 0.67, respectively) in combination with the suitable excitation
window and the appreciable molar extinction coefficient of tetraazatriphenylenes at
l> 330 nm make these sensitisers very attractive for incorporation as antenna
chromophores in luminescent lanthanide probes (e.g. for time-resolved fluorometry).


Keywords: energy transfer ´ lantha-
nides ´ luminescence ´ sensitizers ´
time-resolved fluorometry


Introduction


The important role of lanthanide complexes as luminescent
labels in bioaffinity assays is related to their unique lumines-
cence characteristics, such as long luminescent lifetimes, large
Stokes shifts and line-like emission of the lanthanide ions.[1]


Particularly long-lived lanthanide luminescence probes are of
considerable interest as alternatives for radioimmuno assay
probes. Besides certain requirements to be fulfilled by the
lanthanide complexes for practical purposes, for example,
strong complexation with high thermodynamic and kinetic
stability in water, an important aspect which determines the
sensitivity of the probe is the sensitiser (antenna) unit. The
sensitiser should allow excitation in the near UV/Vis region to
overcome the low extinction coefficients of the lanthanide


ions.[2] In order to ensure fast energy transfer a short distance
between sensitiser and lanthanide ion is obviously desirable.
Direct coordination of the antenna chromophore to the
lanthanide ion has been mainly exploited with b-diketonate
ligands[3] and aza-aromatics.[4] Concerning the latter, Lehn
et al.[5] employed cryptates in which bipyridine or biquinoline
(the antenna) is incorporated in the macrocyclic structure.
Hemmilä et al.[6] investigated terpyridine structures and
picolinic acid derivatives[7] in which the coordinating pyridine
moiety serves as a sensitiser, giving high quantum yields for
Eu3� and Tb3�.[8]


Recently, we showed[9] that the triphenylene antenna is a
good sensitiser for both Eu3� and Tb3� when they are
encapsulated in calix[4]arene receptors.[9, 10] Triphenylene
derives these properties from the fact that its triplet state is
generated with high efficiency (FISC� 0.89),[11] together with a
long lifetime, and, in particular, because the energy gap
separating its first excited singlet and triplet states (1E00�
29 900 cmÿ1, 3E00� 23 400 cmÿ1, and thus DE� 6500 cmÿ1)[11] is
unusually small for an aromatic species. These properties
imply that relatively long wavelength excitation followed by
intersystem crossing leads to a sensitising triplet state of
sufficiently high energy for energy transfer to the luminescent
state of Eu3� (17 500 cmÿ1) and even that of Tb3� (20 400 cmÿ1)
in an essentially irreversible energy transfer step. However,
the triphenylene antenna has some disadvantages. Firstly, the
molar extinction of its longest wavelength absorption band is,
as for many aromatic hydrocarbons, quite low, because this 0 ±
0 transition is in principle forbidden. Secondly, the tripheny-
lene moiety itself is devoid of any significant affinity towards
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lanthanide ions, which implies, for example, that in the
triphenylene-substituted calix[4]arenes we reported earlier[9]


the average distance between the encapsulated lanthanide
and the triphenylene antenna is too large for complete energy
transfer. It is expected that introduction of heteroatoms (e.g.,
nitrogen) in the triphenylene skeleton might eliminate both of
these disadvantages while preserving the excellent photo-
physical properties outlined above. The 0 ± 0 transition is
made more probable by a decrease in the symmetry of the
molecule, while arranging the heteroatoms in a cis chelating
manner is expected to allow the complexation of the
lanthanide ion. Recently, we successfully applied this ap-
proach in the form of 1,12-diazatriphenylene (1), sensitising
the long-lived luminescence of both Tb3� and Eu3� with high
efficiencies (quantum yields of 0.55 and 0.41, respectively),
while allowing near-UV excitation (<340 nm), which makes it
very suitable for time-resolved multi-probe analysis.[12] Al-
though diazatriphenylene (1) is a powerful sensitiser for both


the Eu3� and Tb3� ion, the synthetic possibilities of the Skraup
reaction to obtain diazatriphenylene derivatives for incorpo-
ration of this type of sensitiser in lanthanide ionophores, for
example, or subsequent fine-tuning of the luminescence
properties, are rather limited.


In this paper the synthesis and luminescence properties of
novel tetraazatriphenylene derivatives 2 ± 8 are presented.
The motivation for the synthesis and photophysical character-
isation of tetraazatriphenylenes is twofold. Firstly, structural
variation is important in order to vary the absorption
characteristics and to study to what extent additional func-
tional groups influence the other photophysical characteristics
of the sensitiser. Secondly, the synthetic route to tetraaza-
triphenylenes readily permits the introduction of a point of
attachment on the phenazine ring of the tetraazatripheny-
lenes, allowing covalent coupling of these antenna systems to
strongly chelating lanthanide ionophores such as calixarenes.


Results and Discussion


Synthesis : The tetraazatriphenylene derivatives 2 ± 7 were
synthesised starting from 1,10-phenanthroline-5,6-quinone
(9), obtained by oxidation of phenanthroline monohydrate


with Br2 (generated in situ from H2SO4 and NaBr) and HNO3,
according to a literature procedure.[13, 14] Reaction of 1,10-
phenanthroline-5,6-quinone (9) with the diamines o-diamino-
benzene (10),[15] cis-1,2-diaminocyclohexane (11), diamino-


maleonitrile (12), ethylenediamine (13), d,l-2,3-diaminopro-
pionic acid dodecylamide (14) and 1,2-diaminopropane (15)


in EtOH (or THF) gave the corre-
sponding Schiff bases, which upon
oxidation (oxygen from the air)
generally afforded the tetraazatri-
phenylenes 2 ± 7 in yields ranging
from 71 ± 92 %.[13, 16]


In the case of diaminomaleonitrile
(12),[17] however, more severe con-
ditions had to be applied. Due to the
influence of the cyano groups, not
the Schiff base but the hemiaminal
was obtained. Subsequent heating of
the diol in DMF in the presence
of triethylamine as a base gave
2,3-dicyanodipyrido[3,2-f:2',3'-h]quin-
oxaline (6) in 71 % overall yield. d,l-
2,3-Diaminopropionic acid dodecy-


lamide (14) was synthesised starting from d,l-2,3-diamino-
propionic acid (16) by a sequence of Boc-protection (17),
amidation (18) and Boc-deprotection (19), as depicted in
Scheme 1. The long aliphatic chain in diamine 19 was
introduced for solubility reasons which facilitate workup
procedures. Due to the high symmetry of the tetraazatriphe-
nylene derivatives 2 ± 7 the 1H NMR spectra are simple,
showing the characteristic tetraazatriphenylene protons
around d� 9.5 and 7.8.


Introduction of chlorine atoms at the a-positions of the cis-
chelating nitrogen atoms as in tetraazatriphenylene 8 was
achieved starting from the known 2,9-dichloro-1,10-phenan-
throline-5,6-quinone.[13, 14] Schiff-base formation with ethyl-
enediamine (13) in EtOH, followed by oxidation with 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in CH2Cl2,
gave dichlorotetraazatriphenylene 8 in 71 % yield.


Photophysical properties : Recently we have shown that 1,12-
diazatriphenylene (1) forms 2:1 complexes with trivalent
lanthanide ions (Eu3�, Tb3�, Dy3�, Sm3�) that exhibit sensi-
tised lanthanide luminescence upon excitation of the azatri-
phenylene moiety.[12] The tetraazatriphenylenes described
here combine direct complexation to the lanthanide ions with
variation of substituents on the azatriphenylene skeleton.
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These substituents can improve either the photophysical
properties or contain a reactive group, which can be used for
labelling purposes, for example, to biological material.


In Figure 1 the absorption spectra of 1,12-diazatriphenylene
(1) and the various tetraazatriphenylenes are depicted. It can


be seen that the introduction of two more nitrogen atoms
(going from diazatriphenylene 1 to the otherwise similar
tetraazatriphenylene 2) into the system decreases the extinc-
tion coefficient in the wavelength region around 250 nm,
while the absorption maximum does not shift. However, at
longer wavelengths (>300 nm) the absorption is significantly
enhanced relative to that of 1; the long-wavelength absorption
edge is also red-shifted. Introducing substituents
on the tetraazatriphenylene moiety further
improves the absorption characteristics in the
important wavelength region above 330 nm.


Upon addition of lanthanide ions (Eu3�, Tb3�)
to an acetonitrile solution of 2 ± 8 only a small
hypsochromic shift in the absorption spectrum
of these compounds occurred (a typical example
is shown in Figure 2), while the absorbance
remains essentially constant. That complexation
occurs is nevertheless evident, especially from
the fact that except for 7 and 8 very bright
lanthanide luminescence is observed from the
solutions under near-UV light. The excitation
spectrum of this luminescence exactly matches
the absorption of the particular ligand as


exemplified in Figure 2 for the combi-
nation 4 ´ Tb3�. It should be stressed
that we have not pursued extensive
identification of the antenna ± lantha-
nide complex stability because, as
stated above, the main aim of the
present study is to find efficient
antennae with significant lanthanide
affinity; these could then be incorpo-
rated in a further stage into a supra-
molecular structure containing more
strongly lanthanide-binding ligands
that allow the overall system to be
stable in water. Although, as expected,


the present complexes were found to dissociate upon addition
of water and other strongly competing solvents, they turned
out to be stable in dry acetonitrile. Luminescence titration
experiments identical to those described before for diazatri-
phenylene (1),[12] established that in acetonitrile the tetraaza-


triphenylene compounds also form a 2:1
(antenna ± ion) complex, which appears to
be stable down to a concentration �10ÿ5m.


In Table 1 some relevant photophysical
data of the tetraazatriphenylene com-
pounds and their Eu3� and Tb3� complexes
are compiled. The luminescence quantum
yields of the lanthanide complexes were
measured with the lowest-energy maxi-
mum in the excitation spectrum (i.e. , the
0 ± 0 transition of the antenna) as the
excitation wavelength. All quantum yields
were measured with aerated solutions, but
deoxygenation does not lead to a measur-
able change in the quantum yield.


The triplet energies of the tetraazatri-
phenylenes were determined by taking the


shortest-wavelength transition in the phosphorescence spec-
trum at 77 K in an EtOH/MeOH (4:1) glass. These low-
temperature spectra are depicted in Figure 3. The excitation
wavelengths used to obtain these spectra were set at the 0 ± 0
transition of the absorption spectrum of each compound.
Only for tetraazatriphenylene 6 could some fluorescence be
observed at low temperature, while at ambient temperature


Scheme 1. Reaction scheme for the preparation of 19.


Figure 1. Absorption spectra of 1 and the tetraazatriphenylenes in MeCN. Because of the
extremely poor solubility of tetraazatriphenylene 8 in organic solvents, the spectrum of this
compound is not shown.


Figure 2. Normalised absorption spectra of tetraazatriphenylene 4 and its Tb3� complex,
as well as the excitation spectrum of the latter (lobs� 544 nm).
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virtually no fluorescence is observed for any of the tetraaza-
triphenylenes. This indicates that the triplet quantum yield for
these compounds exceeds that of triphenylene (FT� 0.89),[11]


and must be close to unity. Furthermore, it should be noted
that in particular the phosphorescence spectra of 2 ± 4 are
rather similar in structure to each other as well as to those of 1
and of triphenylene itself. This strongly suggests that at least
for these systems the lowest triplet state is p ± p* in nature, as
it is for triphenylene. In the case of 5 and 6 the phosphor-
escence is sufficiently different in structure to allowÐin
principleÐfor a different nature of the lowest triplet state,
such as an admixture of a low-lying n ± p* state due to the
strongly electron-withdrawing substituents that are expected
to stabilise such a state by lowering the energy of the LUMO.
For 7 and 8, which lack such strongly electron-withdrawing
substituents the structure of the phosphorescence spectra
again resembles that of 2 ± 4, although, especially for 7, a
strong bathochromic shift results from the extension of the p-
system. With respect to a possible change of the nature of the
lowest triplet state it should be noted that this is not reflected
in a change of the triplet lifetime, which is in the seconds
regime for 2 ± 8 at 77 K.


From Table 1 it can be seen that the tetraazatriphenylenes
without substituents (tetraazatriphenylene 2) or with alkyl
substituents at the noncoordinating side of the molecule (3
and 4) have a triplet energy close to those of triphenylene and
of diazatriphenylene (1), while the other substituents (phenyl,
cyano or amide groups) lower the triplet (and singlet) energy
significantly.


The lanthanide luminescence quantum yields for the
complexes of 1 ± 4 are similar, as are the triplet energies for
these compounds (see above). This is very useful for further
extension of the azatriphenylene system to couple it to a
calix[4]arene or another strongly lanthanide-binding unit, for
example, because apparently the alkyl substituent can be
varied without loss of the very efficient sensitising properties.


While with 1 ± 4 the quantum yield is consistently higher for
Tb3� than for Eu3�, the introduction of an amido substituent
on tetraazatriphenylene 5 leads to a stronger decrease in
luminescence quantum yield for Tb3� than for Eu3�, and as a
result the quantum yield for the Tb3� complex is now almost
equal to that of the Eu3� complex (which is still very
respectable!). Upon introduction of two cyano substituents
(6) the quantum yield for the Tb3� complex becomes lower
than that of the Eu3� complex, and with the benzannulated
tetraazatriphenylene 7 neither sensitisation of Tb3� nor of
Eu3� could be detected.


In Figure 4 a simplified scheme is given of the antenna
excitation/intersystem crossing (ISC)/energy transfer (kET)
sequence that populates the lanthanide luminescent state. It


Figure 4. Scheme indicating sensitised formation of the lanthanide lumi-
nescent state and its radiative and nonradiative decay in an antenna ±
lanthanide complex.


is tempting to assume that the effects of structural variation in
the antenna on the quantum yield of the lanthanide lumines-
cence are related to the energy gap between the triplet level of
the antenna and the luminescent level of the lanthanide ion
since this provides the driving force for the energy-transfer
process required to populate the luminescent state. In
Figure 5 a summary is given of the differences between the
triplet energies of azatriphenylenes and the energies of the
excited lanthanide levels in relation to the quantum yields
observed. The quantum yields for 1 ± 7 with Eu3� and 1 ± 6


with Tb3� versus the energy difference
3E00ÿELn* are plotted.


Although the lines drawn in Figure 5
are merely intended as guides to the eye
and should not lead to the conclusion that
the quantum yield varies linearly with the
energy difference between the two states
involved in the energy-transfer process,
the trend seems quite evident and at least
suggests that optimal conditions require
an energy gap of�3000 cmÿ1 for Tb3� and
�6000 cmÿ1 for Eu3�. It should be


Table 1. Singlet (1E00) and triplet energies (3E00) of tetraazatriphenylenes and
the extinction coefficient of their 0 ± 0 absorption band and the lanthanide
luminescence quantum yields of their Eu3� and Tb3� complexes in dry MeCN.
Quantum yields refer to aerated solutions at 20 8C. Deoxygenation and
temperature have no significant influence except in the case of 6/Tb3�.


1E00 [cmÿ1 (nm)][a] e [mÿ1 cmÿ1][a] 3E00 [cmÿ1 (nm)][d] FEu FTb


1[f] 29700 (337) 1300 23800 (420) 0.41 0.55
2 29400 (340) 3800 23800 (420) 0.41 0.67
3 29400 (340) 8500 23600 (424) 0.43 0.51
4 28800 (347) 6440 23400 (428) 0.37 0.62
5 28600 (350) 6630 22500 (444) 0.29 0.30
6 27300 (366) 5520 21700 (460) 0.25 (0.14)[g]


7 26500 (377) 9160 � 18500 (542)[e] 0 0
8 29600 (338)[b] [c] � 23000 (435)[e] 0 0


[a] In acetonitrile unless stated otherwise. [b] In EtOH. [c] Solubility too
low. [d] From the 0 ± 0 transition of the phosphorescence measured in
EtOH:MeOH (4:1) glass at 77 K (see Figure 3). [e] Broad band. [f] From
ref. [12]. [g] Increases slightly (�15 %) upon deoxygenation, but strongly upon
cooling.


Figure 3. Total luminescence spectra of tetraazatriphenylenes at 77 K in EtOH/MeOH (4:1).
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Figure 5. Luminescence quantum yields of azatriphenylene 1 ± 7/Eu3� and
1-6/Tb3� complexes in MeCN as a function of the difference between the
triplet state of the azatriphenylene (3E00) and the luminescent level of the
lanthanide ion (17 500 and 20400 cmÿ1 for Eu3� and Tb3�, respectively).


stressed that larger energy gaps are not automatically
beneficial. Overlap between levels in the energy donor
and acceptor is required, and raising the triplet energy
too much can in principle cause a loss in this overlap.
Apparently this problem does not occur up to at least
DE� 3400 cmÿ1 for Tb3� and DE� 6300 cmÿ1 for Eu3�.
To find out whether it becomes significant at still higher
DE values, a series of analogous antenna chromophores
with higher triplet energies would be required.[18]


In this context an important question is why are the
quantum yields obtained with antennae 5, 6 and
especially with 7 significantly lower than with 1 ± 4?
For 7 ´ Tb3� this is probably trivial because the triplet
energy of 7 (18 500 cmÿ1) is below that of the main
luminescent level of Tb3� (20400 cmÿ1). However, in 7 ´
Eu3� energy transfer is still predicted to be exergonic by
about 1000 cmÿ1, and nevertheless no sensitised lumi-
nescence could be detected. Also the absence of any
effect of deoxygenation on the luminescence of the
complexes 1 ± 6 ´ Eu3� and 1 ± 5 ´ Tb3�, and the minor effect of
deoxygenation on the luminesecence of 6 ´ Tb3� (<25 % at
room temperature), indicate that the differences in quantum
yields between these complexes cannot simply be related to
slow and thereby incomplete energy transfer in those for
which the quantum yield is lower; this would make the
intermediate antenna triplet sufficiently long-lived to be
intercepted by triplet ± triplet annihilation with oxygen (see
below).


The complexity of the relationship between triplet energy
and sensitising efficiency is further demonstrated by the fact
that tetraazatriphenylene 8 is unable to sensitise either Eu3�


or Tb3�, although the triplet energy of this compound is quite
high (3E00� 23 000 cmÿ1). A possible explanation in this latter
case is that 8 is sterically unable to complex the lanthanide
ions.


In order to obtain more insight into the factors governing
the efficiency of the azatriphenylenes as antenna chromo-
phores for Eu3� and Tb3�, time-resolved luminescence spectra
were measured for the complexes involving the antennae 1 ±
6. These measurements were performed with a streak camera
system (see Experimental Section) employing excitation in


the long-wavelength absorption of the antennae at 337 nm by
a pulsed nitrogen laser. The first striking observation is that in
all cases the rise time of the lanthanide emission falls within
the time resolution obtainable (�20 ns, see Experimental
Section). Thus, energy transfer from the triplet antenna to the
lanthanide must also occur within this time scale; this explains
the virtual insensitivity to oxygen quenching. This of course
fully corroborates the observation mentioned above that in all
cases, except for 6 ´ Tb3�, the lanthanide emission intensity is
insensitive to deoxygenation of the solution. More impor-
tantly it also shows that the apparent correlation between
triplet energy and sensitising efficiency evidenced in Figure 5
is not simply a result of diminished energy transfer upon
lowering of the triplet energy.


Because the decay of the lanthanide excited state is clearly
the slowest step in the overall relaxation process following
excitation of the antenna, the luminescence decay time t (see
Table 2) is directly related to the radiative (kr) and non-


radiative (knr) decay rates of the lanthanide ion [see Figure 4
and Eq. (1)]. The luminescence quantum yield of the
lanthanide ion itself is given by Equation (2).


t� 1


�kr � knr�
(1)


FLn� kr� t (2)


The overall luminescence quantum yield (Flum) resulting
from the absorption/intersystem crossing/energy transfer/
luminescence sequence in antenna ± lanthanide complexes is
in principle determined not only by FLn, but also by the
quantum yields of the intersystem crossing (FISC) and energy
transfer (FET) steps, leading to Equation (3).


Flum�FISC�FET�FLn�FISC�FET� kr� t (3)


However, in the case of the Eu3� and Tb3� complexes of
azatriphenylenes 1 ± 6, (except for 6 ´ Tb3� as discussed below),
the efficiencies of intersystem crossing (FISC) as well as energy
transfer (FET) seem to be close to unity, implying that Flum�
FLn and is thus only governed by kr and knr of the lanthanide
ion as it resides in the coordination sphere of the complex and


Table 2. Luminescence lifetimes (t) of azatriphenylene ± lanthanide complexes in
MeCN measured at room temperature (lex� 337 nm). Except for 6/Tb3�, lifetimes
are not significantly influenced by deoxygenation. Furthermore the radiative (kr)
and nonradiative (knr) rate constants are given as calculated from the lifetimes and
the quantum yields (see Table 1).


tEu [ms] kr [msÿ1][b] knr [msÿ1][b] tTb [ms] kr [msÿ1][b] knr [msÿ1][b]


1[a] 1.20� 0.02 0.34 0.49 1.31� 0.02 0.42 0.34
2 1.37� 0.02 0.30 0.43 1.67� 0.02 0.40 0.20
3 1.40� 0.02 0.31 0.40 1.60� 0.02 0.32 0.30
4 1.41� 0.02 0.26 0.45 1.41� 0.02 0.44 0.27
5 1.34� 0.03 0.22 0.53 1.37� 0.02 0.22 0.50
6 1.18� 0.02 0.21 0.64 0.76� 0.04[c] (0.18) (1.136)


1.16� 0.04[d] (0.12) (0.74)


[a] Data for 1 from ref. [12]. [b] Calculated under the assumption that Flum�Fln ,
which does not apply for 6/Tb3� (see text). [c] In aerated solution. [d] In
deoxygenated solution.
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the surrounding medium. Under this assumption, values for kr


and knr of the lanthanide in the complexes can then be
calculated and are compiled in Table 2.


From the results it appears that in fact the lowered
efficiency of 5 and especially 6 as a sensitiser towards Eu3�


and Tb3� is related to a decrease of kr and a simultaneous
increase of knr. As we will discuss later on, the complexation
with the azatriphenylenes apparently induces a higher kr in
the lanthanide ion and also shields it from quenching by the
environment, thereby lowering knr. We therefore tentatively
propose that the lowering of kr and the increase of knr


observed with 5 and 6 as compared with 1 ± 4 is at least partly
due to a weakening of the complexing ability of the
azatriphenylenes upon introduction of electron-withdrawing
groups (i.e., an amide group in 5 and two cyano groups in 6).


For 6 ´ Tb3� an additional deactivation mechanism of the
lanthanide luminescence is, however, evident from the fact
that this is the only complex for which the lifetime signifi-
cantly increases upon deoxygenation. Furthermore, we found
that the lifetime of this complex strongly decreases and the
effect of oxygen simultaneously increases when the temper-
ature is raised. Together with the effect of oxygen on the
luminescence quantum yield of this complex these observa-
tions imply that the energy transfer from the triplet of 6 to
Tb3� is thermally reversible. This is quite feasible because the
energy gap is only 1300 cmÿ1 (3.7 kcal molÿ1), which allows for
significant back energy transfer (kÿET in Figure 4) within the
millisecond lifetime of the lanthanide luminescence.


Thus the knr values calculated for 6 ´ Tb3� must contain a
large contribution from this back energy transfer, a contribu-
tion which increases upon raising the temperature and also if
the product of this process (i.e., the antenna triplet) is
intercepted by oxygen. Under these conditions, application of
Equations (1) and (2) of course only yields apparent rates;
these results are therefore given in brackets for 6 ´ Tb3� in
Table 2.


It is clear that 1 ± 5 and to a somewhat lesser degree also 6
are good sensitisers for Eu3� and Tb3� not only because FISC


and FET are close to unity, but also because the kr/knr ratio of
the lanthanide ions surrounded by these ligands is high. While
a comparison of the knr values with literature data is
complicated by the fact that these are certainly determined
not only by the antenna ligands, but also to a large extent by
the degree to which the lanthanide ion is still accessible to the
quenching action of solvent molecules and counter-ions, the kr


values calculated (see Table 2) deserve some additional
comment. In aqueous solution kr has been reported as
0.19 msÿ1 and 0.11 msÿ1 for Eu3� and Tb3� ions, respective-
ly[19] . Organic ligands[20] and solvents,[21] however, are known
to induce a significant increase of the transition probability for
the forbidden transitions underlying the low kr values of the
lanthanides. The spectral distribution of the lanthanide
luminescence in the Eu3� and Tb3� complexes presented here
(see Figure 6) indeed differs significantly from that of the free
hydrated ions, indicating the well-known[20] differentiating
effect of the organic ligands on the various transitions, and
thereby enhancing the overall radiative decay probability.


Some lower limits on kr implied by quantum yields and
lifetimes reported in recent literature for organic ligand


Figure 6. Luminescence spectra of the complexes of tetraazatriphenylene
4 with Eu3� (Ð) and Tb3� (- - -) in MeCN; lex� 345 nm.


complexes of Eu3� include 0.38 msÿ1 with a bis-isoquinoline-
N-oxide ligand,[22] 0.43 msÿ1 with 4-(phenylethynyl)pyridine-
2,6-dicarboxylic acid as a ligand,[8] 0.5 msÿ1 with a bis-
isoquinoline-N-oxide based cryptate[23, 24] and 0.52 msÿ1 with
a polymeric pyridinedicarboxylic acid based ligand.[25] Lower
limits on kr implied by quantum yields and lifetimes reported
in recent literature for organic ligand complexes of Tb3� are:
0.26 msÿ1 with a terpyridine-based ligand,[26] 0.29 msÿ1 with a
2,2'-bipyridine-based branched macrocyclic,[24] 0.30 msÿ1 with
a 2,6-bis-(N-pyrazolyl)pyridine-based ligand,[27] 0.33 msÿ1


with pyridine-2,6-dicarboxylic acid,[28] and 0.42 msÿ1 with 4-
(2,4,6-trimethoxyphenyl)pyridine-2,6-dicarboxylic acid.[29] In
fact, it has been mentioned earlier that for complexes of Eu3�


and Tb3� upper values of kr� 0.60 msÿ1 and kr� 0.55 msÿ1,
respectively, may be expected.[30] The kr values we find (see
Table 2) for Eu3� and especially with Tb3� complexes of
ligands 1 ± 4 are close to these upper limits, which clearly must
be one of the sources of the extremely high luminescence
efficiency of these complexes. Of course it remains to be seen
whether such high kr values will also be available in systems in
which the complexation is enhanced by ligands with a higher
affinity for the lanthanide ion and in which one or more
azatriphenylenes serve as antennae to harvest the excitation
light and not as the major ligands coordinating the lanthanide
ion.


In conclusion, the compounds investigated, especially 1 ± 5,
have the rather unique property of forming strongly lumines-
cent complexes both with Eu3� and with Tb3�, while until now
antenna chromophores absorbing in the region>330 nm have
mainly been reported that are only able to sensitise efficiently
either Eu3� or Tb3�. Inefficiency towards Tb3� seems primarily
related to a lack of sufficient triplet energy, whereas
inefficiency towards Eu3� has generally been attributed to
the occurrence of electron-transfer quenching by LMCT. The
present azatriphenylenes combine high triplet energy with a
strong resistance to oxidative quenching (Eox has been found
to exceed 2.5 V, measured relative to the saturated calomel
electrode in acetonitrile[31]).


It should be stressed that the actual efficiency of a
luminescent label, for example in a microscopic study or
biological assay, cannot be deduced from the quantum yield
alone. Factors like spectral distribution of the excitation
source used and the wavelength-dependent response of all
other equipment make it very hard to predict the effectiveness
of a label. The extinction coefficient at the excitation wave-
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length also plays a major role. A common way of taking the
latter two factors into account is to calculate the so-called
luminescence intensity, by taking the product of the extinction
coefficient and the quantum yield (Flum� e). In Table 3 these
values are compiled for the Eu3� and Tb3� complexes of 1 ± 6
assuming excitation in the longest-wavelength maximum of
the antenna.


It is important to note that the e values are taken at the 0 ± 0
transition, and not at the strongest absorption maximum of
the azatriphenylenes. Otherwise much higher values would be
obtained, for example, for tetraazatriphenylene 3 FEu�
emax� 60 000 and FTb� emax� 75 000 around 260 nm. Much
more important, however, is that with, for example, 3 a F�
e> 7000 can be achieved at such a long excitation wavelength
as 340 nm and with 5 F� e� 4000 even at 350 nm for both
Eu3� and Tb3�. In this important excitation wavelength region
these values seem quite competitive with the highest reported
in the literature for either Eu3� or Tb3� complexes,[6, 8, 26, 29]


while the combination of such high F� e values at an
excitation wavelength above 335 nm for both these lanthanide
ions with a single sensitiser seems to be unprecedented.


From just the F� e data in Table 3 it might be concluded
that the tetraazatriphenylenes with alkyl substituents (3 and
4) are the best candidates for further extension into a label for
biological material. However, the 0 ± 0 transition of these
tetraazatriphenylenes is situated at significantly shorter wave-
length than that of the amide-substituted tetraazatripheny-
lene 5. For the complexes of the latter compound the lower
value of F� e could in fact be easily compensated by the
much stronger excitation intensity at 350 nm, compared with
340 nm, when a conventional light source, such as a mercury
lamp, is used. On the other hand, if a nitrogen laser (337 nm)
is used as the excitation source, 3 and 4 clearly come out as the
most efficient antennae.


Conclusion


Various tetraazatriphenylenes appear to be excellent antenna
chromophores as well as reasonably strong ligands towards
both Eu3� and Tb3� ions. Furthermore, coordination of a
number of these azatriphenylenes with lanthanide ions
appears to significantly enhance the radiative-transition
probability of these ions relative to their hydrated state. The
exceptionally high luminescence quantum yields of the
resulting lanthanide complexes and their long-wavelength


absorption characteristics make them very interesting com-
pounds for further investigation. Moreover, these azatriphe-
nylenes represent a new class of sensitisers, a number of which
display very high sensitising efficiency towards both Eu3� and
Tb3�, allowing ultimately multicolour luminescent labels. In
this context it should be mentioned that we have shown
earlier[12] that azatriphenylenes are also able to sensitise the
luminescence of other lanthanides (e.g., Dy3� and Sm3�)
although the low inherent luminescence quantum yields of
these ions make them less attractive for the development of
luminescent labels. Importantly, the synthesis route of tetraa-
zatriphenylenes allows easy modification and consequent
fine-tuning of the required photophysical characteristics, by
means of the diamine reagent. Also the fact that azatriphe-
nylenes show no fluorescence, and the fast (and thus effective)
energy transfer to lanthanide ions are advantages over many
of the sensitisers investigated so far. Furthermore, the
insensitivity towards quenching by oxygen (related to the fast
energy transfer), which was observed for the quantum yields
as well as the luminescence lifetimes, is quite advantageous.


Experimental Section


General procedures : Melting points are uncorrected. 1H NMR and 13C
NMR spectra were recorded on a Bruker AC 250 spectrometer in
[D1]chloroform with Me4Si as the internal standard unless stated otherwise.
Fast-atom-bombardment (FAB) and electron-impact (EI) spectra were
obtained with a Finnigan MAT 90 spectrometer. Magic bullet (MB) and m-
nitrobenzyl alcohol (NBA) were used as matrices for the FAB mass
measurements. All other chemicals were analytically pure and were used
without further purification. Hexane refers to the fraction with b.p. 40 ±
60 8C. Standard work-up means that the organic layers were washed with
water, dried over magnesium sulfate (MgSO4), filtered, and concentrated in
vacuo. Preparative column separations for compounds 2 ± 7 were per-
formed on Merck neutral Al2O3 (activity 5). Preparative column chroma-
tography separation for compound 8 was performed on Merck silica gel 60
(230 ± 400 mesh), while precoated silica gel plates (Merck, 60 F254) were
used for analytical TLC. 1,10-Phenanthroline-5,6-quinone (9)[13, 14] and 2,9-
dichloro-1,10-phenanthroline-5,6-quinone[13, 14] were synthesised according
to literature procedures. The presence of solvent in the analytical samples
was confirmed by 1H NMR spectroscopy.


Dipyrido[3,2-f :2'',3''-h]quinoxaline (2): Compound 2 was prepared accord-
ing to a slightly modified literature procedure.[15] A solution of ethylenedi-
amine (13 ; 0.19 g, 2.85 mmol) in THF (10 mL) was added dropwise to a
solution of 9 (0.60 g, 2.85 mmol) in THF (600 mL), and the resulting
mixture was refluxed for 4 h. The solution was concentrated in vacuo, and
the slightly yellow solid was dissolved in CH2Cl2 (100 mL) and washed with
1n HCl (50 mL). The aqueous solution was adjusted to pH 9.0 and cooled
with an ice bath. The precipitate formed was filtered, and after purification
with column chromatography (Al2O3, CH2Cl2) and trituration with CH2Cl2/
hexane, compound 2 was obtained as a pure, white solid. Yield: 92%; m.p.
253 ± 255 8C (lit.[15] m.p. 250 8C); 1H NMR: d� 9.45 (dd, 3J(H,H)� 8.3,
0.1 Hz, 2 H), 9.3 ± 9.2 (m, 2H), 9.18 (s, 2 H), 7.97 (dd, 3J(H,H)� 12.5, 4.0 Hz,
2H); 13C NMR (CDCl3): d� 152.3 (d), 147.5 (s), 144.5 (d), 140.6 (s), 133.2
(d), 127.5 (s), 124.0 (d); HRMS: m/z : 232.0785 ([M�], calcd 232.0789);
C14H8N4 ´ 0.5H2O: calcd C 69.70, H 3.76, N 23.22; found C 69.66, H 3.40, N
23.03.


2-Methyldipyrido[3,2-f :2'',3''-h]quinoxaline (3): Compound 3 was prepared
and purified starting from 9 (0.6 g, 2.9 mmol) and 1,2-diaminopropane (15 ;
0.21 g, 2.9 mmol) with the procedure described for compound 2. Yield:
83%; white solid; m.p. 271 8C; 1H NMR: d� 9.49 (dd, 3J(H,H)� 8.4,
0.8 Hz, 1H), 9.44 (dd, 3J(H,H)� 8.4, 0.8 Hz, 1H), 9.3 ± 9.2 (m, 2H), 8.82 (s,
1H), 7.79 (d, 3J(H,H)� 8.4 Hz, 1H), 7.77 (d, 3J(H,H)� 8.4 Hz, 1 H), 1.68 (s,
3H); 13C NMR: d� 22.5 (q); HRMS: m/z : 246.0897 ([M�], calcd
246.0905); C14H8N4 ´ 0.1 H2O: calcd C 72.63, H 4.14, N 22.58; found C
72.30, H 4.04, N 22.72.


Table 3. Product of the extinction coefficient at the 0 ± 0 transition
(position in nm given between brackets) for the azatriphenylene/lanthanide
complexes in MeCN.


FEu ´ e[a] (1E00 [nm]) FTb ´ e[a] (1E00 [nm])


2 3120 (340) 5100 (340)
3 7320 (340) 8680 (340)
4 4760 (347) 7980 (347)
5 3840 (350) 3980 (350)
6 2760 (366) [b]


[a] The molar exctinction of the complex was calculated for the 2:1 ligand/
lanthanide stoichiometry. [b] Strongly dependent on temperature and
presence of oxygen (see text).
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10,11,12,13-Tetrahydrodipyrido[3,2-a :2'',3''-c]phenazine (4): cis-1,2-Diami-
nocyclohexane (11; 0.53 g, 4.6 mmol) was added to a solution of 9 (0.99 g,
4.7 mmol) in EtOH (75 mL), and the resulting mixture was refluxed for 4 h.
After removal of the solvent in vacuo, the brown residue was subjected to
column chromatography (Al2O3, CH2Cl2) to give 4, which after recrystal-
lisation from CH2Cl2/hexane was obtained as a pure white solid. Yield:
86%; m.p. 292 ± 295 8C; 1H NMR ([D8]THF): d� 9.49 (dd, 3J(H,H)�
8.3,0.8 Hz, 2 H), 9.3 ± 9.1 (m, 2H), 7.82 (dd, 3J(H,H)� 12.5, 4.2 Hz, 2H),
3.4 ± 3.2 (m, 4 H), 2.2 ± 2.1 (m, 4 H); 13C NMR (CD2Cl2): d� 154.4 (s), 151.6
(d), 147.5 (s), 137.9 (s), 132.8 (d), 127.6 (s), 124.0 (d), 33.2 (t), 23.2 (t);
HRMS: m/z : 286.1225 ([M�], calcd 286.1218); C18H14N4 ´ 0.5 H2O: calcd C
73.20, H 5.12, N 18.97; found C 73.47, H 4.68, N 19.16.


2-Dipyrido[3,2-f :2'',3''-h]quinoxaline acid dodecylamide (5): Compound 5
was prepared and purified starting from 9 (0.50 g, 1.06 mmol) and d,l-2,3-
diaminopropionic acid dodecylamide (14 ; 0.50 g, 1.06 mmol) with the
procedure described for compound 2. Yield: 81 %; m.p. 172 ± 174 8C; 1H
NMR: d� 9.76 (s, 1H), 9.47 (d, 3J(H,H)� 8.3 Hz, 1H), 9.38 (d, 3J(H,H)�
8.3 Hz, 1 H), 9.35 ± 9.2 (m, 2 H), 8.01 (br t, 3J(H,H)� 6.7 Hz, 1 H), 7.83 (d,
3J(H,H)� 5.0 Hz, 1 H), 7.79 (d, 3J(H,H)� 5.0 Hz, 1H), 3.62 (q, 3J(H,H)�
7.5 Hz, 2 H), 1.76 (t, 3J(H,H)� 8.0 Hz, 2H), 1.6 ± 1.2 (m, 20H), 0.87 (t,
3J(H,H)� 7.5 Hz, 3H); 13C NMR: d� 162.9 (s), 153.0 (d), 152.7 (d), 143.9
(d), 143.4 (s), 133.7 (d), 132.8 (d), 126.1 (s), 124.3 (d), 123.9 (d), 39.8 (t), 31.9
(t), 29.8 (t), 29.6 (t), 29.3 (t), 27.1 (t), 22.7 (t), 14.1 (q); HRMS: m/z : 443.269
([M�], calcd 443.269); C27H33N5O ´ 0.25 H2O: calcd C 72.37; H 7.42; N 15.63;
found C 72.57, H 7.50, N 15.69.


2,3-Dicyanodipyrido[3,2-f :2'',3''-h]quinoxaline (6): Dicyanomaleonitrile
(12 ; 0.43 g, 4.0 mmol) was added to a solution of 9 (0.85 g, 4.0 mmol) in
THF (100 mL), and the solution was refluxed for 1 h. The solution was
filtered, and the slightly red solid was triturated with CH2Cl2. The solid was
redissolved in DMF (50 mL), and 2 equiv of triethylamine were added
subsequently. The mixture was heated at 90 8C for 30 min, after which the
solvent was removed in vacuo. The residue was redissolved in CH2Cl2


(100 mL) and washed with 1n HCl (100 mL). Compound 6 was obtained
after column chromatography (Al2O3, CH2Cl2) and trituration with
hexane/CH2Cl2 as a pure white solid. Yield: 71%; m.p.> 300 8C; 1H
NMR: d� 9.5 ± 9.3 (m, 4H), 8.2 ± 8.0 (m, 2H); 13C NMR: d� 155.1 (d),
148.9 (s), 141.95 (s), 134.5 (d), 131.1 (s), 125.1 (d), 124.9 (s), 113.3 (s);
HRMS: m/z : 282.0649 ([M�], calcd 282.0654), 255.0543 ([M�ÿHCN];
C16H6N6 ´ 0.5 H2O: calcd C 65.98, H 2.42, N 28.85; found C 65.74, H 2.14, N
28.71.


Dipyrido[3,2-a :2'',3''-c]phenazine (7): Compound 7 was prepared according
to a literature procedure starting from 9 (0.6 g, 2.9 mmol) and o-
diaminobenzene (10 ; 0.3 g, 2.9 mmol).[15] Additional purification was
necessary to obtain 7 as a pure white solid: column chromatography
(Al2O3, CH2Cl2) and crystallisation from CH2Cl2/hexane. Yield: 81%
(lit.[15] 80 %); all spectroscopic data corresponded to those given in the
literature.


2,9-Dichlorodipyrido[3,2-f :2'',3''-h]quinoxaline (8): Ethylenediamine (13)
(0.27 g, 4.0 mmol) was added to a solution of 2,9-dichloro-1,10-phenanthro-
line-5,6-quinone[13, 14] (0.85 g, 4.0 mmol) in EtOH (100 mL), and the
solution was refluxed for 1 h. The solution was concentrated in vacuo,
and the residue was subjected to column chromatography (Al2O3, CH2Cl2).
The Schiff-base adduct was redissolved in CH2Cl2 (50 mL), and DDQ
(2 equiv, 1.8 g, 8.0 mmol) was subsequently added. The mixture was stirred
for 1 h at RT. Again, the solution was concentrated in vacuo, and the
residue was subjected to column chromatography (Al2O3, CH2Cl2). After
trituration with hexane/CH2Cl2 compound 8 was obtained as a pure white
solid. Yield: 71 %; m.p. 252 ± 254 8C; 1H NMR ([D1]TFA): d� 9.99 (d,
3J(H,H)� 8.3 Hz, 2H), 9.44 (s, 2H), 8.37 (d, 3J(H,H)� 8.3 Hz, 2H);
HRMS: m/z : 299.997 ([M�], calcd 299.997), 265.0 ([M�ÿCl]; C14H6Cl2N4 ´
0.25 H2O: calcd C 55.02, H 2.14, N 18.33; found C 55.28, H 1.96,
N 18.52.


dd,ll-N,N''-Di-tert-butoxycarbonyl-2,3-diaminopropionic acid (17): Di-tert-
butyl dicarbonate (17.1 g, 78.3 mmol) was added to a solution of d,l-2,3-
diaminopropionic acid monohydrochloride (16 ; 5.0 g, 35.6 mmol) and
triethylamine (18 g, 0.18 mol) in 1,4-dioxane/H2O (75 mL, 1:1). The
solution was stirred at RT for 10 h. After completion of the reaction, ethyl
acetate (100 mL) and 1n HCl (100 mL) were added. The organic layer was
washed with brine (2� 100 mL), followed by standard work-up to give 17
as a white solid. Yield 91 %; m.p. 162 ± 164 8C; 1H NMR ([D6]DMSO): d�


6.89 (d, 3J(H,H)� 8.3 Hz, 1 H), 6.79 (br t, 3J(H,H)� 6.7 Hz, 1 H), 4.00 (dd,
3J(H,H)� 8.3, 6.7 Hz, 1 H), 3.24 (t, 3J(H,H)� 6.7 Hz, 2 H), 1.37 (s, 18H);
MS (FAB): m/z : 303.2 ([M�ÿH], calcd for C13H23N2O6 303.2).


dd,ll-N,N''-Di-tert-butoxycarbonyl-2,3-diaminopropionic acid dodecylamide
(18): A solution of acid 17 (4.1 g, 13.3 mmol), 1,1'-carbonyldiimidazole
(CDI; 3.0 g, 13.3 mmol), and 4-dimethylaminopyridine (DMAP; catalyst,
0.1 g) in THF (75 mL) was stirred at RT for 1 h. Subsequently, dodecyl-
amine (2.7 g, 13.3 mmol) was added, and the solution was allowed to stir
overnight. The solution was concentrated in vacuo. CH2Cl2 (100 mL) was
added to the residue, and the resulting solution washed with 1n HCl (aq),
followed by standard workup. The crude reaction product was purified by
column chromatography (SiO2, CH2Cl2) to give pure 18 as a white solid.
Yield: 85 %; m.p. 103-105 8C; 1H NMR: d� 6.65 (br s, 1 H), 5.80 (br s, 1H),
4.2 ± 2.1 (m, 1 H), 3.5 ± 3.4 (m, 2H), 3.2 ± 3.1 (m, 2H), 1.45 (s, 20H), 1.25 (s,
18H), 0.89 (t, 3J(H,H)� 7.8 Hz, 3 H); 13C NMR: d� 170.4 (s), 157.1 (s),
156.1 (s), 80.1 (s), 79.9 (s), 55.5 (d), 42.5 (t), 39.5 (t), 31.9 (t), 29.8 (s), 29.6
(t), 29.58 (t), 29.5 (t), 29.4 (t), 29.3 (t), 29.28 (t), 28.3 (d), 26.8 (t), 22.6 (t),
14.1 (q); MS (FAB): m/z : 470.1 [M�ÿH], 624.2 [M��NBA]; C25H49N3O5:
calcd C 63.66, H 10.47, N 8.91; found C 63.95, H 10.73, N 8.84.


dd,ll-2,3-Diaminopropionic acid dodecylamide (19): Amide 18 (0.80 g,
1.7 mmol) was added slowly to a solution of 10 % H2SO4/dioxane
(75 mL) at 0 8C. After the addition was complete the mixture was stirred
at RT for 4 h. The precipitate formed was filtered, dissolved in CH2Cl2


(100 mL), and the resulting solution was subsequently washed with 1m
NaOH (aq) (50 mL) and brine (50 mL), followed by standard workup. The
product was obtained, after trituration with MeOH, as a pure, white solid.
Yield 77 %; m.p. 88 ± 90 8C; 1H NMR ([D6]DMSO): d� 7.48 (br s, 4H), 3.28
(t, 3J(H,H)� 7.5 Hz, 1 H), 3.20 (q, 3J(H,H)� 7.5 Hz, 2 H), 3.0 ± 2.8 (m, 2H),
1.21 (br s, 20H), 0.83 (t, 3J(H,H)� 7.6 Hz, 3H);13C NMR: d� 173.7 (s), 56.5
(d), 46.1 (t), 39.1 (t), 31.9 (t), 29.62 (t), 29.57 (t), 29.5 (t), 29.3 (t), 29.28 (t),
27.0 (t), 22.7 (t), 14.1 (q); MS (FAB, MB): m/z : 272.4 ([M��H], calcd for
C15H34N3O 272.3).


Luminescence measurements : Continuous emission and excitation spectra
were recorded on a Spex Fluorolog 2 spectrofluorimeter. Solutions for
lanthanide luminescence measurements were prepared in spectrograde
acetonitrile (Merck, Uvasol) dried over molecular sieves before use. The
lanthanides were added in the form of Eu(NO3)3 ´ 6 H2O and Tb(NO3)3 ´
5H2O (Aldrich).


Titration experiments to determine the stoichiometry of the luminescent
complexes in solution were carried out as described previously.[12] Full data
on the results of these luminescence titrations are available as Supporting
Information. These results show that, as already reported for 1, the other
luminescent complexes also have a 2:1 (ligand:lanthanide) stoichiometry in
acetonitrile down to a concentration of �10ÿ5m or less.


Luminescence quantum yields were determined relative to a reference
solution of quinine sulfate in 1n sulfuric acid (F� 0.546)[32] or Ru ± tris-
(bipyridine) in deoxygenated water (F� 0.042)[33] and corrected for the
refractive index of the solvent. All samples were prepared with an
absorbance between 0.05 and 0.2 at the excitation wavelength, implying an
antenna concentration in the range 1 ± 5� 10ÿ5m. Over this range no
significant influence of the concentration on the quantum yield can be
detected. Deoxygenation was performed by thoroughly purging with argon
for 10 ± 15 minutes.


Time-resolved emission spectra were obtained by the use of a Hamamatsu
C-5680 streak camera equipped with an M 5677 sweep unit. Excitation at
337 nm was achieved by a pulsed (FWHM 600 ps) nitrogen laser (LTB,
MSG 405 TD) operating at a repetition rate of 20 Hz. Monoexponential
decay of the lanthanide luminescence was observed in all cases. Although
the time resolution of this set-up is ca. 200 ps, it should be noted that the
small radiant flux, together with the long lifetime of lanthanide lumines-
cence, prevents full use of this time resolution in practice. The shortest
sweep time employed was 100 microseconds, corresponding to a time
resolution of about 20 ns.
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Quantitative Screening of Hydrolase Libraries Using pH Indicators:
Identifying Active and Enantioselective Hydrolases


Lana E. Janes, A. Christina Löwendahl, and Romas J. Kazlauskas*


Abstract: The slowest step in finding a
selective hydrolase for synthesis is often
the screening step. Researchers must
run small test reactions and measure the
amounts of stereoisomers formed by
HPLC, GC, or NMR. We have devel-
oped a colorimetric method to speed up
this screening. We quantitatively detect
ester hydrolysis using a pH indicator, 4-
nitrophenol. We estimate the selectivity
by measuring the initial rates of hydrol-
ysis for pure stereoisomers separately.


To demonstrate the utility of this meth-
od, we screened seventy-two commer-
cial enzymes for enantioselective hy-
drolysis of racemic solketal butyrate, an
important chiral building block. First,
we eliminated the twenty hydrolases
that did not catalyze hydrolysis of either


enantiomer. Next, we measured initial
rates of hydrolysis of the pure enan-
tiomers of solketal butyrate. For horse-
liver esterase, these initial rates differed
by a factor of twelve. Subsequent GC
experiments confirmed an enantiomeric
ratio of fifteen for this hydrolase. Al-
though this enantioselectivity is moder-
ate, it is the highest enantioselectivity
reported for a hydrolysis of solketal
esters.


Keywords: enantiomeric resolution
´ enzyme catalysis ´ lipases ´ screen-
ing ´ synthetic methods


Introduction


Chemists often exploit the high stereoselectivity and regiose-
lectivity of hydrolytic enzymes to solve synthetic problems.[1]


For example, researchers use selective reactions catalyzed by
lipases to prepare enantiomerically pure pharmaceutical
intermediates and to selectively deprotect sensitive synthetic
intermediates. One limitation to the wider use of hydrolases is
the difficulty in finding the best hydrolase for a given reaction.
Although several empirical rules[2] can assist in the selection
of likely candidates from the fifty to one hundred hydrolases
commercially available, most researchers also use screening.
To screen for selective hydrolases today, researchers run a
small reaction for each hydrolase, work up the reaction, and
determine the ratio of stereoisomers by HPLC, GC, or
NMR.[3] At best, one determination takes four hours. To save
time researchers rarely screen all commercial hydrolases and
likely miss good hydrolases.


To speed up this screening, we have developed a quanti-
tative, colorimetric assay for hydrolysis of esters using pH
indicators. Hydrolysis of an ester at neutral pH, for example
solketal butyrate (1, butyryl ester of 2,2-dimethyl-1,3-dioxo-


lane-4-methanol), releases a proton (Scheme 1). We measure
the rate of proton release using a pH indicator.


Scheme 1. Hydroylsis of solketal butyrate at neutral pH.


Researchers have used pH indicators to monitor the
progress of enzyme-catalyzed reactions that release or con-
sume protons since the 1940�s.[4, 5] For example, researchers
have monitored reactions catalyzed by amino acid decarbox-
ylase,[6] carbonic anhydrase,[7] cholinesterase,[8] hexoki-
nase,[9, 10] and proteases.[11] Many researchers either used a
pH indicator assay qualitatively or calibrated the color change
with additional experiments.


However, by choosing the reaction conditions carefully, one
can ensure that the color change is proportional to the number
of protons. In particular, both the buffer and the indicator
must have the same affinity for protons (pKas within 0.1 unit
of each other) so that the relative amount of protonated
buffer to protonated indicator stays constant as the pH shifts
during the reaction. Researchers defined the proportionality
between the rate of indicator absorbance change and reaction
rate as the buffer factor, Q.[6, 7, 12] When the pKas of the
indicator and buffer are the same, Q is given by Equation (1),
where C represents the total molar concentration (sum of acid
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and base forms) of buffer (B) or indicator (In), De represents
the difference in extinction coefficient between the proto-
nated and deprotonated forms of the indicator, and l
represents the path length. The true reaction rate is given by
Equation (2), where dA/dt is the rate of indicator absorbance
change. The highest sensitivity (largest dA/dt) occurs when Q
is small. Thus, lowering the buffer concentration or increasing
the indicator concentration increases the sensitivity of the
assay.


Q� CB


CIn


� 1


De404 nml
(1)


rate (mmol minÿ1)� dA


dt
� Q � reaction volume � 106 (2)


We used this assay to screen for enantioselective hydrolases
in 96-well microplates (Figure 1). Using pure enantiomers, we
separately measured the initial rates of hydrolysis of each
enantiomer. Hydrolases that showed large differences in the


Figure 1. Schematic diagram of the colorimetric screen for enantioselec-
tivity. The circles represent wells in a microplate containing either the R or
the S enantiomer. Hydrolysis of an ester releases acid that decolorizes the
pH indicator. Dark circles represent no reaction, while the white circles
represent wells in which hydrolysis occurred. This diagram exaggerates the
color change; in practice the color change is not visible to the eye. The
hydrolase is rejected if neither enantiomer reacts or if both enantiomers
react at similar rates. If one enantiomer reacts significantly faster than the
other, then the hydrolase is tested further. Note that measuring the rates of
hydrolysis of pure enantiomers separately gives only an estimated
enantioselectivity, not the true enantioselectivity (see ref. [13]).


initial rates of hydrolysis of the two enantiomers were further
analyzed by traditional methods to determine enantioselec-
tivities.[3] Note that the ratio of separately measured initial
rates of hydrolysis of the enantiomers is not the true
enantioselectivity, so this screening provides only an estimat-
ed enantioselectivity.[13] To minimize the amount of pure
enantiomers needed, we first screened using racemic substrate
to eliminate hydrolases that did not catalyze hydrolysis of the
racemic substrate. Whittaker et al. measured the esterase
activity of proteases in 96-well microplates using a similar
assay.[11] However, their assay required additional calibration
experiments because it did not use an indicator ± buffer pair
with the same pKa values.


To demonstrate this method, we screened a library of
seventy-two commercial hydrolases (lipases, esterases, and
proteases) for enantioselective hydrolysis of solketal butyrate,
an important chiral building block in the synthesis of
pharmaceuticals and biologically active compounds.[14] Many
researchers have searched, without success, for a highly
enantioselective hydrolase that could resolve this substrate.[15]


For hydrolysis in water, the highest enantiomeric ratio was 9
for a proteinase from Aspergillus oryzae,[16] while for acylation
of solketal in organic solvent, the highest enantiomeric ratio
was 20 ± 25 for a lipase from Pseudomonas species (lipase
AK).[15] Our screening, which is easily completed in one
afternoon, has identified a new hydrolase, horse-liver ester-
ase, with an enantiomeric ratio of 15 for the hydrolysis of
solketal butyrate. This is the highest enantioselectivity yet
reported for hydrolysis of a solketal ester.


Results


Optimizing sensitivity of the assay : Since most hydrolases
have maximal activity near neutral pH, we developed the
assay for pH 7.2. As a pH indicator, we chose 4-nitrophenol.
The similarity of its pKa (7.15[17]) to the pH of the reaction
mixture ensures that changes in pH give a large and linear
color change.[6] The large difference in the extinction coef-
ficients of the protonated and deprotonated forms (200 versus
18 000mÿ1 cmÿ1 at 404 nm) gives good sensitivity.[18] Finally,
nitrophenols bind less strongly to proteins than some poly-
aromatic indicators.[19] The concentration of the pH indicator
should be as high as possible to maximize sensitivity [Eq. (1)].
In our assay, the high initial absorbance of 4-nitrophenoxide/
4-nitrophenol limited the concentration to 0.45 mm.[20] This
concentration gave a starting absorbance of �1.2, where the
accuracy is still not compromised by low light levels.


As a buffer, we chose BES [N,N-bis(2-hydroxyethyl)-2-
aminoethanesulfonic acid] because its pKa (7.15[21]) is identical
to that of 4-nitrophenol. This ensures that changes in proton
concentration during the reaction give linear changes in
absorbance.[22] We empirically determined an optimum buffer
concentration of approximately 5 mm (see below). This value
is a compromise between low buffer concentrations to
maximize sensitivity [Eq. (1)], and high buffer concentrations
to ensure accurate measurements and small pH changes
throughout the assay (<0.05 pH units for 10 % hydrolysis
under our conditions). The small pH changes are important
because kinetic constants can change with changing pH.


Suitable substrate concentrations ranged from 0.5 to 2 mm,
typically 1 mm. At substrate concentration below 0.5 mm, the
absorbance changes are too small to be detected accurately
under our standard conditions. For example, hydrolysis of 5 %
of a 0.25 mm substrate concentration under our standard
conditions (pH 7.2, 0.45 mm 4-nitrophenol, 5 mm BES),
changes the absorbance by only 0.005 absorbance units.
Solubility in water sets the upper limit of substrate concen-
tration because spectrophotometric measurements require
clear solutions. Typical organic substrates dissolve poorly in
water, so we added organic cosolventÐ7 vol % acetonitrile.
For very insoluble substrates, we used previously prepared
clear emulsions with detergents.[23]


Quantitative validation of the assay : To confirm that the color
changes accurately measured the release of protons, we
experimentally determined the factor Q and compared it with
the theoretical Q, calculated using Equation (1). First, we
mimicked the proton release upon hydrolysis of the substrate
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by addition of HCl, Figure 2. The absorbance decreased
linearly owing to protonation of the 4-nitrophenoxide. The
reciprocal of the slopes corresponds to the buffer factor, Q,


Figure 2. Sensitivity of the assay solution to added acid. The yellow color
of the assay solution decreased linearly (regression factor� 0.97 for
24.5 mm ; >0.99 for all other concentrations) in each solution. For a given
amount of acid, solutions with lower concentrations of buffer showed larger
color changes. For buffer concentration above 2mm, the experimentally
measured slopes were within 5% of the theoretical slopes calculated by
means of Equation (1) (where De� 17800mÿ1 cmÿ1, l� 0.292 cm, CIn�
0.447 mM). For buffer concentrations below 2 mM, the experimental and
theoretical slopes disagreed by >10 %. We chose a buffer concentration of
5mM to maximize sensitivity without compromising accuracy. Each point is
an average of four measurements, with variation <3% between each
measurement. All lines are normalized to a starting absorbance of 1.4.


calculated by means of Equation (1). As expected, the
decreases were all linear and the slopes increased with
decreasing buffer concentration. However, below 2 mm buf-
fer, the experimentally measured slopes disagreed with the
theoretical slopes by more than 10 %. We chose 5 mm as the
buffer concentration for our assay as a compromise between
accuracy and sensitivity.


Small changes in reaction conditions did not compromise
the sensitivity or accuracy of this assay. The measured value of
Q did not change by more than the experimental error
(�5 %) upon addition of 7 % of acetonitrile or dimethyl
sulfoxide. The measured value of Q also was not changed by
unknown buffer salts in the commercial hydrolases or by
added CaCl2 (2 mm) in the stock solutions of proteases.


As a test reaction, we monitored the hydrolysis of racemic
solketal butyrate catalyzed by horse-liver esterase. The
decrease of the indicator absorbance was linear
(Figure 3a), and corresponded to a specific activity of
1.85 mmol minÿ1 mgÿ1 protein.[24] Control experiments with
no substrate or with no esterase showed no change in
absorbance over one hour. When we scaled up the reaction
a hundredfold and monitored the reaction with a pHstat, we


Figure 3. a) Initial rate measurement for boxed point showing the
measured absorbance change in the horse-liver esterase-catalyzed hydrol-
ysis of (� )-solketal butyrate with 5 mL hydrolase solution. The calculated
rate [Eq. (2)] equals 0.0050 mmol minÿ1 and the specific activity equals
1.85 mmol minÿ1 mgÿ1 protein. The measured points fit a straight line with
regression factor of 0.997. b) Increased rates of hydrolysis of 1 mm (� )-
solketal butyrate with increased amount of hydrolase. Rates are calculated
over 200 seconds by means of Equation (2), where De� 17300 mÿ1 cmÿ1,
l� 0.365 cm (final volume was 125 mL), CB� 4.70 mM, CIn� 0.365 mM,
5.9% acetonitrile. The measured points fit a straight line with regression
factor of 0.97 for each hydrolase. Each point is an average of four initial
rate measurements, which differed by <2 %.


measured a higher specific activity, 4.99 mmolminÿ1 mgÿ1


protein. We attribute the difference to activation by the rapid
mechanical stirring in the pHstat experiment.


Reaction rates increased linearly with the amount of
enzyme added for three typical hydrolases, one from each
class of hydrolases in our library, indicating that the enzyme-
catalyzed reaction rates determined with this assay are
proportional to the total enzyme concentration; see Figure 3b.


Screening for hydrolases enantioselective for solketal buty-
rate : To demonstrate the utility of our method, we screened a
library of seventy-two commercial hydrolases for enantiose-
lective hydrolysis of (� )-solketal butyrate. All hydrolases
were dissolved in the assay buffer, 5 mm BES buffer at pH 7.2.
Since some solid hydrolase preparations contain buffer salts
and extenders, the pH of each solution was checked and
readjusted to pH 7.2 when necessary. First, we screened with
racemic solketal butyrate to eliminate hydrolases that did not
catalyze hydrolysis of either enantiomer. This screen elimi-
nated the twenty hydrolases listed in note [a] of Table 1.


Next, we estimated the enantioselectivity of the remaining
fifty-two hydrolases for solketal butyrate by separately
measuring the initial rates of hydrolysis of the pure enan-
tiomers, Table 1. We used the ratio of these rates as an
estimated enantioselectivity.[25] Note that the ratio of these
rates is not the true enantioselectivity, or enantiomeric ratio
E, because we measured the rates of hydrolysis of the
enantiomers separately. Nine hydrolases showed estimated
enantioselectivity �4. The seven lipases and proteases
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Table 1. Activity of commercial hydrolases towards (� )-solketal butyrate and its enantiomers.


Source of active hydrolase[a] Wt.[b] Prot.[c] Supplier Activity (� )[d] Activity (R)[d] Activity (S)[d] Estimated E[e]


Lipases
Aspergillus niger 30 0.61 [f] 0.029 1.72 2.01 1.17 (S)
Aspergillus oryzae 7.1 4.5 [g] 0.039 0.157 0.0317 4.95 (R)
Candida antarctica lipase A 34 4.9 [h] 0.035 0.066 0.036 1.83 (R)
Candida antarctica lipase B 29 3.9 [i] 1.15 0.667 0.556 1.20 (R)
Candida lipolytica 35 0.23 [f] 0.114 0.381 0.340 1.12 (R)
Candida rugosa 31 0.35 [j] 2.76 4.25 1.85 2.30 (R)
Candida rugosa (cylindracea) 37 0.71 [k] 2.03 3.06 1.77 1.73 (R)
Humicola sp. 13 4.0 [h] 0.027 0.372 0.147 2.53 (R)
Penicillin camembertii 86 0.92 [f] 0.060 0.189 0.498 2.63 (S)
Penicillin roquefortii 57 0.74 [f] 0.151 0.844 1.23 1.46 (S)
Pseudomonas cepacia 31 3.1 [f] 0.038 0.085 0.021 4.05 (R)
Pseudomonas fluorescens 5.2 0.73 [g] 0.091 0.572 0.565 1.01 (R)
Rhizopus javanicus 44 2.7 [f] 0.063 0.286 0.066 4.33 (R)
Rhizopus oryzae 53 4.1 [f] 0.040 0.124 0.011 11.3 (R)
Thermus aquaticus 1.1 0.29 [g] 0.148 0.665 0.606 1.10 (R)


Esterases
Acetylcholine esterase 0.26 0.18 [j] 0.745 7.29 5.42 1.35 (R)
Bacillus sp. 1.1 0.58 [g] 0.112 0.532 0.180 2.96 (R)
Bacillus stearothermophilus 1.1 0.57 [g] 0.066 2.77 1.65 1.68 (R)
Bacillus thermoglycosidasius 0.82 0.76 [g] 0.065 1.22 0.470 2.59 (R)
Bovine cholesterol esterase 9.8 0.99 [l] 0.402 1.43 1.73 1.21 (S)
Candida lipolytica 3.5 1.4 [g] 0.056 0.244 0.306 1.25 (S)
Cutinase 2.1 1.1 [m] 2.38 10.0 4.40 2.28 (R)
E001 0.40 0.14 [n] 2.08 11.4 7.65 1.49 (R)
E002 0.38 0.16 [n] 1.27 1.39 0.721 1.93 (R)
E003 1.0 0.23 [n] 2.91 4.81 3.64 1.32 (R)
E004 1.0 0.29 [n] 2.21 3.24 3.40 1.05 (S)
E005 1.0 0.27 [n] 1.88 1.38 1.10 1.25 (R)
E006 0.64 0.13 [n] 3.59 12.3 8.80 1.40 (R)
E007 2.1 0.97 [n] 1.26 1.22 1.35 1.11 (S)
E009 1.0 0.37 [n] 2.65 4.66 4.01 1.16 (R)
E010 1.0 0.26 [n] 1.56 4.19 3.01 1.39 (R)
E011 0.80 0.22 [n] 3.44 4.21 7.30 1.73 (S)
E013 1.0 0.24 [n] 0.869 0.860 0.843 1.02 (R)
E014 1.0 0.31 [n] 0.136 0.875 0.498 1.76 (R)
E016 1.0 0.26 [n] 1.22 1.76 0.960 1.83 (R)
E017b 1.0 0.33 [n] 1.12 0.694 0.620 1.12 (R)
E018 2.0 0.76 [n] 0.135 0.279 0.548 1.96 (S)
E019 0.60 0.20 [n] 3.70 6.45 7.79 1.21 (S)
E020 0.44 0.16 [n] 4.97 8.35 9.21 1.10 (S)
Pig-liver esterase ± 0.09 [j] 71.9 3.03 14.9 4.91 (S)
Pig-liver esterase 0.36 0.49 [g] 5.79 2.26 6.17 2.73 (S)
Horse-liver esterase 1.7 0.59 [g] 0.975 0.168 2.05 12.2 (S)
Saccharomyces cerevisiae 1.2 0.26 [g] 0.085 0.219 0.074 2.96 (R)


Proteases
Aspergillus oryzae 29 7.0 [j] 0.097 0.157 0.032 4.91 (R)
Aspergillus satoi 32 0.40 [j] 0.748 3.17 3.13 1.01 (R)
Bacillus licheniformis 5.2 2.1 [g] 0.335 0.261 0.083 3.14 (R)
Bac. subtilis var. Biotecus A 4.2 1.7 [g] 0.351 0.221 0.0303 7.29 (R)
Subtilisin Carlsberg 9.7 4.4 [j] 0.083 0.213 0.082 2.60 (R)
Streptomyces griseus 20.1 7.2 [o] 0.012 0.032 0.0135 2.37 (R)
Thermolysin, Type X 2.4 0.15 [j] 0.095 0.255 0.738 2.89 (S)
Proteinase, bacterial 4.7 2.1 [g] 0.186 0.154 0.028 5.50 (R)
Proteinase K 0.42 0.07 [g] 2.14 3.08 2.29 1.34 (R)


[a] The following hydrolases showed no detectable activity (<0.01 mmol minÿ1 mgÿ1 protein) towards racemic solketal butyrate: Lipases: Amano lipases from
Rhizopus stolonifer, Mucor javanicus and Mucor miehei, wheatgerm lipase (Sigma), porcine pancreatic lipase (Biocatalysts), lipase from Rhizopus niveus
(Boehringer Mannheim); Esterases: ThermoGen esterases E008, E012 and E015, Fluka esterases from Thermoanaerobium brockii and Mucor miehei ;
Proteases: a-chymotrypsin (Sigma), pepsin from porcine stomach (Fluka), subtilisin from Bacillus licheniformis (Fluka), thrombin from human plasma
(Fluka), trypsin (Worthington, Freehold, NJ), Sigma proteases from Bacillus polymyxa, bovine pancreas type 1, papaya, Streptomyces caespitosus.
[b] Amount (mg) of solid enzyme per mL of buffer in the stock solutions. [c] Protein concentration of stock solutions in mg protein mLÿ1 determined by the
Bio-Rad assay using BSA as a standard. [d] Observed rate of hydrolysis in mmol minÿ1 mgÿ1 protein. Rates calculated by Equation (2) were divided by the
protein content in the well. The values are an average of four measurements, which typically varied by less than 2 %.[e] Ratio of the separately measured
initial rates for the enantiomers. This ratio is not the true enantioselectivity, but is a useful estimate of the enantioselectivity. The absolute configuration of the
faster reacting ester is in parentheses. Note that hydrolysis of the R ester yields the S alcohol due to a change in the priority of the substituents. [f] Amano
Enzyme USA (Troy, VA). [g] Fluka Chemie (Oakville, ON). [h] Boehringer-Mannheim (Mannheim, Germany). [i] Novo-Nordisk (Baagsverd, DK).
[j] Sigma-Aldrich (Oakville, ON). [k] Biocatalysts (Pontypridd, Mid-Glamorgan, Wales, UK). [l] Genzyme (Cambridge, MA). [m] Unilever Research Labs
(Vlardingen, the Netherlands). [n] ThermoGen (Chicago, IL). [o] Calbiochem/Behrig Diagnostics (La Jolla, CA).
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favored the R ester, while the two esterases favored the S
ester. The highest estimated enantioselectivities were found
with horse-liver esterase (HLE, estimated enantio-
selectivity� 12), Rhizopus oryzae lipase (ROL, estimated
enantioselectivity� 11), and protease from Bacillus subtilis,
variation Biotecus A (BSP, estimated enantioselectivity� 7).
Previous workers identified Aspergillus oryzae protease
(AOP) as an enantioselective hydrolase.[16] This hydrolase
was also among the nine enantioselective hydrolases (esti-
mated enantioselectivity� 5). The identification of HLE,
ROL, and BSP as enantioselective hydrolases for solketal
butyrate are new results from this screening.


Although we used only the first 3 ± 4 minutes of data in the
calculations, we monitored the reactions for one hour to
ensure that we did not miss slow hydrolases or hydrolases that
show a lag time. All substrate/hydrolase solutions were
prepared and measured in quadruplicate to ensure accuracy.
The total screening time for seventy-two hydrolases in
quadruplicate was 180 minutes plus several minutes be-
tween each plate to fill the 96-well plates. This time could
be easily reduced to less than an hour with a shorter
screening time. Complete screening of the library towards
the racemate and its enantiomers is easily completed in an
afternoon.


We also changed reaction conditions in the assay in an
attempt to increase the estimated enantioselectivity for
solketal butyrate. For example, the activity of hydrolases,
especially lipases, often increases in the presence of an
interface. We reasoned that this interfacial activation may also
change the enantioselectivity. We screened the hydrolase
library with Triton X-100 (a nonionic detergent) added to
create micelles. The reaction rates increased for eight hydro-
lases (three lipases and five esterases), decreased for thirty-
two hydrolases, and stayed constant for twelve hydrolases.
Unfortunately, the estimated enantioselectivities remained
unchanged or decreased slightly for the best hydrolases: AOP
(decrease from 4.9 to 4.2), ROL (decrease from 11.3 to 9.6),
HLE (decrease from 12.2 to 7.6), and BSP (decrease from
7.3 to 5.4). With nonselective hydrolases, the estimated
enantioselectivities showed small increases or decreases. For
example, subtilisin Carlsberg increased from 2.6 to 2.8,


esterase from Bacillus stearothermophilus increased from
1.7 to 2.4, and Aspergillus oryzae lipase decreased from
4.95 to 1.8. Overall, the selectivities for solketal butyrate
did not significantly change upon addition of Triton
X-100.


To confirm these screening results, we measured the
enantioselectivity of three selective hydrolases and three
poorly selective hydrolases using the conventional endpoint
method[3] (Table 2). Under conditions similar to those in the
screening solutions (1 mm substrate, 7 % acetonitrile as
cosolvent), the true enantioselectivity and the estimated
enantioselectivity agreed to within a factor of 2.3. Since
1 mm solketal butyrate is too dilute for practical preparative
reactions, we also measured the enantioselectivity of these
hydrolases at 50 mm solketal butyrate, where the reaction
mixture contained insoluble droplets of substrate. The enan-
tioselectivity under these conditions also agreed with the
enantioselectivity estimate from screening to within a factor
of 2.6.


The most enantioselective hydrolase was HLE, E� 14.8
and 9.7 at substrate concentrations of 1 mm and 50 mm,
respectively. At 50 mm substrate without acetonitrile, the
enantioselectivity of HLE declined slightly again to E� 8.7
(c� 17.1 % after 2.5 h). These values agree well with the
estimated enantioselectivities of 12.1 (without Triton X-100)
and 7.6 (with Triton X-100). Although Partali et al. reported
an enantiomeric ratio of 9 for AOP,[16] we measured an
estimated enantioselectivity of 4.9 and a true enantioselec-
tivity of 4.8 under our conditions. Although the estimated
enantioselectivity for ROL was also high (11.3), the true
enantioselectivity was lower, E� 4.8 ± 4.9. Hydrolases with
low estimated enantioselectivities (CRL, Esterase E013, cu-
tinase) also showed low true enantioselectivities. Thus, hydro-
lases identified as enantioselective were indeed enantioselec-
tive and hydrolases identified as nonselective were not
enantioselective.


Our screening procedure quickly identified HLE as a new
hydrolase for the resolution of solketal butyrate with modest
enantioselectivity. It is the most selective hydrolase reported
in the literature to date for the hydrolysis of an ester of
solketal.


Table 2. True enantioselectivities of hydrolases towards solketal butyrate measured by the endpoint method.


Hydrolase S[a] [mm] Time[b] [h] ees
[c] [%] eep


[c] [%] C[d] [%] True E[e] Estimated E[f]


Rhizopus oryzae lipase 1 16.5 95.4 23.6 80.2 5.0� 0.1 (R) 11.3 (R)
Rhizopus oryzae lipase 50 1.25 37.8 51.2 42.5 4.4� 0.1 (R)
Horse-liver esterase 1 4.0 40.3 81.8 33.0 14.8� 0.7 (S) 12.2 (S)
Horse-liver esterase 50 2.5 22.1 77.3 22.2 9.7� 0.1 (S)
Cutinase 1 2.0 92.8 27.4 77.2 5.0� 0.02 (R) 2.28 (R)
Cutinase 50 0.42 70.3 41.8 62.7 4.8� 0.04 (R)
Aspergillus oryzae protease 1 4.0 10.5 65.8 13.8 5.4� 0.1 (R) 4.91 (R)
Aspergillus oryzae protease 50 14 11.1 62.0 15.2 4.8� 0.1 (R)
Candida rugosa lipase 1 2.5 86.3 14.4 85.7 3.0� 0.1 (R) 1.73 (R)
Candida rugosa lipase 50 0.1 15.7 40.5 27.8 2.7� 0.02 (R)
Esterase E013 1 9.5 0 0 20 1.0 1.02
Esterase E013 50 2.0 0 nr[g] nr nr


[a] Substrate concentration in the reaction mixture. [b] Reaction time. [c] Measured enantiomeric purity of the starting material (ees) or product (eep).
[d] Degree of conversion calculated by ees/(ees� eep). [e] The true enantioselectivity was calculated from ees and eep according to ref. [3]. The absolute
configuration of the fast-reacting ester is in parentheses. The error limits were estimated from enantioselectivities measured from three separate GC
injections. [f] Values from Table 1. [g] nr� no reaction detected by GC.
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Discussion


The most important part of the assay design was to ensure that
it accurately measured the rates of hydrolysis. The first
requirement is that the buffer and indicator have pKas within
0.1 units. A difference in pKa of 0.3 units causes an 8 % error
when the pH changes by 0.1 unit.[12] In a typical assay, the pH
changed by 0.05 units (10 % hydrolysis of the substrate); thus,
differences in pKas can lead to nonlinear and inaccurate rates.
If different pKas cannot be avoided, one can still get accurate
results by using calibration experiments[10] or a more complex
equation.[12] The linear relationship between the amount of
acid added and the color change, as shown in Figure 2,
confirms that the pKas lie within the acceptable range in our
experiment. Further, the agreement of the theoretical and
experimental slopes to within 5 % establishes that the assay is
quantitative.


The assay tolerates small changes in reaction conditions,
such as the addition of 7 % acetonitrile. Indeed, the pKa of 4-
nitrophenol changes only slightly from 7.15 to 7.17 upon
addition of 10 % ethanol.[26] This result suggests that cosolvent
concentrations below 10 % do not compromise the accuracy
of the assay. Also, small amounts of salts present in the
hydrolase solutions (buffer salts in commercial hydrolase
preparations, 2 mm CaCl2 in the protease solutions) did not
affect the accuracy.


This assay is approximately seven times less sensitive than
the one using hydrolysis of 4-nitrophenyl esters. For example,
if the rate of hydrolysis for a nonchromogenic ester and a 4-
nitrophenyl ester were identical, then our assay would require
seven times more hydrolase to observe the same change in
absorbance. The assay with 4-nitrophenyl esters releases one
molecule of 4-nitrophenol (53 % of these will be deprotonated
at pH 7.2), while our assay protonates one 4-nitrophenoxide
for every twelve protons released.


There are several advantages to this screening method.
First, it is hundreds of times faster than conventional screen-
ing. The 96-well format allows the analysis of large numbers of
samples simultaneously. However, speed is not gained at the
expense of accuracy; variation between quadruplicate meas-
urements for a reaction is typically <2 %. Moreover, our
method is quantitative, unlike screening for hydrolytic activity
by TLC. Second, since all the reactions and analyses take
place in the microplate wells, workup and analysis by GC,
HPLC, or NMR is avoided. Third, it requires hundreds to
thousands of times less substrate (typically 20 mg/well) and
hydrolase (we used between 0.6 ± 35 mg protein/well). For this
reason, it may be useful in the screening of mutant hydrolases
in directed evolution experiments. Fourth, this assay measures
the hydrolysis of any ester, not just chromogenic esters. The
most important rule of screening is ªYou get what you screen
forº, so the ability to screen the target compound, not an
analogue of the target compound, is an important advantage.
For speed, we screened in microplates, but one could also
adjust the concentrations to use cuvettes and a conventional
UV-vis spectrophotometer.


There are a few disadvantages with our screening method.
First, it requires pure enantiomers, albeit in small amounts.
We screened the hydrolase library in quadruplicate with only


six milligrams of each enantiomer of solketal butyrate.
Second, it provides only an estimated enantioselectivity. This
method ignores some or all of the differences in KM of the
enantiomers. Third, it requires clear solutions. To obtain clear
solutions with water-insoluble substrates, experimentation is
sometimes required to find the best cosolvent or emulsion
conditions.


In this paper we assayed for hydrolase activity at pH 7.2, but
other buffer indicator pairs may be suitable for screening at
other pH values. For example, at pH 6 chlorophenol red
(pKa� 6.0) and MES [2-(N-morpholino)ethanesulfonic acid,
pKa� 6.1] may be suitable; at pH 8 phenol red (pKa� 8.0) and
EPPS [N-(2-hydroxylethyl)piperazine-N'-(3-propanesulfonic
acid), pKa� 8.0] may be suitable; at pH 9 thymol blue (pKa�
9.2) and CHES [2-(N-cyclohexylamino)ethanesulfonic acid,
pKa� 9.3] may be suitable.


We are currently adapting this acid ± base indicator assay to
measure true enantioselectivity by extending our Quick E
method for measuring true enantioselectivity.[23]


Experimental Section


General : Chemicals were purchased from Sigma-Aldrich (Oakville, ON)
and were used without further purification unless otherwise stated. Triton
X-100 was purchased from ESA (Chelmesford, MA). Standardized acid
was purchased from A&C American Chemicals (MontreÂal, QC). Enzyme
suppliers are noted in the footnotes of Table 1. All microplate assays were
performed on a Spectramax 340 microplate reader with SOFTmax PRO
version 1.2.0 software (Molecular Devices, Sunnyvale, CA). Polystyrene 96-
well flat-bottomed microplates (maximum volume 360 mL/well, Corning
Costar, Acton, MA) were filled using Eppendorff 8-channel pipettes (5 ±
100 mL, 50 ± 1200 mL) and solution basins for multichannel pipettes (Fisher
Scientific, Nepean, ON). The initial rate of the small-scale horse-liver
esterase-catalyzed ester hydrolysis reaction was measured with a Radio-
meter RTS 822 pHstat.


(� )-Solketal butyrate (1): Butyric anhydride (2.87 mL, 17.5 mmol,
1.5 equiv), 4-dimethylaminopyridine (0.071 g, 0.58 mmol, 0.05 equiv), and
anhydrous sodium carbonate (1.86 g, 17.6 mmol, 1.5 equiv) were added to a
solution of (� )-solketal (1.54 g, 11.7 mmol, 1.0 equiv) in ethyl acetate
(40 mL) and stirred overnight. The reaction mixture was washed several
times with water, then with brine, and the organic extract was dried with
magnesium sulfate. Flash chromatography (3:1 hexanes/ethyl acetate)
afforded the pure butyryl ester as a yellow oil in 91% yield. Rf� 0.56 (3:1
hexanes/ethyl acetate); 1H NMR (200 MHz, CDCl3): d� 0.98 (t, 3J(H,H)�
7.4 Hz, 3 H, CH3), 1.37 (s, 3H, CH3), 1.43 (s, 3H, CH3), 1.67 (sextet,
3J(H,H)� 7.4 Hz, 2 H, CH2), 2.33 (t, 3J(H,H)� 7.3 Hz, 2H, CH2), 3.7 (m,
1H, 1H of CH2), 4.05 ± 4.16 (m, 3 H, 1 H of CH2, CH2), 4.27 ± 4.32 (m, 1H,
CH); 13C NMR (200 MHz, CDCl3): d� 15.3 (CH3), 19.9 (CH2), 26.9 (CH3),
28.1 (CH3), 37.3 (CH2), 65.5 (CH2), 67.3 (CH2), 74.6 (CH), 110.3 (C), 173.1
(C�O).


(S)-Solketal butyrate and (R)-solketal butyrate : Samples were prepared
from enantiomerically pure solketal as outlined above for the racemate.
The enantiomeric purities of the butyrates measured by GC (see below)
were 99.2 % and 99.8 %, respectively. No contaminating butyric acid or
solketal were detected by GC or 1H NMR.


Hydrolase library : The hydrolases were dissolved in BES buffer (5.0 mm,
pH 7.2 containing 0.02 % NaN3 as preservative) at the concentrations listed
in Table 1 (0.5 ± 40 mg solid/mL solution). CaCl2 (2mm) was added to the
protease solutions since some proteases require calcium ions to maintain
their structure. For hydrolase samples with low protein content, we used
saturated solutions (up to 40 mg solid/mL), and for hydrolase samples with
high protein content, we chose lower concentrations (typically, 1 mg solid/
mL). Each solution was centrifuged to remove insoluble material (5 min,
2000 rpm) and titrated to a final pH of 7.2. The protein concentrations were
determined using a dye-binding assay from Bio-Rad (Mississauga, ON)
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with bovine serum albumin (BSA) as the standard. Solutions were stored in
a 96-well assay block mother plate equipped with aluminum sealing tape
(2 mL maximum volume in each well, Corning Costar, Acton, MA) at
ÿ20 8C. This mother plate speeds up repeated screens that use the same
hydrolases, and is a convenient way to store large libraries of hydrolases.
Hydrolytic activity of the libraries is maintained over several months.


Screening of commercial hydrolases with pH indicators : The assay
solutions were prepared by mixing solketal butyrate (420 mL of a 30.0 mm
solution in acetonitrile), acetonitrile (470 mL), 4-nitrophenol (6000 mL of a
0.9115 mm solution in 5.0 mm BES, pH 7.2), and BES buffer (5110 mL of a
5.0mm solution, pH 7.2). Hydrolase solutions (5 mL/well) were transferred
from the mother plate to a 96-well microtiter plate using an 8-channel
pipette. Assay solution (100 mL/well) was quickly added to each well using
a 1200 mL 8-channel pipette. The final concentrations in each well were
1.0 mm substrate, 4.65 mm BES, 0.434 mm 4-nitrophenol, 7.1% acetonitrile.
The plate was quickly placed in the microplate reader and shaken for 10 s to
ensure complete mixing, and the decrease in absorbance at 404 nm was
monitored at 25 8C as often as permitted by the microplate software,
typically every 11 seconds. The starting absorbance was typically 1.2. Data
were collected for one hour to ensure we detected slow reactions and
reactions with a lag time. Each hydrolysis was carried out in quadruplicate
and was averaged. The first 10 s of data were sometimes erratic, possibly
due to dissipation of bubbles created during shaking. For this reason, we
typically excluded the first 10 s of data from the calculation of the initial
rate. Activities were calculated from slopes in the linear portion of the
curve, usually over the first two hundred seconds. The initial rates were
calculated from the average dA/dt by means of Equation (2), where De�
17300mÿ1 cmÿ1 (experimentally determined for our conditions) and l�
0.306 cm. To calculate specific activity (mmol minÿ1 mgÿ1 protein), we took
into account the total amount of protein in each well.


Screening of commercial hydrolases with pH indicators under interfacial
activation conditions : The procedure was the same as outlined above
except that the BES buffer (5mm, pH 7.2) contained Triton X-100
(8.45 mm). The final concentration of Triton X-100 in the wells was 2.8 mm.


Small-scale reactions with 1mmm (� )-solketal butyrate : These small-scale
reactions mimic the conditions in the microplate during pH indicator
activity screening except that no indicator is present. Hydrolase solutions
(50 mL) were added to solutions of (� )-solketal butyrate (3.50 mL of a
14.4 mm solution in acetonitrile) and BES buffer (46.45 mL of a 5.0 mm
solution, pH 7.2) for a final reaction volume of 50 mL (1.0 mm substrate,
4.65 mm BES, 7% acetonitrile). After stirring at room temperature for a
time estimated from the pH indicator screening, the mixture was extracted
with diethyl ether (3� 20 mL). The extracts, which contained both the ester
substrate and the alcohol product, were combined, washed with water and
dried with magnesium sulfate, filtered, and evaporated to dryness.


Small-scale reactions with 50 mM (� )-solketal butyrate : Hydrolase
solutions (250 mL for CRL, ROL, HLE, AOP, E013; 50 mL for cutinase)
were added to solutions of (� )-solketal butyrate (352 mL of a 0.715m
solution in acetonitrile) and BES buffer (4,398 mL of a 5.0mm solution,
pH 7.2) for a final reaction volume of 5.0 mL (50 mm substrate, 4.65 mm
BES, 7 % acetonitrile). Reactions were worked up as outlined above.


Determination of enantiomeric purity by GC : Gas chromatography
analysis was performed on a Hewlett Packard 5890 Series II Gas
Chromatograph equipped with a Chirasil-DEX CB chiral stationary phase
(25 m� 0.25 mm� 0.25 mm Chrompack, Raritan, NJ). For analysis, solketal
was converted to the acetate by dissolving the mixture of solketal and
solketal butyrate in ethyl acetate (5 mL) containing acetic anhydride, 4-
pyrrolidinopyridine, and anhydrous potassium carbonate. The solution was
stirred for one hour at room temperature, then filtered, washed with brine,
then water, dried with magnesium sulfate and evaporated to dryness. Both
the starting material, solketal butyrate, and the acetate of the product were
simultaneously separated with baseline resolution by means of a temper-
ature gradient (100 8C to 130 8C, 2 8Cminÿ1). Solketal butyrate: k'1� 8.11
(S), a� 1.04; solketal acetate: k'1� 4.21 (S), a� 1.10. The ee values
reported in the tables are the mean of three injections. We did not observe
any racemization of solketal or its esters during derivatization.
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Selective Self-Assembly and Acid ± Base Controlled De-/Rethreading of
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Abstract: The selective self-assembly of
a threadlike tetracation, containing two
dialkylammonium (NH�


2 ) centers and a
4,4'-bipyridinium (bpym2�) unit, with an
assortment of macrocyclic polyethers
has been investigated. Spectroscopic stud-
ies, supported by X-ray crystallographic
analyses, have demonstrated the forma-
tion of pseudorotaxanes between the
thread and the macrocyclic polyethers.
In particular, the macrocyclic polyethers
dibenzo[24]crown-8 (DB24C8) and bis-
p-phenylene[34]crown-10 (BPP34C10)
associate selectively with the thread�s
NH�


2 and bpym2� units, respectively, to
generate novel multicomponent pseu-
dorotaxane and pseudopolyrotaxane su-
perarchitectures as a consequence of
hydrogen-bonding and charge-transfer
interactions. BPP34C10�s preference for
bpym2� units is shared by several of its
dinaphtho-containing crown-10 conge-


ners, which self-assemble with the tetra-
cationic thread to produce [2]pseudo-
rotaxanes in which the bpym2� moiety is
encircled by the macrocyclic polyether.
The reversible acid ± base controlled de-
/rethreading of [n]pseudorotaxanes based
on the multifunctional tetracationic
thread has also been studied by 1H
NMR, absorption, and fluorescence
spectroscopies. Only one DB24C8 mac-
rocycle is ejected from a [3]pseudoro-
taxaneÐcreated from the tetracationic
thread and two DB24C8 moleculesÐ
when both of its DB24C8-encircled
NH�


2 centers are deprotonated with
base, leading to a [2]pseudorotaxane
whose bpym2� unit is associated with


the remaining DB24C8 macroring. The
[3]pseudorotaxane is reestablished upon
reprotonation of the thread with a
stoichiometric amount of acid. Treat-
ment of this species with an excess of
acid causes protonation of the DB24C8
macrorings, which are completely deth-
readed thereafter. Again, the dethread-
ing process can be reversed upon neu-
tralization of the surplus acid with base.
Addition of dicyclohexano[24]crown-8
(DCy24C8) to a solution of the [3]pseu-
dorotaxane induces the dethreading of
one of the two DB24C8 macrocycles, so
that a [4]pseudorotaxane is produced in
which the tetracation�s NH�


2 and bpym2�


units are encircled by DCy24C8 and
DB24C8 macrorings, respectively. Re-
versible acid ± base de-/rethreading
processes have also been observed for
[2]pseudorotaxanes bearing the dinaph-
tho-containing crown-10s.


Keywords: molecular recognition ´
pseudorotaxanes ´ self-assembly ´
supramolecular chemistry


Introduction


Pseudorotaxanes[1] constitute appealing targets for the engi-
neering of molecular assemblies and supramolecular arrays
that can exhibit switching properties in response to various
stimuli.[2, 3] One particularly fertile route to the supramolec-
ular synthesis[4] of pseudorotaxanes utilizes (Figure 1) p-
electron deficient 4,4'-bipyridinium (bpym2�) dications (e.g.,
the 4,4'-dimethylbipyridinium (1 a2�) and 4,4'-dibenzylbipyr-
idinium (1 b2�) dications) and crown ethers containing p-
electron donor units [e.g., bis-p-phenylene[34]crown-10
(BPP34C10)] within their macrocyclic frameworks.[5] Em-
ployment of such complementary components has led to the
self-assembly[6] of numerous rotaxanes and catenanes.[7] More
recently, self-assembling systems have been described[1f, 8] that
depend upon the mutual recognition between secondary
dialkylammonium (NH�


2 ) ions [e.g., the dibenzylammonium
cation (2ÿH�)] and macrocyclic polyethers of dissimilar sizes
and constitutions, such as dibenzo[24]crown-8 (DB24C8) and
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BPP34C10. These complexes are stabilized predominantly by
electrostatic interactions, including hydrogen bonds between
the NH�


2 cations and one or more of the polyether loops
within the crown ether�s cavities. One unit of the cation 2ÿH�


interpenetrates the DB24C8 macrocycle to form a [2]pseu-
dorotaxane, while two such units thread through the cavity of
BPP34C10 to create a doubly stranded [3]pseudorotaxane.


The rapid increase in the size and
intricacy of some of the complex
architectures that are being self-assem-
bled currently[9] may be attributed, in
part, to the notion that supramolecular
syntheses are simplified spectacularly
by operating several independent rec-
ognition motifs coincidentally.[10] Ac-
cordingly, we reasoned that we could
augment the superstructural complex-
ity of the pseudorotaxanes, described
above, by mixing the recognition mo-
tifs observed in the [BPP34C10 ´ 1 a]2�,
[BPP34C10 ´ 1 b]2�, [DB24C8 ´ 2ÿH]� ,
and [BPP34C10 ´ (2ÿH)2]2� complexes.
The question we asked was: would a
threadlike tetracation such as [3ÿH2]4�


(bearing both bpym2� and NH�
2 recog-


nition sites, Figure 2) self-assemble
discerningly with a mixture of two
different crown ethers to provide pseu-
dorotaxanes in which the bpym2� site


would associate selectively with one crown ether, while the
NH�


2 site would interact concurrently with the other? Here,
we describe[11] the selective self-assembly of the thread
[3ÿH2]4� with DB24C8 and BPP34C10, as probed by liquid
secondary ion (LSI) mass spectrometry, 1H NMR spectro-
scopy, and X-ray crystallography (in the gas phase, in solution,
and in the solid state, respectively). We have also investigated


Figure 1. Various noncovalent syntheses of multicomponent pseudorotaxane superstructures. Bpym2�-
bearing dications self-assemble with BPP34C10 to generate [2]pseudorotaxanes that are stabilized by,
inter alia, charge-transfer (CT) interactions. The dibenzylammonium cation (2ÿH�) self-assembles,
separately, with DB24C8 and BPP34C10 to create [2]- and [3]pseudorotaxanes that are stabilized
principally through hydrogen-bonding interactions.


Figure 2. Chemical formulas and schematic representations of the building blocks.
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the acid ± base controlled de-/rethreading of [n]pseudorotax-
anes, based upon the multifunctional thread [3ÿH2]4� and
various crown ethers, by absorption, luminescence, and 1H
NMR spectroscopies.


Results and Discussion


Synthesis : The tetracationic salt 3ÿH2 ´ 4 PF6 was prepared
(Scheme 1), in good overall yield, from commercially avail-
able starting materials, namely, methyl 4-formylbenzoate and


Scheme 1. Synthetic protocol employed to prepare the tetracationic salt
3ÿH2 ´ 4 PF6.


benzylamine, employing a multistep synthetic procedure.
Reduction of the aldimine formed from the condensation of
these two components, followed by protonation and reaction
with an excess of SOCl2, produced 4ÿH ´ Cl. Condensation of
this compound with 4,4'-bipyridine, followed by counterion
exchange, provided the salt 3ÿH2 ´ 4 PF6, which is endowed
with both NH�


2 and bpym2� recognition sites.


Selective complexation : The selective complexation of the
tetracation [3ÿH2]4�, incorporating two NH�


2 centers and one
bpym2� unit, with the crown ethers DB24C8, BPP34C10,
dicyclohexano[24]crown-8 (DCy24C8), 1,5-dinaphtho[38]-
crown-10 (1/5DN38C10), and 2,3-dinaphtho[30]crown-10


(2/3DN30C10) was investigated utilizing several techniques.
The results obtained are cataloged below.


Complexation with BPP34C10 : Deep orange solutions were
obtained when equimolar quantities of 3ÿH2 ´ 4 PF6 and
BPP34C10 were mixed in (CD3)2CO (salt concentration�
3.3� 10ÿ3m), thus providing strong evidence for the formation
of a complex between the BPP34C10 macrocycle and the
tetracation�s bpym2� unit that is stabilized, in part, by charge-
transfer (CT) interactions. The 1H NMR spectrum of the
solution displays only time-averaged resonances for both the
host and the guest species, indicating that there is a fast rate of
exchange between uncomplexed and complexed states on the
NMR timescale (300.1 MHz). The bpym2� unit experiences
the largest chemical shift displacement in the spectrum
(Table 1), whereas the benzylic protons, adjacent to the
NH�


2 centers, are almost unaffected upon complexation with
BPP34C10. However, when the spectrum was recorded with a
fourfold excess of BPP34C10, under otherwise identical
conditions, the chemical shift changes for the proton reso-
nances associated with both the bpym2� and the benzylic units
became larger, perhaps indicating that, under these circum-
stances, the NH�


2 centers of the tetracation become involved
in complexation to a larger extent. The LSI mass spectrum of
crystals of the complex exhibited peaks at m/z� 1549, 1403,
and 1257, corresponding to a 1:1 complex with the loss of one,
two, and three PFÿ6 counterions, respectively.


Orange crystals of the complex were acquired from a
MeCN/CH2Cl2 (1:1 v/v) solution of BPP34C10 and 3ÿH2 ´
4 PF6 (4:1 molar ratio) that had been layered with nC6H14.
The X-ray crystallographic analysis[12] of one of these crystals
reveals (Figure 3) the creation of a complex with an empirical


Figure 3. View of the crystal structure of the Ci-symmetric 2:1 complex
formed between BPP34C10 and [3ÿH2]4�. The broken bonds represent
segments of lattice-translated tetracationic threads.


Table 1. 1H NMR spectroscopic data [d and (Dd values)] for the complexes formed between 3ÿH2 ´ 4PF6 and the crown ethers BBP34C10 and DB24C8.[a]


a-H[b] b-H[c] p-C6H4 CH2N� CH2NH�
2


3ÿH2 ´ 4 PF6 9.44 8.77 7.73 6.21 4.70, 4.63
3ÿH2 ´ 4 PF6� 1 mol equiv BPP34C10 9.33 8.54 7.79, 7.77 6.19 4.70, 4.61


(ÿ0.11) (ÿ0.23) (0.06, 0.04) (ÿ0.02) (0.00, ÿ0.02)
3ÿH2 ´ 4 PF6� 4 mol equivs BPP34C10 9.24 8.36 7.83, 7.78 6.17 4.67, 4.58


(ÿ0.20) (ÿ0.41) (0.10, 0.05) (ÿ0.04) (ÿ0.03, ÿ0.05)
3ÿH2 ´ 4 PF6� 6 mol equivs DB24C8 9.23 8.72 7.43 5.91 4.88, 4.78


(ÿ0.21) (ÿ0.05) (ÿ0.30) (ÿ0.30) (0.18, 0.15)
3ÿH2 ´ 4 PF6� 4 mol equivs BPP34C10 9.09 8.22 ± 6.02 4.92, 4.75
� 6 mol equivs DB24C8 (ÿ0.35) (ÿ0.55) ± (ÿ0.19) (0.22, 0.12)


[a] Conditions: 300.1 MHz, (CD3)2CO, 20 8C. [b] Bpym2� protons located on the a-positions with respect to the nitrogen atoms. [c] Bpym2� protons situated
in the b-positions with respect to the nitrogen atoms.
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2:1 stoichiometry (i.e., {[(BPP34C10)2 ´ 3ÿH2]4�}n) in which
the tetracation [3ÿH2]4� is threaded through the cavities of
three BPP34C10 macrorings. The complex has crystallo-
graphic Ci symmetry, with one of the BPP34C10 molecules
encircling the tetracation�s bpym2� component; two other
macrocyclic rings are positioned concurrently around each of
the NH�


2 -bearing termini. At the same time, the NH�
2 -bearing


termini of other centrosymmetrically related tetracations are
threaded through these latter BPP34C10 molecules, in a
fashion similar to that observed[8] for the 1:2 complex formed
between BPP34C10 and the cation 2ÿH�, to generate a
pseudopolyrotaxane[10] that is stabilized by a combination of
[N�ÿH ´´´ O] and [CÿH ´´´ O] hydrogen bonds, reinforced by
aromatic ± aromatic p ± p-stacking interactions. The PFÿ6
counterions and included solvent molecules are positioned
between the polymeric rods. The two crystallographically
independent BPP34C10 macrocycles have similar conforma-
tions, retaining conventional gauche and anti geometries
about the CH2ÿCH2 and CH2ÿO bonds in each of their
polyether linkages, respectively. The separation between the
parallelly aligned hydroquinone rings in each of the terminal
BPP34C10 molecules is 6.66 � (centroid ± centroid separation
of 6.91 �), while the associated separation between the
diametrically opposite, centrally located polyether oxygen
atoms is 13.5 �. The equivalent values for the central
BPP34C10 macrocycle are 6.78 (with an associated cent-
roid ± centroid separation of 6.81 �) and 14.1 �, respectively.
The p-electron-deficient Ci-symmetric bpym2� unit is sand-
wiched evenly between the two p-electron-rich hydroquinone
rings of the central BPP34C10 macrocycle (p ± p-stacking
separation of 3.39 �) with each [N� ´ ´ ´ N�] axis inclined by
about 308 to the macrocycle�s OÿC6H4ÿO axes. Secondary
stabilization is achieved by [CÿH ´´´ O] hydrogen bonds
between one hydrogen atom of each CH2N� unit and the
central oxygen atoms of the polyether linkages ([C ´´´ O],
[H ´´´ O] distances 3.26, 2.30 �; [CÿH ´´´ O] angle 1738), in a
manner reminiscent of the [BPP34C10 ´ 1 a]2� complex.[5a]


Binding to the terminal BPP34C10 macrocycles is achieved
through [N�ÿH ´´´ O] hydrogen bonds between the NH�


2


centers and the second and fourth oxygen atoms of each
polyether linkage, a mode of binding similar to that
observed[8] for the 1:2 complex between BPP34C10 and the
cation 2ÿH� (the [N� ´ ´ ´ O], [H ´´ ´ O] distances are 2.94, 2.89
and 1.99, 2.01 �, respectively, with the [N�ÿH ´´´ O] angles
being 166 and 1518). The separation of the pair of co-threaded
NH�


2 centers is 8.6 �, with the centroid ± centroid separation
of the proximal p-xylyl rings being 6.02 �. The conformation
of the tetracation�s dibenzylammonium component differs
from that observed[8] in the [BPP34C10 ´ (2ÿH)2]2� complex, in
that the geometry about the N�ÿp-xylyl bond is anti, while
that about the N�ÿbenzyl bond is approximately gauche
(torsional twist of 708). The plane of the terminal phenyl ring
is approximately orthogonal to the plane of the
CH2ÿNH�


2ÿCH2 linkage (twist 848), whereas the p-xylyl ring
is rotated by only 338 to this linkage. The angular relationship
between the p-xylyl ring and the planar bpym2� unit is
comprised of two torsional twists of 738 and 618 about the
CH2ÿC6H4 and CH2ÿbpym2� bonds, respectively. The conse-
quence of these torsional twists within the tetracation and the


resultant overall zigzag geometry for the thread is a steep
inclination between the axes of adjacent BPP34C10 mole-
cules. Viewed along the long axis of the pseudopolyrotaxane,
the hydroquinone ring centroid ± centroid vectors within each
of the adjacent BPP34C10 molecules are inclined by 838 to
one other. Inspection of the packing of the pseudopoly-
rotaxane does not reveal any strong interpseudopolyrotaxane
p ± p, [CÿH ´´´ p], or [CÿH ´´´ O] interactions. The only
proximal relationship of note is an approach of the tetraca-
tion�s terminal benzyl rings of the adjacent chains, suggesting
the possibility for cross-linking[10a, 13] and alternative chain-
propagation directions. However, although the interplanar
separation between the terminal phenyl groups is favorable, at
3.1 �, the centroid ± centroid separation, at 5.3 �, is too large
to represent any significant p ± p interactions.


Complexation with DB24C8 : A pale yellow solution was
obtained when a (CD3)2CO solution of 3ÿH2 ´ 4 PF6 was
treated with two molar equivalents of DB24C8. The 1H
NMR spectrum of the solution displayed signals for 1) free
DB24C8, 2) uncomplexed [3ÿH2]4�, and 3) the corresponding
1:1 and 2:1 complexes. This predictable feature of the
spectrum arises[8] by virtue of the slow complexation ± de-
complexation rates on the 1H NMR timescale (300.1/
400.1 MHz) at room temperature; these slow rates originate
as a result of the relatively large size of the thread�s benzyl
termini compared with the cavity of the DB24C8 macrocycle.
Upon addition of a sixfold excess of DB24C8 to the solution,
the only signals that could be observed (Figure 4a) in the
1H NMR spectrum were attributable to 1) the excess of the
free DB24C8 macrocycle and 2) a 2:1 complex [(DB24C8)2 ´
3ÿH2]4�. The complex�s 2:1 stoichiometry was established,
under the aforementioned conditions of slow kinetic ex-
change, by comparison of the relative intensities of the
appropriate resonances associated with the complexed spe-
cies. The large shifts observed (Table 1) for the protons
associated with the tetracation�s dibenzylammonium subunits
indicate that the crown ether is probably complexing prefer-
entially with the NH�


2 centers. LSI mass spectrometric
analysis further confirmed the presence of the [(DB24C8)2 ´
3ÿH2]4� complex; peaks corresponding to the [(DB24C8)2 ´
3ÿH2][PF6]4 complex, with the respective losses of one and
two PFÿ6 counterions, were observed at m/z� 1910 and 1765 in
the LSI mass spectrum of a mixture of both components.


The selective association between the NH�
2 center and


DB24C8 was also studied by monitoring the changes in the
absorption and luminescence properties of the crown ether
upon formation of the supramolecular species. It is well
known that formation of adducts can cause changes in the
absorption and emission spectra.[5] The observation of elec-
tron donor ± acceptor interactions between the components of
a pseudorotaxane implies the presence of a low-energy
excited state that 1) gives rise to a CT band in the absorption
spectrum between the p-electron-rich aromatic units of the
crown ether and the p-electron-deficient bpym2� unit of the
thread, and 2) causes the nonradiative deactivation of upper-
lying, potentially fluorescent excited states localized in the
superstructure�s macrocyclic or thread-type components. For
the [(DB24C8)2 ´ 3ÿH2]4� pseudorotaxane, interaction be-
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tween the crown ether DB24C8 and the thread�s bpym2� unit
is expected to give rise to a CT band, in addition to complete
quenching of the strong fluorescence band (lmax� 308 nm)
that is characteristic[14] of the free DB24C8 crown ether.
Consequently, the association of DB24C8 with [3ÿH2]4� was
also investigated by monitoring the changes in the absorption
and emission spectra. Titration of a 3� 10ÿ5m solution of
3ÿH2 ´ 4 PF6 with DB24C8 (in a 1:4 v/v MeCN/CH2Cl2 sol-
ution) induced strong changes in the intensity of the crown
ether�s fluorescence spectrum, indicative[5a] of association
between the components. A quantative analysis shows that
when the concentration of DB24C8 is at least six times that of
[3ÿH2]4�, two crown ether molecules per thread have lost their
fluorescent signals, indicating the formation of the [3]pseu-
dorotaxane [(DB24C8)2 ´ 3ÿH2]4�. We have also found that
addition of a sixfold excess of DB24C8 to 3� 10ÿ5m solutions
containing the salts of either of the cations 1 b2� or 2ÿH� did
not cause any fluorescence quenching. This outcome is hardly
surprising, since NH�


2 -bearing species afford[8] adducts with
DB24C8, but cannot quench its fluorescence (because such
adducts are not based on CT interactions), whereas the
bpym2� units, which would give CT-type adducts,[5] do not
associate appreciably with DB24C8 under such dilute con-
ditions.[15] These results show clearly that the fluorescence
quenching, observed upon formation of the pseudorotaxane
[(DB24C8)2 ´ 3ÿH2]4�, results from the cooperative effect of
having NH�


2 and bpym2� units linked together within the same
thread. That is, when the crown ether complexes with the
NH�


2 centers (which cannot, by themselves, quench the crown
ether�s fluorescence), it gets close enough to the bpym2� unit
to cause a catechol ± bpym2� CT interaction. This rationaliza-
tion is supported by the presence of an absorption tail in the


360 ± 500 nm region of the spectrum that
can be assigned to a CT band whose
maximum is covered by much more in-
tense bands that are present at higher
energy.


A (1H ± 1H) NOESY experiment on a
4:1 mixture of DB24C8 and 3ÿH2 ´ 4 PF6


was recorded in a CD3CN/CD2Cl2 (1:4
v/v) solution at 30 8C. The 2D matrix
exhibits (Figure 4b) intense cross-coupled
peaks between the methylene protons
located on DB24C8�s polyether loops
and 1) the CH2NH�


2 protons, as well as
2) the protons of the p-xylyl spacer. This
result is in good agreement with the
postulate that the [(DB24C8)2 ´ 3ÿH2]4�


complex exists with a pseudorotaxane
co-conformation in which the crown ether
rings interact preferentially with the NH�


2


centers. Moreover, this observation sug-
gests that the catechol units of the
DB24C8 macrocycle are presumably fold-
ed toward the thread�s p-xylyl spacer unit,
as opposed to its benzyl termini (Fig-
ure 5). This model also accounts well for


Figure 5. One of the co-conformations of the [(DB24C8)2 ´ 3ÿH2]4� com-
plex in which the crown ether�s catechol units interact with the p-xylyl
spacers.


the quenching, detected in the presence of the tetracationic
salt 3ÿH2 ´ 4 PF6, of the luminescence associated with the
crown ether�s aromatic units.


Concurrent complexation with both DB24C8 and BPP34C10 :
The high selectivity of macrocycle DB24C8 toward NH�


2


centers, and that of BPP34C10 in relation to the bpym2�


dication, prompted us to probe the complexation phenomena
associated with the salt 3ÿH2 ´ 4 PF6 and a mixture of these
crown ethers. The 1H NMR spectrum (300.1 MHz, (CD3)2CO,
20 8C) of 3ÿH2 ´ 4 PF6 in the presence of both BPP34C10 and
DB24C8 (1 and 2 molar equivalents, respectively) displayed a
complicated set of resonances that can be associated with
many different complexes exchanging slowly with one anoth-
er on the 1H NMR timescale. However, upon addition of a
fourfold excess of BPP34C10, along with a sixfold excess of
DB24C8, the only signals that could be identified were
associated (Table 1) with a 2:1:1 complex and the uncom-
plexed macrocyclic polyethers. Strong support for the for-
mation of a 2:1:1 complex was also obtained by LSI mass
spectrometric analysis. The mass spectrum showed intense
peaks at m/z� 2592, 2447, and 2301, corresponding to the
mass of the [(DB24C8)2 ´ BPP34C10 ´ 3ÿH2][PF6]4 complex
with the loss of none, one, or two PFÿ6 counterions, respectively.


Figure 4. a) The 1H NMR spectrum (400.1 MHz, CD3CN/CD2Cl2 (1:4 v/v), 30 8C) of a solution of
DB24C8 (sixfold excess) and the salt 3ÿH2 ´ 4PF6. Peaks associated with the complexed crown ether
and salt are designated by (CE) and (S), respectively. Signals affiliated with the solvent and the
excess of the crown ether are denoted separately by a cross and asterisks, respectively. b) Selected
row of the (1H ± 1H) NOESY experiment�s [same conditions as in a)] 2D matrix, which intersects the
diagonal through the region associated with the resonances of the crown ether�s polyether loops.







De-/Rethreading of Pseudorotaxanes 2332 ± 2341


Chem. Eur. J. 1998, 4, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2337 $ 17.50+.25/0 2337


Orange single crystals, suitable for X-ray crystallographic
analysis, were obtained from a 1:4:6 solution of 3ÿH2 ´ 4 PF6,
BPP34C10, and DB24C8 in Me2CO that had been layered
with nC6H14. The X-ray analysis[12] reveals the formation of a
2:1:1 complex [(DB24C8)2 ´ BPP34C10 ´ 3ÿH2]4� (Figure 6), in


Figure 6. The X-ray crystal structure of the [4]pseudorotaxane that is self-
assembled selectively from one unit of the tetracation [3ÿH2]4�, two
DB24C8 macrocycles, and one molecule of BPP34C10.


which the tetracationic unit 3ÿH2
4� is threaded through the


cavity of the three crown ether macrocycles to generate a
[4]pseudorotaxane. The tetracation�s p-electron-deficient
bpym2� hub is sandwiched between the BPP34C10 macro-
cycle�s p-electron-donor hydroquinone units, while its two
terminal NH�


2 centers are encircled by the smaller DB24C8
crown ethers. The overall co-conformation approximates very
closely to a Ci-symmetric arrangement that is broken only by
the adoption of an anti geometry for one of the CH2ÿO-
C6H4OÿCH2 fragments of the BPP34C10 macrocycle (the
other one has a syn geometry for these bonds). Stabilization of
the four-component superstructure is achieved by a combi-
nation of 1) p ± p stacking and [CÿH ´´´ O] hydrogen bonds
(between the CH2N� unit and BPP34C10), and 2) [N�ÿH ´´´
O] and [CÿH ´´´ O] hydrogen bonds between hydrogen atoms
of both the NH�


2 centers, and their adjacent p-xylylÿCH2


groups, and the oxygen atoms of the DB24C8 macrocycle.
As a consequence of the pseudorotaxane�s lack of symmetry,
these terminal subcomplexes, identified as sites A and B in
Figure 6, are not identical. The p ± p stacking separations
between the bpym2� unit and the approximately parallel (68
tilt) hydroquinone rings of the BPP34C10 macrocycle are 3.48
and 3.54 �, respectively (the associated hydroquinone ± hy-
droquinone centroid ± centroid separation is 7.04 �), the
[N� ´ ´ ´ N�] axis of the bpym2� unit being tilted by about 248
to the mean plane of the four hydroquinone oxygen atoms.
The secondary [CÿH ´´´ O] hydrogen bonds occur between
one of each of the CH2N� hydrogen atoms and the central
polyether oxygen atoms of BPP34C10 ([C ´´´ O] and [H ´´´ O]
distances are 3.19, 3.28 and 2.27, 2.33 �, with associated
[CÿH ´´´ O] angles of 161 and 1738, respectively). The
[CÿH ´´´ O] and [N�ÿH ´´´ O] hydrogen-bonding pattern to
the terminal DB24C8 macrocycles is complex, though essen-
tially the same for both macrocycles. Both of the NH�


2


hydrogen atoms are involved in bifurcated hydrogen bonds
(Figure 7), one to both of the oxygen atoms of one of the
catechol units, the other to the adjacent second and third


oxygen atoms of the poly-
ether linkages. One of the
CH2 hydrogen atoms of the
p-xylyl unit is hydrogen
bonded to one of the oxy-
gen atoms of the other
catechol unit. Comparing
the conformation of the
cationic thread [3ÿH2


4�] in
[(DB24C8)2 ´ BPP34C10 ´
3ÿH2]4� with that in the
(empirical) 2:1 complex
{[(BPP34C10)2 ´ 3ÿH2]4�}n,
both PhÿCH2ÿNH�


2ÿCH2ÿ
C6H4 backbones have es-
sentially planar all-anti ge-
ometries, with their associ-
ated terminal phenyl and
internal p-xylyl rings in-
clined by 46 and 668 in
one instance (unit A), and
by 57 and 668 in the other
(unit B). The angular rela-
tionship between the p-xyl-
yl rings and the central
planar bpym2� unit is, in
each case, comprised of
two torsional twists, one about the CH2ÿC6H4 bonds, the
other about the CH2ÿbpym2� bonds. In unit A, the CH2ÿC6H4


torsion angle is about 258 for the p-xylyl ring, while that for
the CH2ÿbpym2� unit is about 638. For unit B, the respective
torsional twists are about 22 and 658. The tetracation�s p-xylyl
units are not positioned centrally with respect to their
associated DB24C8 macrocycles. For both units A and B,
the p-xylyl ring is inclined toward one of DB24C8�s catechol
rings by about 208 ; the respective mean interplanar separa-
tions are 4.25 (in A) and 4.31 � (in B), distances that are much
too large to represent any significant p ± p stabilization.
Although the conformations of the two DB24C8 macrocycles
are very similar, there are small differences in the cleft angles
between the catechol rings (708 in A and 738 in B). The
associated catechol ± catechol centroid ± centroid separations
are 9.23 � in A and 9.39 � in B. Both terminal phenyl rings in
units A and B are arranged in parallel overlapping p ± p-
stacking relationships with their centrosymmetrically related
counterparts. For A, the mean interplanar separation is 3.77 �
with a centroid ± centroid separation of 4.48 �, while for B the
corresponding values are 3.66 and 3.88 �, respectively. The
combination of all of these p ± p-intercomplex interactions,
coupled with all the hydrogen-bonding and intracomplex p ±
p-stacking interactions, results in the formation of a loosely
bound pseudopolyrotaxane[10] superstructure that is not
involved in any further significant interpseudopolyrotaxane
interactions.


Complexation with 1,5-dinaphtho[38]crown-10 (1/5DN38C10)
and 2,3-dinaphtho[30]crown-10 (2/3DN30C10): The interac-
tion of [3ÿH2]4� with the crown ethers 1/5DN38C10 and
2/3DN30C10 was followed by the appearance of new CT


Figure 7. Ball-and-stick represen-
tation of the terminal unit A (vide
Figure 6) of the [4]pseudorotaxane
[(DB24C8)2 ´ BPP34C10 ´ 3ÿH2]4�


showing the noncovalent bonding
interactions between its dibenzyl-
ammonium terminus and its encir-
cling DB24C8 macrocycle. The geo-
metries for the hydrogen bonds are
{[X ´´ ´ O], [H ´´´ O] distances (�),
[XÿH ´´´ O] angles (8)} a) 2.99, 2.26,
133; b) 3.02, 2.15, 149; c) 3.01, 2.14,
151; d) 3.01, 2.29, 131; e) 3.32, 2.40,
160. These values are slightly differ-
ent for the terminal unit B (vide
Figure 6): a) 3.08, 2.21, 151; b) 3.02,
2.26, 136; c) 3.01, 2.29, 131; d) 2.99,
2.12, 150; e) 3.29, 2.36, 162.







FULL PAPER V. Balzani, M. T. Gandolfi, J. F. Stoddart, D. J. Williams et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2338 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 112338


bands, centered on 520 and 430 nm, respectively, in the visible
absorption spectra. Titration of [3ÿH2]4� with 1/5DN38C10
produces an increase in the absorbance in the region of the CT
band and a quenching of the intensity of the crown ether�s
structured fluorescence band (lmax� 347 nm). Finally, a pla-
teau is reached when the crown ether is present in a tenfold
excess with respect to the salt 3ÿH2 ´ 4 PF6. Under the plateau
conditions, one crown ether molecule per tetracation [3ÿH2]4�


has lost its fluorescence signal. The results indicate that,
within the complex, only one 1/5DN38C10 molecule is
interacting with the bpym2� unit. Identical results have been
obtained in complexation studies with the macrocyclic poly-
ether 2/3DN30C10. Experiments, carried out under the same
conditions, with the dication 1 b2�, instead of [3ÿH2]4�, showed
the emergence of the same CT bands (lmax� 520 nm, e�
700mÿ1 cmÿ1 for 1/5DN38C10 and lmax� 430 nm, e�
600mÿ1 cmÿ1 for 2/3DN30C10). The same CT band and
fluorescence quenching of the aromatic units of 1/5DN38C10
were observed previously in catenanes[5c] and rotaxanes[5d,e]


based on 1,5-dimethoxynaphthalene and bpym2� units.


Acid ± base switching experiments : Since we had established
that crown ethers self-assemble site-selectively with the
tetracation [3ÿH2]4�, we next embarked on a study of the
pseudorotaxanes� mechanical-switching properties. The build-
ing blocks for such pseudorotaxane switches have character-
istics that allow the facile conversion from one state to
another by means of external stimuli; the crown ethers�
affinities for the NH�


2 centers are suppressed by deprotona-
tion, while their affinities for the bpym2� unit can be canceled
by reduction. We now describe the acid ± base manipulated
switching of the pseudorotaxanes formed from [3ÿH2]4� and
the crown ethers DB24C8 and 2/3DN30C10.


Mechanochemical-switching properties of the [3]pseudorotax-
ane [(DB24C8)2 ´ 3ÿH2][PF6]4 (Scheme 2): Addition of 6 mo-
lar equivalents of DB24C8 to a MeCN/CH2Cl2 (1:4 v/v)
solution of 3ÿH2 ´ 4 PF6 leads (vide supra) to the formation
of the [3]pseudorotaxane [(DB24C8)2 ´ 3ÿH2][PF6]4. In this


solution, the free crown ether molecules exhibit fluorescence
(lmax� 308 nm), while the fluorescence of those threaded to
the tetracation [3ÿH2]4� is quenched. Addition of nBu3N
causes the crown ether�s fluorescence intensity to increase,
indicating that deprotonation of the NH�


2 centers is followed
by a dethreading reaction. An elaboration of the fluorescence
intensity signals as a function of the concentration of added
base shows that only one crown ether molecule per thread has
lost its fluorescence after addition of one molar equivalent of
the amine. No further change in the fluorescence intensity is
observed after addition of a second equivalent of base. This
demonstrates that only one of the two crown ether molecules
encircling the NH�


2 centers is ejected from the threadlike
component after deprotonation. The other DB24C8 macro-
ring remains threaded, presumably by means of CT inter-
actions with the bpym2� unit, to afford the [2]pseudorotaxane
[DB24C8 ´ 3]2�. This interpretation is consistent with the fact
that addition of 6 molar equivalents of DB24C8 to a MeCN/
CH2Cl2 (1:4 v/v) solution of deprotonated [3ÿH2]4� (i.e. , 32�)
leads to the disappearance of one-sixth of the crown ether�s
fluorescence intensity, as expected for the formation of a
[2]pseudorotaxane. The changes brought about by the addi-
tion of base to a solution of the [3]pseudorotaxane
[(DB24C8)2 ´ 3ÿH2]4� can be reversed quantitatively by adding
two molar equivalents of triflic acid (TfOH). In other words,
the switching between the [3]pseudorotaxane [(DB24C8)2 ´
3ÿH2]4� and the [2]pseudorotaxane [DB24C8 ´ 3]2� is fully
acid ± base reversible. In principle, the de-/rethreading pro-
cesses involve changes in the CT absorption bands. However,
such changes are very small and, because of the intense tail of
the bpym2� band, cannot be identified easily.


The switching process has likewise been confirmed by 1H
NMR spectroscopic experiments. Addition of 2 molar equiv-
alents of iPr2NEt to a solution of DB24C8 and 3ÿH2 ´ 4 PF6 in
CD3CN/CD2Cl2 (1:4 v/v) effected almost complete deproto-
nation of the two NH�


2 centers within the thread [3ÿH2]4�, as
no resonances associated with CH2NH�


2 protons could be
observed. The partial 1H NMR spectrum displays two sets of
resonances for the a- and b-bpym2� protons that, based upon


Scheme 2. Schematic representation illustrating the reversible, pH-controlled, mechanical-switching properties of the [3]pseudorotaxane [(DB24C8)2 ´
3ÿH2]4�, in addition to the selective recognition events involving the DB24C8 and DCy24C8 macrocycles.
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the results obtained from the luminescence studies, can be
assigned to 1) the deprotonated thread 32� and 2) the 1:1
complex [DB24C8 ´ 3]2�. In addition, the same 1H NMR
spectrum could be obtained when four molar equivalents of
DB24C8 were added to a (CD3)2CO solution of 3ÿH2 ´ 4 PF6


and two molar equivalents of iPr2NEt. Interestingly, the 1H
NMR spectra (300.1 MHz, (CD3)2CO, 20 8C) of 1:1:1 solutions
of DB24C8 with both of the salts 1 b ´ 2 PF6 and 2ÿH ´ PF6


implied that, upon deprotonation, the DB24C8 macro-
cycle was ejected only from the cation 2ÿH�. Other interest-
ing properties associated with the [3]pseudorotaxane
[(DB24C8)2 ´ 3ÿH2]4� have also been uncovered. Addition of
an excess of TfOH (at least one molar equivalent per crown
ether) to a solution of this pseudorotaxane induces an
increase in the fluorescence intensity as a result of the
protonation-driven dethreading of the two crown ether
components. This process is, once again, completely rever-
sible, as shown by the changes in the fluorescence spectra
observed upon neutralization of the TfOH with nBu3N.


We have also discovered that addition of an excess (20 molar
equivalents with respect to DB24C8) of the aliphatic crown
ether DCy24C8 to a solution of the [3]pseudorotaxane
[(DB24C8)2 ´ 3ÿH2]4� produces an increase in the solution�s
fluorescence intensity. Elaboration of the results obtained
reveals that one of the pseudorotaxane�s two DB24C8 units
undergoes dethreading upon addition of the surplus of the
aliphatic crown ether. This observation is consistent with the
formation of the [4]pseudorotaxane [(DCy24C8)2 ´ DB24C8 ´
3ÿH2]4�, and with the fact that one of the two DB24C8
molecules, when forced to abandon an NH�


2 center, can find a
suitable binding site in the bpym2� unit.


Mechanochemical-switching properties of the [2]pseudorotax-
ane [2/3DN30C10 ´ 3ÿH2][PF6]4 (Scheme 3): As we have
seen above, addition of at least 10 molar equivalents of
2/3DN30C10 to a MeCN/CH2Cl2 (1:4 v/v) solution of 3ÿH2


4�


(as its PFÿ6 salt) leads to the formation of the [2]pseudorotax-
ane [2/3DN30C10 ´ 3ÿH2]4�. In this solution, the uncomplexed
crown ether molecules exhibit fluorescence (lmax� 343 nm),
whereas the fluorescence of those threaded onto [3ÿH2]4� is
quenched. Formation of the pseudorotaxane can be followed
clearly by the appearance of a CT absorption band (lmax�
430 nm) that is identical to that obtained upon complexation
of 1 b2� with 2/3DN30C10. In this case, addition of a base
(nBu3N) that deprotonates the NH�


2 centers does not cause
any change in the fluorescence intensity or the CT absorption,
that is, the macroring is not ejected from the [2]pseudo-
rotaxane [2/3DN30C10 ´ 3]2� under these conditions. This
observation confirms that 2/3DN30C10 interacts with the
bpym2� unit in both of the [2]pseudorotaxanes [2/3DN30C10 ´
3ÿH2]4� and [2/3DN30C10 ´ 3]2�. Addition of an excess (at
least twice the crown ether concentration) of TfOH to the
[2]pseudorotaxane [2/3DN30C10.3ÿH2]4� causes the disap-
pearance of the CT band, demonstrating that the crown ether
undergoes dethreading when it is protonated. This process can
be completely reversed once again by the addition of base.
Finally, we have found that addition of an excess (at
least 10 molar equivalents with respect to 2/3DN30C10)
of DCy24C8 to a solution of the [2]pseudorotaxane
[2/3DN30C10 ´ 3ÿH2]4� produces a 70 % decrease in the
intensity of the CT absorption. This observation can be
explained by the formation of the [4]pseudorotaxane
[(DCy24C8)2 ´ 2/3DN30C10 ´ 3ÿH2]4� in 30 % yield and the
[3]pseudorotaxane [(DCy24C8)2 ´ 3ÿH2]4� in 70 % yield.


Conclusions


It has been demonstrated that the binding sites of macrocyclic
polyethers, bearing different sizes and constitutions, pair off
selectively with the multiple recognition sites of the tetra-
cationic thread [3ÿH2]4� to generate multicomponent pseudo-


Scheme 3. Schematic diagram portraying the acid ± base reversible, mechanochemical-switching properties associated with the [2]pseudorotaxane
[2/3DN30C10 ´ 3ÿH2]4�, together with the selective binding of the macrocycles DCy24C8 and 2/3DN30C10 to the NH�


2 and bpym2� moieties, respectively, of
the tetracation [3ÿH2]4�.
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rotaxanes that have varying stoichiometries. In other words,
we have shown that the simultaneous operation[10] of several
independent recognition algorithms can be employed profit-
ably for the noncovalent synthesis[4] of elaborate superarch-
itectures. This protocol has been utilized to construct supra-
molecular switches based on de-/rethreading processes. Such
processes, induced by acid ± base stimuli, can be monitored
easily by spectroscopic techniques. However, the research
presented here is just a start, for the application of selective
self-assembly processes to the production of working device-
like[3, 16] nanostructures will become the precept that synthetic
supramolecular chemists will rely upon, so that they can
manufacture systems that resemble the complex machines of
the natural world in the future.


Experimental Section


Materials and methods : The crown ethers DB24C8 and DCy24C8 are
commercially available, while the crown ethers BPP34C10,[5a]


2/3DN30C10,[17] and 1/5DN38C10[5c] were prepared through the use of
previously published protocols. Melting points were determined on an
Electrothermal 9200 apparatus and are uncorrected. 1H NMR spectra were
recorded on a Bruker AC300 (300.1 MHz) spectrometer with either the
solvent as reference or TMS as the internal standard. 13C NMR Spectra
were recorded on the same spectrometer (75.5 MHz) using the PENDANT
pulse sequence.[18] Fast atom bombardment (FAB) and liquid secondary ion
(LSI) mass spectra were obtained from Kratos MS 80RF and VG Zabspec
mass spectrometers, with krypton and cesium ion sources, respectively, and
m-nitrobenzyl alcohol matrices. Electron impact (EI) mass spectra were
obtained from a VG Prospec mass spectrometer. Microanalyses were
performed by the University of North London Microanalytical Services.


4-Carbomethoxybenzylidene-benzylamine (5): A solution of methyl 4-for-
mylbenzoate (5.68 g, 34.6 mmol) and benzylamine (3.76 g, 35.1 mmol) in
MeOH (100 mL) was heated under reflux for 4 h in the presence of 4 �
molecular sieves. The solvent was evaporated off under reduced pressure
and the remainder treated with CH2Cl2 (100 mL). The suspension was
filtered through a Celite pad, which was then washed with more CH2Cl2


(100 mL). The combined filtrates were concentrated in vacuo to furnish the
title compound (8.46 g, 96 %) as a white solid. M.p. 95 ± 96 8C; 1H NMR
(300.1 MHz, CDCl3, 20 8C): d� 3.95 (s, 3 H), 4.87 (s, 2H), 7.24 ± 7.45 (m,
5H), 7.85 (d, J� 8 Hz, 2 H), 8.09 (d, J� 8 Hz, 2H), 8.45 (s, 1H); 13C NMR
(75.5 MHz, CDCl3, 20 8C): d� 52.0, 65.0, 127.0, 127.9, 128.4, 128.0, 129.7,
131.8, 138.8, 139.9, 160.7, 166.4; MS (EI): m/z (%): 253 (59) [M]� , 222 (12)
[MÿOMe]� , 194 (12) [MÿCO2Me]� , 91 (100) [C7H7]� ; IR (Nujol): nÄ �
1716, 1644, 1277 cmÿ1; C16H15NO2 (253.3): calcd C 75.87, H 5.97, N 5.53;
found C 75.95, H 5.83, N 5.46.


Benzyl-4-hydroxymethylbenzylammonium chloride (6ÿH ´ Cl): A solution
of 5 (6.67 g, 26.3 mmol) in Et2O (200 mL) was added dropwise to a
suspension of LiAlH4 (2.90 g, 76.4 mmol) in Et2O (60 mL) over 40 min at
0 8C. The reaction mixture was stirred at room temperature for 12 h, before
being cooled down to 0 8C. H2O (300 mL) was added carefully, then the
mixture was extracted with CHCl3 (300 mL). The organic layer was filtered
through a Celite pad, and the filtrate washed with brine (250 mL), dried
(MgSO4), filtered, and concentrated under reduced pressure to provide
benzyl-4-hydroxymethylbenzylamine as a brown oil (5.62 g, 93%). 1H
NMR (300.1 MHz, CDCl3, 20 8C): d� 1.82 (s, 1H), 3.78 (s, 4 H), 4.65 (s,
2H), 7.20 ± 7.40 (m, 9 H); 13C NMR (75.5 MHz, CDCl3, 20 8C): d� 52.5, 52.7,
64.2, 126.9, 128.0, 128.1, 128.3, 129.2, 138.7, 139.6, 140.1; MS (EI): m/z (%):
227 (51) [M]� , 226 (49) [MÿH]� , 196 (28) [MÿOMe]� , 136 (70) [Mÿ
C7H7]� , 121 (60) [MÿPhCH2NH]� , 106 (73) [MÿHOCH2C6H4CH2]� ,
91(100) [C7H7]� ; IR (neat): nÄ � 3301, 3085, 3061, 3026, 2918, 2847, 1709,
1495, 1453, 1419, 1362, 1221, 1017, 910, 733, 699 cmÿ1; C15H17NO (229.3):
calcd C 68.30, H 6.88, N 5.31; found C 68.54, H 6.66, N 5.18. A solution of
this amino alcohol (5.44 g, 23.7 mmol) in MeOH (70 mL) was treated
dropwise with HCl (12n, 5.0 mL) over a period of 3 min. The mixture was
stirred at room temperature for 2 h, before being treated with Et2O


(50 mL). The resulting white precipitate was filtered off and air-dried to
give white crystals of 6ÿH ´ Cl (5.82 g, 93%). M.p. 204 ± 205 8C; 1H NMR
(300.1 MHz, CDCl3, 20 8C): d� 4.09 (s, 4H), 4.50 (d, J� 5 Hz, 2 H), 5.29 (t,
J� 5 Hz, 1H), 7.37 ± 7.46 (m, 3H), 7.34 (d, J� 8 Hz, 2H), 7.50 (d, J� 8 Hz,
2H), 7.57 ± 7.60 (m, 2 H), 9.80 (br s, 2 H); 13C NMR (75.5 MHz, (CD3)2SO,
20 8C): d� 49.4, 49.5, 62.4, 126.4, 128.5, 128.8, 129.0, 130.0, 130.2, 131.9,
143.3; MS (FAB): m/z (%): 228 (100) [MÿCl]� ; C15H18ClNO (263.8): calcd
C 63.84, H 6.07, N 4.96; found C 63.85, H 6.19, N 4.93.


Benzyl-4-chloromethylbenzylammonium chloride (4ÿH ´ Cl): Over 5 min,
the hydrochloride salt 6ÿH ´ Cl (4.36 g, 16.5 mmol) was added to SOCl2


(50 mL) in small portions. The mixture was stirred at 20 8C for 22 h, then
the solvent was evaporated off in vacuo to furnish a white solid that was
dissolved in MeOH (80 mL). Et2O (180 mL) was added to the solution so
that a white precipitate formed, which was filtered off and dried to furnish
the title compound (4.46 g, 96%). M.p. 228 ± 229 8C (with decomp); 1H
NMR (300.1 MHz, CDCl3, 20 8C): d� 4.12 (s, 4 H), 4.77 (s, 2H), 7.35 ± 7.61
(m, 9 H), 9.82 (br s, 2H); 13C NMR (75.5 MHz, CDCl3, 20 8C): d� 45.7, 49.2,
49.6, 128.5, 128.8, 128.9, 130.2, 130.5, 131.9, 132.0, 138.2; MS (FAB): m/z
(%): 246 (100) [MÿCl]� ; C15H17Cl2N (282.2): calcd C 75.87, H 5.97, N 5.53;
found C 75.95, H 5.83, N 5.46.


4,4''-Di(benzylammonium-p-xylylene)bipyridinium tetrakis(hexafluoro-
phosphate) (3ÿH2 ´ 4PF6): A solution of 4,4'-bipyridine (72 mg, 0.46 mmol)
in Me2SO (5 mL) was added dropwise to a stirred solution of the salt 4ÿH ´
Cl (520 mg, 1.84 mmol) in Me2SO (5 mL), and the whole was heated under
reflux for 2 d. After cooling to ambient temperature, the white precipitate
generated was collected and washed with DMF and Et2O, before being
dissolved in H2O. A saturated aqueous solution of NH4PF6 was added to the
solution until no further precipitation of the title compound occurred,
which was recovered as a white solid (330 mg, 62 %) after filtration and
drying. M.p. 240 8C (with decomp); 1H NMR (300.1 MHz, (CD3)2CO,
20 8C): 4.63 (s, 4H), 4.70 (s, 4 H), 6.21 (s, 4 H), 7.40 ± 7.50 (m, 6H), 7.50 ± 7.60
(m, 4H), 7.73 (s, 8H), 8.77 (d, J� 8 Hz, 4 H), 9.44 (d, J� 8 Hz, 4H); MS
(LSI): m/z (%): 1013 (100) [MÿPF6]� .


Absorption and luminescence measurements : The experiments were
carried out in air-equilibrated MeCN/CH2Cl2 (1:4 v/v, Merck Uvasol)
solutions at room temperature. Electronic absorption spectra were
recorded with a Perkin ± Elmer l6 spectrophotometer. Emission spectra
were obtained with a Perkin ± Elmer LS 50 spectrofluorimeter. For the
absorption spectra, the concentration of [3ÿH2]4�was in the order of 10ÿ4m,
while in the luminescence experiments, the concentration of this tetra-
cation was in the range 3 ± 5� 10ÿ5m. In the luminescence experiments, the
measured intensity values were corrected in order to account for 1) the
inner filter effect at the excitation wavelength, 2) the nonlinear response of
the instrument to the absorbance of the solution, and 3) re-absorption of
the emitted light. These corrections were made according to the literature
procedure.[19]
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Abstract: Methyl trans-3-pentenoate
(7) was converted into the cis-substitut-
ed g-lactone 8 in a single step with
78 % ee. The derived enolate dilithio-8
was alkylated trans-selectively with pri-
mary iodoalkanes. with 1-iodobutane
dilithio-8 afforded, after esterification
with isovaleroyl chloride, the epi-blast-
mycinone 9. Dilithio-8 gave (ÿ)-grandi-
nolide (11) with 1-iodo-19-phenylnona-
decane (20). A third trans-selective
alkylation of dilithio-8 was under-
taken with 16-iodo-1,5-hexadecadiene-


7,9-diyne (21). This gave the g-lactone
12, which had the published relative
configuration of (ÿ)-sapranthin but dif-
ferent spectroscopic data. When the OH
group of lactone 8 was inverted (to
hydroxylactone 40) and the derived
enolate dilithio-40 alkylated with iodide
21, lactone 41 resulted. Its 1H and 13C


NMR spectra and the sign and value of
optical rotation coincide with the data of
natural sapranthin. These findings es-
tablish that (ÿ)-sapranthin possesses the
relative and absolute configuration of
stereoformula 41. The synthesis of
iodide 21 was performed via the dienoic
carboxylic ester trans-23 which stemmed
from the Claisen ± Ireland rearrange-
ment (27 ! 28/29)/esterification (28/29
! 26)/Cope rearrangement (26 ! 23)
sequence shown in Scheme 5.


Keywords: asymmetric synthesis ´
dihydroxylations ´ g-lactones ´ re-
arrangements ´ structure elucidation


Introduction


Enantiomerically pure or enantiomerically enriched g-chiral
g-lactones[1] and g-chiral butenolides[2] demand syntheses
which are broadly applicable and highly efficient. Recently,
we presented a straightforward and, as we have since
experienced in several projects, versatile novel access to such
compounds.[3] It is based upon the Sharpless asymmetric
dihydroxylation (AD)[4] of b,g-unsaturated esters. This reac-
tion had been almost overlooked previously.[5]


The principle and first applications of our route in target-
oriented work are summarized in Scheme 1.[3] ADs of a
number of b,g-unsaturated esters 1 initially provided the
enantiopure or enantio-enriched dihydroxylation products 2.
These compounds lactonized spontaneously under the alka-
line reaction conditions. The isolable reaction products were
g-chiral g-lactones 4 of 92 ± 97 % ee. The absolute configu-
ration of these lactones only depends on whether the AD is
performed with AD mix b[6] (as in the cases of Scheme 1) or
with AD mix a[6] (where the major isomers would represent
the mirror images of the structures of Scheme 1). In fact, the
lactones 4 were not yet the target molecules of our previous
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Scheme 1. i) Equivalent to levorotatory aglycon of ranunculin;[7] ii) equi-
valent to (�)-dodecanolide;[8] iii) equivalent to (ÿ)-trans quercus lactone.[9]
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study.[3] Rather, each of them was carried on to a g-chiral
butenolide 3 by a b-elimination induced by mesyl chloride/
triethylamine. For R�HO ± CH2 butenolide 3 constitutes the
aglycon of ranunculin,[7] for R�Oct a precursor of the
pheromone (�)-dodecanolide (5 ;[8] available from 3 by
catalytic hydrogenation), and for R�Bu a precursor of the
flavorant (ÿ)-trans quercus lactone (6 ;[9] available from 3
through the 1,4-addition of Me2CuLi).


Another target reached in our previous study[3] was the epi-
blastmycinone 9 (Scheme 2). To achieve this, the commer-
cially available methyl pentenoate 7 was asymmetrically
dihydroxylated with AD mix a. The resulting lactone 8[10]


exhibited only 78 % ee, which is not surprising in view of the
substitution pattern[11] of the substrate. In addition, this
lactone formed in a considerably slower reaction (0 8C, 5 d
instead of 1 ± 2 d) with distinctly lower yield (40 % instead of
81 ± 92 %) than the closely related lactones 4 in Scheme 1. This
was because lactone 8 unlike its congeners 4 had to be
prepared in the absence of methanesulfonamide which
accelerates ADs,[4] a modus procedendi required since
methanesulfonamide was inseparable from lactone 8 by flash
chromatography on silica gel.[12] The a-alkylation of dilithi-
ated b-hydroxy-g-lactones occurs in HMPA-containing THF
such that the a-substituent is oriented exclusively trans with
respect to the b-OH group.[13] Conveniently, butylation of the
dilithiated hydroxylactone 8 in 4:1 THF/DMPU[14] also
resulted in an exclusively trans-alkylated hydroxylactone 10
(epi-blastmycinolactol; 53 % yield). Treatment of 10 with
isovaleroyl chloride gave the isovalerate 9 in 85 % yield.
Compound 9 is an epi-blastmycinone, that is, an epimer of the
antimycin A3 degradation product blastmycinone. Several
other syntheses for 9 are known; however, they are less
stereoselective.[15] .
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Scheme 2. a) AD mix a (1.4 g mmolÿ1 7), tBuOH/H2O (1:1), addition of 7,
0 8C, 5 d; 40%; b) LDA (3.0 equiv), addition of 8, THF, ÿ78 8C, 2 h;
1-iodobutane (1.5 equiv) in THF/DMPU (1:1), ÿ35 8C, 20 h; 53%;
c) isovaleroyl chloride (3.0 equiv), CH2Cl2/pyridine (5:1), 0 8C to room
temperature, 6 h; 83%.


Our synthesis of the epi-blastmycinolactol 10 was also a
training reaction for synthesizing the natural products (ÿ)-
grandinolide (11)[16] and (ÿ)-sapranthin (12)[17] analogously;
these are constituents of bark from Iryanthera grandis and
Sapranthus palanga, respectively (Scheme 2). The relative
configurations of these compounds had been deduced from
their 1H NMR spectra. The absolute configuration of gran-
dinolide (11) was established in its first and hitherto only
synthesis,[18] whereas the absolute configuration of sapranthin
(12) was unknown.


Results and Discussion


The major effort in synthesizing grandinolide (11; Scheme 3)
was achieving the iodoalkane 20. The THP ether 14 of
propargyl alcohol was alkylated[19] with 1-bromohexadecane
giving the chain-elongated THP ether 15 in 76 % yield.
Methanolysis[20] provided 92 % of the underlying C19 alcohol
16. The internal C�C bond of this compound was shifted in a
modified[21] alkyne zipper reaction[22] until it became terminal.
The resulting alkynol 18 (84 % yield) was coupled with
iodobenzene under standard conditions[23] (5 mol % [PdCl2-
(PPh3)2], 15 mol % CuI, THF/iPr2NH, room temperature) to
give 84 % of the unsaturated alcohol 17. Its C�C bond was
hydrogenated to saturation (H2, Pd/C; to 82 % 19). Subse-


Abstract in German: Methyl-trans-3-pentenoat (7) wurde
durch asymmetrische Sharpless-Dihydroxylierung und eine
sich anschlieûende spontane Lactonisierung in das cis-sub-
stituierte g-Lacton 8 (78 % ee) umgewandelt. Dessen Enolat
Dilithio-8 wurde mit primären Iodalkanen trans-selektiv alky-
liert. Mit Iodbutan und nach Veresterung mit Isovaleroylchlo-
rid ergab es das epi-Blastmycinon 9. Mit 1-Iod-19-phenyl-
nonadecan (20) lieferte Dilithio-8 (ÿ)-Grandinolid (11). Eine
analoge trans-Alkylierung mit 16-Iod-1,5-hexadecadien-7,9-
diin (21) führte zu dem Lacton 12. Dieses besaû zwar die für
(ÿ)-Sapranthin publizierte Relativkonfiguration, aber abwei-
chende 1H- und 13C-NMR-Daten. Nachdem die OH-Gruppe
des Ausgangslactons 8 invertiert worden war, wurde das Enolat
des erhaltenen Hydroxylactons 40 mit dem Iodid 21 zum
Lacton 41 trans-alkyliert. Die NMR-Spektren und das Vor-
zeichen der spezifischen Drehung dieser Verbindung 41
stimmten mit den Werten von (ÿ)-Sapranthin überein. Dessen
relative und absolute Konfiguration wird folglich durch
Stereoformel 41 angegeben. Das Iodid 21 wurde aus dem
Diencarbonsäureester trans-23 gewonnnen. Letzterer ent-
stammte der Reaktionssequenz Claisen/Ireland-Umlagerung
27!28/29, Veresterung 28/29!26 und Cope-Umlagerung
26!23 von Schema 5.
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Scheme 3. a) Dihydro-2H-pyran (3.0 equiv), pyridinium p-toluenesulfo-
nate (1.0 mol %), CH2Cl2, 16 h; 84 %; b) nBuLi (1.2 equiv), 0 8C, 15 min;
1-bromohexadecane (1.1 equiv), DMSO, room temperature, 14 h; 76%;
c) p-toluenesulfonic acid (0.4 equiv), MeOH, room temperature, 2 h; 92%;
d) Li (6.0 equiv), 1,2-diaminopropane, room temperature to reflux, 30 min;
KOtBu (4.0 equiv), room temperature, 30 min; addition of 16, room
temperature, 1 h; 84 %; e) PdCl2(PPh3)2 (5.0 mol %), CuI (15.0 mol %), PhI
(1.2 equiv), (iPr)2NH (10.0 equiv), THF, 0 8C, 15 min; room temperature,
12 h; 84%; f) Pd (10 % on charcoal, 5.0 mol %), H2 (5 bar), EtOAc, room
temperature, 16 h; 82%; g) P(OPh)3 (1.0 equiv), CH2Cl2, room temper-
ature, 10 min; I2 (1.0 equiv), 0 8C, 1 h; 82 %; h) LDA (3.0 equiv), addition of
8, THF, ÿ78 8C, 2.5 h; addition of 20 (1.0 equiv) in THF/DMPU (1:1),
ÿ78 8C, 1 h; ÿ40 8C, 20 h; 53 %.


quent exchange of the OH group for iodine by successive
treatments with P(OPh)3 and I2


[24] gave the needed alkylating
agent 20. It was added to the dilithio derivative of hydroxy-
lactone 8 in 1:1 THF/DMPU. After warming the resulting


mixture gradually from ÿ78 8C (1 h) to ÿ40 8C and main-
taining it at that temperature for 20 h, the diastereopure
lactone 11 was isolated in 53 % yield. It was identical to (ÿ)-
grandinolide, as shown by NMR spectroscopy (selected data:
Table 1), polarimetry (11: [a]20


D �ÿ23 corrected for an ee of
only 78 %) [a]20


D of optically pure 11�ÿ23/0.78�ÿ30 (c�
0.5 in MeOH); (ÿ)-grandinolide: [a]20


D �ÿ34 (MeOH)[16]),
and melting point determination (11: 76 8C; (ÿ)-grandinolide:
76ÿ 78 8C[16]).


The envisaged synthesis (Scheme 4) of the literature struc-
ture 12 of sapranthin required constructing the side chain 21.
We traced it back retrosynthetically to the terminal alkynol 22


O
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I
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(   )4
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R = Me: trans-23
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2625


Scheme 4. Retrosynthetic analysis of target structure 12.


(accessible through an alkyne zipper reaction from the penty-
lation product 32 of propargyl alcohol; see Scheme 6) and the
heptadienoic carboxylic ester trans-23.[25] The latter was
thought to arise from a Cope rearrangement[26] of the isomeric
ester 26. This, in turn should be the product of a Claisen ±
Ireland rearrangement [27] of the silylketeneacetal 25.[28]


Table 1. 1H NMR comparison in CDCl3 between synthetic and natural grandinolide (11) and between synthetic and natural sapranthin (41); chemical shifts
in ppm, coupling constants in Hz (for the numbering see Table 2 and Scheme 7, respectively).


5-H 4-H 3-H 1'-HA 1'-HB J5,4 J4,3 J3,1 H(A) J3,1 H(B) Field strength [MHz]


natural 11[16] 4.54 4.14 2.45 ± ± 5 3 ± ± 60
synthetic 11 4.63 4.20 2.53 ± ± 5.0 3.6 ± ± 300
natural 41[17] 4.20 3.86 2.54 1.81 ± 1.87 1.81 ± 1.87 7.1 1.5[47] 7.3 7.3 360
synthetic 41 4.20 3.84 2.55 ca. 1.62 1.86 7.2 8.7 7.4 5.7 500
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Unlike most Claisen ± Ireland rearrangements, the con-
ceived rearrangement 25!26 had to start from a conjugated
silylketeneacetal. Such rearrangements are scarce but were
described starting from a,b-unsaturated[29] or b,g-unsaturated
allylesters.[30] Another concern was whether the envisaged
Cope rearrangement 26!23 (Scheme 5) would have a suffi-
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MeO
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MeO


+


87   :   132827


a)


29


+


trans-23
c)


26


b)


cis-23


Scheme 5. a) LiHMDS (1.0 equiv), THF, ÿ78 8C, 30 min; Me3SiCl
(1.1 equiv), 10 min, ÿ78 8C; to room temperature to reflux; quantitative;
b) MeOH (2.0 equiv), p-TsOH (2 mol %), CHCl3, azeotropic removal of
water, 16 h; 63%; c) 240 8C, 16 h; 75 % trans-23, 8% cis-23.


cient driving force in the desired direction. However, prece-
dence[28, 31] indicated that if a Cope rearrangement product is
an a,b-unsaturated ester, like ester 23, the conjugation energy
of this substructure makes Cope rearrangements proceed at
least to some extent if not to completion.


The b,g-unsaturated allylester 27[32] was deprotonated at
ÿ78 8C in THF with LiHMDS (Scheme 5). Addition of
Me3SiCl, warming to reflux temperature, and an aqueous
work-up[33] followed, giving a quantitative yield of crude
carboxylic acids. It comprised a 87:13 mixture of the
deconjugated acid 28 (desired) and the conjugated acid 29
(undesired). Esterification with methanol in CHCl3, with
azeotropic removal of water, turned this mixture into 63 % of
a single ester 26[34] as required. Evidently, the conjugated acid
29 was not esterified under these conditions because it is more
stable than the deconjugated acid 28. The ensuing Cope
rearrangement 26!23 proceeded to completion according to
TLC during 16 h at 240 8C. We isolated 75 % of the needed
ester trans-23 and 8 % of its undesired isomer cis-23 after an
easy-to-perform separation by flash chromatography on silica
gel.[12, 35]


The remaining steps of our route to compound 12 are shown
in Scheme 6. The unsaturated ester trans-23 was reduced with
DIBAL in 92 % yield giving the allyl alcohol 30.[36] Swern
oxidation[37] gave a crude aldehyde which was combined with
the Corey/Fuchs reagent[38] to provide the dibromotriene 33 in
53 % yield over the two steps. A b-elimination of HBr effected
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Scheme 6. a) DIBAL (1.0 m in toluene, 2.2 equiv), THF, ÿ78 8C to room
temperature, 30 min; 92 %; b) (ClCO)2 (1.1 equiv), DMSO (2.2 equiv),
CH2Cl2, ÿ78 8C, 3 min; addition of 30, 15 min; NEt3 (5.0 equiv), 30 min;
aqueous work-up; PPh3 (4.0 equiv), CBr4 (2.0 equiv), CH2Cl2, 0 8C, 10 min;
addition of aldehyde, room temperature, 1 h; 53% for the two steps; c) Li
(3.0 equiv), Fe(NO3)2 (0.2 mol %), liquid NH3, ÿ78 8C, 30 min; addition of
31, 5 min; 1-bromopentane (0.8 equiv), 1.5 h; to room temperature; 75%;
d) Li (6.0 equiv), 1,2-diaminopropane, room temperature to reflux, 30 min;
KOtBu (4.0 equiv), room temperature, 30 min; addition of 32, room
temperature, 1 h; 82 %; e) Bu4NF (1.0 m in THF, 3.0 equiv), THF, 40 8C,
24 h; 78 %; f) Pd(dba)2 (5.0 mol %), CuI (2.5 mol %), LiI (20 mol %),
addition of 34 (1.1 equiv) and 22, degassed DMSO, room temperature,
10 min; pentamethylpiperidine (2.8 equiv), 2 h; 60 %; g) PPh3 (1.1 equiv),
imidazole (2.2 equiv), I2 (1.1 equiv), THF, 0 8C, 1 h; 88%; h) LDA
(2.2 equiv), THF, addition of 8, ÿ78 8C, 2 h; addition of 21 (1.0 equiv) in
THF/DMPU (1:1), ÿ45 8C, 20 h; 69%.


by Bu4NF[39] ensued and gave 78 % of the bromodienyne 34.
This compound was C ± C coupled with the alkynol 22 under
the Cadiot ± Chodkievicz conditions developed by Vasella and
Cai,[40] that is, in DMSO solution in the presence of CuI,
Pd(dba)2, LiI, and pentamethylpiperidine; after 2 h at room
temperature the dienediynol 35 had formed in 60 % yield. The
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alkynol 22 used in this coupling was derived from its isomer 32
by the modified[20] alkyne zipper reaction[22] already men-
tioned in connection with the analogous isomerization 16!18
of Scheme 3. Compound 32, in turn, was obtained by
pentylating the dianion of propargyl alcohol by using Brands-
ma�s protocol.[19]


The Cadiot ± Chodkievicz product 35, an alcohol, was
converted into the analogous iodide 21 through a reaction
with Ph3P ± I� Iÿ (Scheme 6).[41] This was the iodide with
which, according to our retrosynthetic analysis in Scheme 4,
we required to alkylate the enolate of the enantio-enriched
lactone 8. Indeed, in THF/DMPU this alkylation was realized
as smoothly and trans-selectively as the related alkylations 8�
BuI!10 (Scheme 2) or 8 � 20!11 (Scheme 3). Compound
12 formed as the only stereoisomer in 69 % yield.


Astonishingly, the 1H and 13C NMR shifts of the ring protons
and ring 13C nuclei as well as the associated H,H coupling
constants in compound 12 differed from the respective values
of (ÿ)-sapranthin[17] (Table 2, cf. entries 4 and 5). Of course, the
alkylation affording 12 was strictly analogous to the alkylation
which had furnished compound 11 (grandinolide), and the
latter�s NMR data (select dH and JH,H values: Table 1, top half)
match exactly the values of the natural product. In addition,
the selected NMR data in Table 2 are almost identical for
compound 12, for grandinolide (11), and for the epi-blastmy-


cinolactol 10 (equivalent to cis,trans-36). Consequently, there
was no doubt as to the correctness of the stereostructure of
compound 12. This meant, however, that the published
structure of sapranthin was incorrect. If one excluded that
sapranthin was structurally fundamentally different from 12, it
had to be a diastereomer. A good approximation of the nature
of this diastereomer emerged from comparisons of the NMR
spectra of sapranthin[17] and representatives of all four kinds
of diastereomeric a,g-dialkyl-b-hydroxy-g-lactones (see Ta-
ble 2). The groupwise similarities/discrepancies of the d values
compiled in Table 2 (cf. entries 5 and 6) suggested that
sapranthin was a trans,trans-disubstituted g-lactone (41;
Scheme 7) rather than the cis,trans-disubstituted g-lactone
12. This analysis was confirmed through synthesis (Scheme 7).


En route to compound 41, the OH group of the starting
lactone 8 had to be inverted. Under Mitsunobu conditions,[42]


a b-elimination occurred instead of the desired direct inver-
sion. Therefore, recourse was made to the three-step alter-
native of Scheme 7. Treatment of hydroxylactone 8 with mesyl
chloride and triethylamine effected the same b-elimination
more readily and provided butenolide 37[10] in 81 % yield.
From other work in our laboratory[43] we knew that Fleming�s
higher order cuprate Li2(Me2PhSi)2Cu(CN)[44] adds to
butenolide 37 trans-selectively giving a lactone enolate which
was alkylated to form trisubstituted lactones 38.[43, 45] Perform-


Table 2. 1H and 13C NMR shifts (cis,cis-36, trans,trans-36, and trans,cis-36 at 270 MHz/67.9 MHz,[15b] cis,trans-36 at 500 MHz/125.7 MHz,[15d] 11 at 60 MHz/
15 MHz,[16] and (ÿ)-sapranthin at 360 MHz/90.5 MHz,[17] respectively, in CDCl3) of differently substituted a,g-dialkyl-b-hydroxy-g-lactones.


Entry d5-H d4-H d3-H dC-5/dC-4 dC-3


1
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1´


cis,cis-36 4.56 4.33 2.58 71.26/78.63 47.60


2 cis,trans-36 4.64 4.18 2.55 73.85/78.69 49.23


3 4.63 4.20 2.54 74.0/78.5 49.2


4 4.64 4.21 2.54 73.91/78.41 49.05


5 4.20 3.86 2.54 78.7/80.1 48.4


6 trans,trans-36 4.21 3.81 2.57 79.00/79.91 48.65


7 trans,cis-36 4.52 4.19 2.59 73.63/82.78 43.74
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Scheme 7. a) NEt3 (2.1 equiv), methanesulfonyl chloride (1.1 equiv),
CH2Cl2, 0 8C, 30 min; 81%; b) Li (10.0 equiv), PhMe2SiCl (4.0 equiv),
THF, 0 8C, 16 h; transferred to CuCN (2.0 equiv), THF, ÿ10 8C, 30 min;
addition of 37, ÿ78 8C, 15 min; 80%;c) AcOOH (32 % in AcOH,
10.0 equiv), KBr (2.0 equiv), NaOAc (12.0 equiv), AcOH, 0 8C to room
temperature, 16 h; 32%; d) LDA (2.5 equiv), addition of 40, THF, ÿ788C,
2 h; addition of 21 (1.0 equiv) in THF/DMPU (1:1), ÿ408C, 20 h; 45%.


ing the same 1,4-addition of Li2(Me2PhSi)2Cu(CN) to bute-
nolide 37 but quenching the resulting enolate with water
rather than with an alkylating agent, we obtained the
silyllactone 39 in 80 % yield. Therein, the Cmethine ± Si bond
was oxidized to a Cmethine ± O bond under the conditions
developed by Fleming et al.[46] Hydroxylactone 40 with the
inverted OH group resulted. It was isolated in only 32 %
yieldÐa drawback of its high polarity and the associated
difficulty in extracting it from an aqueous solution without
losses. Nonetheless, we obtained enough lactone 40 for
realizing another completely trans-selective alkylation with
iodide 21. It delivered lactone 41 in 45 % yield. Juxtaposing
selected NMR data of this compound with the corresponding
data of sapranthin (Table 1, bottom half) proves that the latter
possesses the former�s relative configuration. The specific
rotation of (ÿ)-sapranthin ([a]20


D �ÿ30 (c� 0.01, CHCl3))
and the specific rotation of 41 ([a]20


D �ÿ22 (c� 0.28, CHCl3)),
after correcting for the latter�s ee of only 78 % (equivalent to
[a]20


D of optically pure 41�ÿ22/ÿ 0.78�ÿ28) coincide with-
in a reasonable error span. This proves that (ÿ)-sapranthin
possesses also the absolute configuration of compound 41.


The stereochemical key reaction 7!8 of the present study
is just one example of our very general 1!4 approach to g-
chiral g-lactones.[3] We deem it likely that many more applica-
tions will be found. In the above context this access to lactones
underlines the virtue of synthetic work in verifying or
reassigning the structure of poorly accessible natural products.


Experimental Section


General methods : All reactions were performed in oven-dried glassware
under N2. THF was freshly distilled from K; toluene from Na; CH2Cl2,
DMPU, DMSO, 1,2-diaminopropane, and pyridine from CaH2. Products
were purified by flash chromatography[12] on Macherey-Nagel silica gel
[230 ± 400 mesh; eluents given in brackets; volume of each collected
fraction (mL)/column diameter (cm): 1.3/1.0, 4/1.5, 8/2.0, 14/2.5, 20/3.0, 30/4,
50/5, 80/6, 125/75; which fractions contained the isolated product is
indicated in each description by product in fractions xx ± yy]. Yields refer to
analytically pure samples. Isomer ratios were derived from suitable
1H NMR integrals. 1H NMR [CHCl3 (d� 7.26) as internal standard in
CDCl3], 13C NMR [CDCl3 (d� 77.00) as internal standard in CDCl3]:
Bruker AMX 300, and Varian VXR 500S; integrals in accord with assign-
ments; coupling constants in Hz. APT 13C NMR spectra: � sign before d


value gives peak orientation of CH or CH3 resonances, ÿ sign before d


value gives peak orientation of CH2 or Cquat resonances. The assignments of
1H and 13C NMR resonances refer to the IUPAC nomenclature; primed
numbers belong to the side chain. MS: Dr. G. Remberg, Institut für
Organische Chemie der Universität Göttingen; combustion analyses: F.
Hambloch, Institut für Organische Chemie der Universität Göttingen; IR
spectra: Perkin-Elmer 1600 Series FTIR; optical rotations: Perkin ± Elmer
polarimeter 241 at 589 nm; rotational values are the average of five
measurements of a in a given solution of the respective sample. Melting
points were measured on a Dr. Tottoli apparatus (Büchi) and are
uncorrected.


(4S,5S)-4,5-Dihydro-4-hydroxy-5-methyl-2(3H)-furanone (8): AD mix a


(14.0 g) and ester 7 (1.23 mL, 1.14 g, 10.0 mmol) were added to a 1:1
mixture of tBuOH and H2O (30 mL each) at 0 8C. After the mixture had
been stirred for four days, the reaction was terminated by adding aqueous
Na2SO3. After extraction with CH2Cl2 (10� 50 mL), the organic extracts
were dried over Na2SO4. Evaporation of the solvent gave a residue that was
purified by flash chromatography (3 cm, tBuOMe, fractions 8 ± 20) to
obtain 8 (462 mg, 40%). [a]25


D �ÿ62.2 (c� 0.73 in MeOH); chiral capillary
gas chromatography revealed ee� 78% [20 % heptakis-(2,6-di-O-methyl-
3-O-pentyl-b-cyclodextrin) in 80% OV1701 (25 m), 70 kPa H2, 110 8C
isothermal; RT 45.4 min, RT of enantiomer 44.3 min]. 1H NMR (300 MHz):
d� 1.45 (d, J1',5� 6.8, 1'H3), 2.49 (br s, OH), AB signal (dA� 2.58, dB� 2.82,
JAB� 17.8, in addition split by JA,4� 1.0, JB,4� 5.7, 3 H2), 4.45 (br dd, J4,3-H(B)


� J4,5 � 4, 4-H), 4.58 (qd, J5,1'� 6.4, J5,4� 3.8, 5-H). IR (neat): nÄ � 3420,
2985, 2935, 1775, 1345, 1235, 1205, 1170, 1135, 1060, 995, 945 cmÿ1. C5H8O3


(116.1): calcd C 51.72, H 6.94; found C 51.64, H 7.24.


[(3S,4S,5S)-3-Butyl-4,5-dihydro-5-methyl-2-oxo-(3H)-4-furyl] 3-methyl-
butanoate (9): Isovaleroyl chloride (96 mL, 94 mg, 0.78 mmol, 3.0 equiv)
was added to a solution of hydroxylactone 10 (45 mg, 0.26 mmol) in
CH2Cl2/pyridine (5:1, 6 mL) at 0 8C. After the mixture had been stirred for
6 h at room temperature, aqueous HCl (2 m, 1 mL) was added. After
extraction with CH2Cl2 (3� 10 mL), the combined organic phases were
dried over MgSO4. After removing the solvents flash chromatography
(2 cm, petroleum ether/tBuOMe 10:1 ! fraction 14, fractions 5 ± 11)
yielded the title compound (55 mg, 83 %). [a]20


D �ÿ35.1 (c� 0.9 in
CH2Cl2); the ee of the starting material 10 was 78%, therefore, the
measured specific rotation corresponds to [a]20


D �ÿ35.1/0.78�ÿ45.0 for
optically pure 9 {ref. [15a] [a]20


D � 51 for the enantiomer (c� 0.53, MeOH)}.
1H NMR (300 MHz, slightly impure): d� 0.92 (t, J4'',3''� 7.2, 4''-H3), 0.97 (d,
J3Me,3� 6.8, 3-Me2), 1.29 ± 1.53 (m, 2''-H2, 3''-H2), partially superimposed by
1.34 (d, J5'-Me,5'� 6.4, 5'-Me), 1.54 ± 1.83 (m, 1''-H2), 2.11 (tqq, central seven
peaks of theoretical nine visible, J3,2� J3,4� J3,3-Me� 6.5, 3-H), 2.25 (mc,
which probably can be interpreted as d, J2,3� 6.4, 2-H2), 2.59 (ddd,
J3',1''-H(1)� 8.9, J3',1''-H(2)� 6.4, J3',4'� 3.0, 3'-H), 4.78 (qd, J5',5'-Me� 6.6, J5',4'�
4.9, 5'-H), 5.18 (dd, J4',5'� 4.9, J4',3'� 2.6, 4'-H). 13C NMR (75 MHz):
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d��13.68 and �14.24 (5'-Me, C-4''), �22.28 and �22.31 (C-4, 3-Me),
�25.55 (C-3), ÿ28.14 and ÿ29.05 (C-1'', C-2'', C-3''), ÿ43.04 (C-2), �47.10
(C-3'),�75.23 and�76.66 (C-4', C-5'),ÿ172.18 andÿ176.57 (C-2', C-1). IR
(neat): nÄ � 2960, 2935, 2870, 1780, 1740, 1465, 1390, 1370, 1340, 1295, 1250,
1185, 1120, 1040, 995, 945 cmÿ1.


(3S,4S,5S)-3-Butyl-4,5-dihydro-4-hydroxy-5-methyl-2(3H)-furanone (10):
BuLi (1.44m in hexane, 4.44 mL, 6.40 mmol, 3.2 equiv) was added to a
solution of diisopropylamine (0.79 mL, 0.61 g, 6.0 mmol, 3.0 equiv) in THF
(20 mL) at ÿ78 8C. After 30 min, a solution of the b-hydroxylactone 8
(232 mg, 2.00 mmol) in THF (5 mL) was added. After continuous stirring
for 2 h at this temperature, 1-iodobutane (0.34 mL, 0.55 g, 3.0 mmol,
1.5 equiv) in THF/DMPU (1:1, 8 mL) was slowly added. The reaction
mixture was stirred for 20 h at ÿ35 8C, and then terminated by adding
aqueous HCl (1m, 10 mL). After extracting the aqueous phase with
tBuOMe (3� 30 mL), the combined organic extracts were dried over
MgSO4 and the solvent was evaporated. Flash chromatography (3 cm,
petroleum ether/tBuOMe 4:1 ! fraction 10, 2.5:1 ! fraction 26, fractions
15 ± 23) of the residue yielded the title compound (179 mg, 53%) as a
colorless liquid. [a]20


D �ÿ57.0 (c� 1.46 in MeOH); the ee of the starting
material 8 was 78%, therefore, the measured specific rotation corresponds
to [a]20


D �ÿ57.0/0.78�ÿ73.1 for optically pure 10 (ref. [15a] [a]20
D ��71


for the enantiomer (c� 0.5, MeOH)). 1H NMR (300 MHz): d� 0.92 (t,
J4',3'� 7.2, 4'-H3), 1.30 ± 1.80 (m, 1'-H2, 2'-H2, 3'-H2), partially superimposed
by 1.41 (d, J5-Me,5� 6.8, 5-Me), 2.21 (mc, OH), 2.55 (ddd, J3,1'-H(1)� 7.8,
J3,1'-H(2)� 6.4, J3,4� 3.4, 3-H), 4.21 (br ddd, J4,5� J4,3� J4,OH� 4.5, 4-H), 4.64
(qd, J5,5-Me� 6.4, J5,4� 4.9, 5-H).


(3S,4S,5S)-4,5-Dihydro-4-hydroxy-5-methyl-3-(19-phenylnonadecyl)-2(3H)-
furanone (11): BuLi (1.44m in hexane, 1.11 mL, 1.60 mmol, 3.2 equiv) was
added to a solution of diisopropylamine (0.20 mL, 0.15 g, 1.5 mmol,
3.0 equiv) in THF (5 mL) at ÿ78 8C. After 30 min, a solution of lactone 8
(58 mg, 0.50 mmol) in THF (5 mL) was added. After continuous stirring at
this temperature for 2.5 h the iodide 20 (235 mg, 0.500 mmol, 1.0 equiv) in
THF/DMPU (1:1, 4 mL) was slowly added. The mixture was stirred for 20 h
at ÿ40 8C. The reaction was terminated by adding aqueous HCl (1m,
5 mL). After extraction of the aqueous phase with tBuOMe (3� 20 mL),
the combined organic extracts were dried over MgSO4, and the solvent was
removed. The residue was purified by flash chromatography (2 cm,
petroleum ether/tBuOMe 2:1 ! fraction 6, 1:1 ! fraction 20, fractions
10 ± 18) to obtain the title compound (121 mg, 53%) as a white solid of m.p.
76 8C (ref. [16] 76 ± 788C). From fractions 1 ± 4 unconverted iodide 20
(102 mg, 43%) was reisolated. [a]20


D �ÿ23 (c� 0.5 in MeOH); the ee of the
starting material 8 was 78 %, therefore, the measured specific rotation
corresponds to [a]20


D �ÿ23/0.78�ÿ30 for optically pure 11 (ref. [16]
[a]20


D �ÿ34 (MeOH)). 1H NMR (300 MHz): d� 1.22 ± 1.88 (m, 1'-H2 to
18'-H2, OH), partially superimposed by 1.41 (d, J5-Me,5� 6.6, 5-Me), 2.53
(ddd, J3,1'-H(1)� 8.2, J3,1'-H(2)� 6.0, J3,4� 3.6, 3-H), partially superimposed by
2.60 (dd, J19',18'-H(1) � J19',18'-H(2) � 7.8, 19'-H2), 4.20 (dd, J4,5 � J4,3 � 4.2, 4-H),
4.63 (qd, J5,5-Me� 6.8, J5,4� 5.0, 5-H), 7.13 ± 7.20 (m, 3 Ar-H), 7.24 ± 7.31 (m,
2Ar H). 13C NMR (50 MHz): d� 13.84 (5-CH3), 27.21, 28.40, 29.30 (relative
intensity� 2), 29.37 (relative intensity� 2), 29.47 (relative intensity� 2),
29.55 (relative intensity� 3), 29.65 (relative intensity� 7), 31.49 and 35.93
(C-1' to C-19', that is, 9 resonance frequencies for 19 C atoms), 49.26 (C-3),
73.82 and 78.62 (C-4 and C-5), 125.44 (p-C), 128.11 and 128.29 (2 o-C and 2
m-C), 142.84 (ipso-C), 178.28 (C-2). IR (KBr): nÄ � 3130, 2920, 2850, 1745,
1660, 1495, 1470, 1400, 1340, 1235, 1195, 1050, 995, 720, 695 cmÿ1. C30H50O3


(458.7): calcd C 78.55, H 10.99; found C 78.54, H 10.69.


(3S,4S,5S)-3-(11,15-Hexadecadiene-7,9-diynyl)-4,5-dihydro-4-hydroxy-5-
methyl-2(3H)-furanone (12): nBuLi (2.5m in hexane, 0.44 mL, 1.1 mmol,
2.2 equiv) was added to a solution of diisopropylamine (0.14 mL, 0.11 g,
1.1 mmol, 2.2 equiv) in THF (5 mL) at ÿ78 8C. After 30 min a solution of
lactone 8 (58.1 mg, 0.500 mmol) in THF (5 mL) was added. After a further
2 h, the iodide 21 (170 mg, 0.500 mmol, 1.0 equiv) in THF/DMPU (1:1,
4 mL) was added within 15 min. Stirring was continued for 20 h at ÿ45 8C.
The reaction was terminated by adding aqueous HCl (1m, 10 mL). After
extraction of the aqueous phase with tBuOMe (3� 30 mL) the combined
organic phases were dried over MgSO4 and the solvent was removed. Flash
chromatography (3 cm, petroleum ether/Et2O 2:1 ! fraction 16, 1.5:1 !
fraction 33, 1:1 ! fraction 60, fractions 42 ± 54) of the residue yielded the
title compound (113 mg, 69 %; 79 % based on recovered iodide) as a
colorless oil. Unconverted iodide 21 (22.5 mg, 13 %) was reisolated from
fractions 3 ± 5. [a]20


D �ÿ25 (c� 0.37 in CHCl3); the ee of the starting


material 8 was 78%, therefore, the measured specific rotation corresponds
to [a]20


D �ÿ25/0.78�ÿ32 for optically pure 12. 1H NMR (500 MHz): d�
1.32 ± 1.62 (m, 1'-H1, 2'-H2, 3'-H2, 4'-H2, 5'-H2), superimposed by 1.41
(d, J5-Me,5� 6.6, 5-Me), 1.74 (mc, 1'-H2), 1.83 (br s, OH), 2.12 ± 2.25 (m, 13'-
H2, 14'-H2), 2.31 (t, J6',5'� 7.0, 6'-H2), 2.53 (ddd, J3,1'-H(1)� 7.9*, J3,1'-H(2)� 6.6*,
J3,4� 3.7, 3-H), 4.21 (br dd, J4,5� J4,3� 4.1, 4-H), 4.63 (qd, J5,5-Me� 6.5, J5,4�
5.1, 5-H), 4.99 (dmc, Jcis� 10.2, 16'-HE), partially superimposed by 5.02 (dtd,
Jtrans� 17.2, 4J16',14'� Jgem� 1.6, 16'-HZ), 5.51 (dmc, Jtrans� 15.9, 11'-H), 5.77
(ddt, Jtrans� 17.1, Jcis� 10.3, J15',14'� 6.4, 15'-H), 6.27 (dt, Jtrans� 15.9, J12',13'�
7.0, 12'-H); *assignments interchangeable. 13C NMR (75 MHz): d��13.85
(5-Me), ÿ19.41 (C-6')*, ÿ26.98, ÿ28.00, ÿ28.27, ÿ28.40 and ÿ28.72 (C-1',
C-2', C-3', C-4', C-5'), ÿ32.45 and ÿ32.58 (C-13', C-14')*, �49.05 (C-3),
ÿ65.28,ÿ73.00,ÿ73.88 andÿ83.55 (C-7', C-8', C-9', C-10'),�73.91 (C-4)*,
�78.41 (C-5)*, �109.06 (C-11')*, ÿ115.34 (C-16'), �137.23 (C-15')*,
�147.13 (C-12')*, ÿ177.89 (C-2) (*assignments verified by a C,H-COSY
spectrum (75 MHz/ 300 MHz)). IR (neat): nÄ � 3440, 3075, 2935, 2860, 2235,
2140, 1770, 1640, 1445, 1340, 1190, 1135, 1055, 995, 955, 915 cmÿ1. C21H28O3


(328.5): calcd C 76.79, H 8.59; found C 74.90, H 8.55. Due to the instability
of 12, no better combustion analysis could be obtained. MS (DCI with
NH3): 348.3 (4%), 347.3 (20 %), 346.3 (100 %), 330.3 (4%), 329.3 (12 %),
328.3 (46 %).


Tetrahydro-2-(2-propinyloxy)pyran (14): 3,4-Dihydro-2H-pyran (23.5 mL,
21.7 g, 258 mmol, 3.0 equiv) and a catalytic amount of pyridinium p-
toluenesulfonate were added to a stirred solution of propargyl alcohol
(5.00 mL, 4.82 g, 85.9 mmol) in CH2Cl2 (100 mL). After 16 h the reaction
mixture was hydrolyzed with aqueous NaCl (50 mL). After extraction with
tBuOMe (2� 50 mL) and drying over Na2SO4, the solvent was removed.
The residue was distilled (b.p. 100 8C/20 mbar) and the title compound was
obtained as a colorless liquid (10.12 g, 84%). 1H NMR (300 MHz): d�
1.48 ± 1.91 (m, 3-H2, 4-H2, 5-H2), 2.42 (t, 4J3',1'� 2.5, 3'-H), 3.49 ± 3.59 and
3.79 ± 3.89 (2 m each 1H, 6-H2), AB signal (dA� 4.24, dB� 4.29, JAB� 15.8,
in addition split by 4JA,3'� 2.3, 4JB,3'� 2.6, 1'-H2), 4.83 (t, J2,3� 3.2, 2-H). IR
(neat): nÄ � 3290, 2940, 2870, 2120, 1445, 1390, 1350, 1265, 1205, 1180, 1120,
1025, 975, 950, 900, 870, 815, 665 cmÿ1. C8H12O2 (140.2): calcd C 68.55, H
8.63; found C 68.69, H 8.61.


1-(Tetrahydropyran-2-yloxy)-2-nonadecyne (15): nBuLi (1.40m, 6.29 mL,
8.81 mmol, 1.2 equiv) was added to a solution of 14 (1.00 g, 7.35 mmol) in
THF (10 mL) at 0 8C. After 15 min stirring 1-bromohexadecane (2.47 mL,
2.47 g, 8.08 mmol, 1.1 equiv) and DMSO (25 mL) were added. After
stirring at room temperature for 14 h, the reaction was terminated by
adding H2O (30 mL). After extraction with tBuOMe (2� 20 mL) and
aqueous NaCl (2� 30 mL), then drying over Na2SO4, the solvent was
removed. Flash chromatography (petroleum ether/tBuOMe 30:1, fractions
4 ± 11) of the residue yielded the title compound (2.05 g, 76 %). 1H NMR
(300 MHz): d� 0.88 (t, J19,18� 6.8, 19-H3), 1.26 and approximately 1.30 ±
1.90 (mc and m, relative intensity difficult to estimate, 5-H2 to 18-H2, 3'-H2,
4'-H2, 5'-H2), 2.21 (tt, J4,5� 7.1, 5J4,1� 2.1, 4-H2), 3.48 ± 3.58 and 3.80 ± 3.89
(2 m each 1-H, 6'-H2), AB signal (dA� 4.21, dB� 4.29, JAB� 15.4, in
addition split by 5JA,4� 2.1, 5JB,4� 2.2, 1-H2), 4.82 (t, J2',3'� 3.4, 2'-H). 13C
NMR (50 MHz): d��14.12 (C-19), ÿ18.84, ÿ19.14, ÿ22.70, ÿ25.40,
ÿ28.62, ÿ28.89, ÿ29.14, ÿ29.37, ÿ29.55, ÿ29.68 (fourfold intensity),
ÿ30.30 and ÿ31.92 (15 resonances for 18 C atoms: C-4 to C-18, C-3', C-4',
C-5'), ÿ54.63 and ÿ61.96 (C-1, C-6'), ÿ75.67 (C-3), ÿ86.76 (C-2), �96.60
(C-2'). IR (neat): nÄ � 2925, 2850, 2225, 1460, 1345, 1265, 1200, 1180, 1120,
1075, 1025, 970, 950, 905, 870, 815, 720 cmÿ1. C24H44O2 (364.6): calcd C
79.06, H 12.16; found C 79.25, H 12.04.


2-Nonadecyn-1-ol (16): p-Toluenesulfonic acid monohydrate (390 mg,
2.05 mmol, 0.4 equiv) was added to the THP ether 15 (1.87 g, 5.13 mmol)
in MeOH (40 mL) and the reaction mixture was stirred for 2 h. The solvent
was removed after hydrolysis with H2O (30 mL), extraction with tBuOMe
(2� 30 mL), and drying over Na2SO4, and the title compound (1.32 g, 92%)
was obtained as a white solid (m.p. 62 8C). 1H NMR (300 MHz): d� 0.88 (t,
J19,18� 6.6, 19-H3), 1.26 and approximately 1.30 ± 1.55 (mc and m, relative
intensity difficult to estimate, 5-H2 to 18-H2, OH), 2.21 (tt, J4,5� 7.0, 5J4,1�
2.2, 4-H2), 4.25 (mc, 1-H2). 13C NMR (50 MHz): �14.15 (C-19), ÿ18.75,
ÿ22.71, ÿ28.62, ÿ28.88, ÿ29.15, ÿ29.37, ÿ29.53, ÿ29.70 (fourfold inten-
sity) andÿ31.93 (12 resonances for 15 C atoms: C-4 to C-18).ÿ51.47 (C-1),
ÿ78.22 (C-3), ÿ86.72 (C-2). IR (CDCl3): nÄ � 3155, 2985, 2925, 2855, 2255,
1795, 1640, 1560, 1470, 1380, 1295, 1215, 1165, 1095, 915, 740, 650 cmÿ1.
C19H36O (280.5): calcd C 81.36, H 12.94; found C 81.41, H 12.98.
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19-Phenyl-18-nonadecyn-1-ol (17): The following reagents were added to a
solution of the alkynol 18 (1.24 g, 4.42 mmol) in THF (30 mL) at 0 8C:
PdCl2(PPh3)2 (155 mg, 0.221 mmol, 5.0 mol %), copper iodide (126 mg,
0.663 mmol, 15 mol %), iodobenzene (593 mL, 1.08 g, 5.30 mmol, 1.2 equiv),
and diisopropylamine (5.80 mL, 4.47 g, 44.2 mmol, 10.0 equiv). The reac-
tion mixture was stirred at room temperature for 12 h. Water (10 mL) was
added, the phases were separated, and the aqueous phase was extracted
with tBuOMe (3� 50 mL). The combined organic phases were dried over
MgSO4 and the solvent removed. Flash chromatography (5 cm, petroleum
ether/tBuOMe 4:1 ! fraction 12, 1:1 ! fraction 16, fractions 5 ± 12)
yielded 17 (1.33 g, 84%) as a slightly brownish solid (m.p. 55 8C). 1H NMR
(300 MHz): d� 1.24 ± 1.65 (m, 2-H2 to 16-H2), 2.40 (t, J17,16� 7.0, 17-H2), 3.64
(t, J1,2� 6.6, 1-H2), 7.24 ± 7.31 (m, 3Ar-H), 7.36 ± 7.42 (m, 2Ar-H); the
resonance of the OH group was not detected. IR (KBr): nÄ � 3420, 3180,
2915, 2850, 1640, 1615, 1470, 1400, 1075, 755, 690 cmÿ1. C25H40O (356.6):
calcd C 84.21, H 11.31; found C 84.51, H 11.35.


18-Nonadecyn-1-ol (18): Li (0.371 g, 53.5 mmol, 6.0 equiv) was added to
dry 1,2-diaminopropane (50 mL) and stirred for 15 min. The resulting blue
solution was refluxed for 15 min, until the blue color disappeared.
Subsequently, KOtBu (4.00 g, 35.7 mmol, 4.0 equiv) was added at room
temperature. After stirring for 30 min, the alkyne 16 (2.00 g, 7.13 mmol)
was added slowly. The reaction mixture was hydrolyzed with ice water
(40 mL) after 1 h. The solvent was removed after extraction with tBuOMe
(3� 50 mL), H2O, aqueous HCl (2m), and aqueous NaCl (50 mL each), and
drying over Na2SO4. Flash chromatography (6 cm, petroleum ether/
tBuOMe 7:1 ! tBuOMe, fractions 23 ± 40) yielded the title compound
(1.67 g, 84%) as a white solid (m.p. 59 8C). 1H NMR (300 MHz): d� 1.26
and approximately 1.27 ± 1.63 (mc and m, relative intensity difficult to
estimate, 2-H2 to 16-H2, OH), 1.94 (t, 4J19,17� 2.9, 19-H), 2.18 (td J17,16� 7.0,
4J17,19� 6.8, 5-H2), 3.64 (dt, J1,2� J1,OH� 5.9, 1-H2). 13C NMR (50 MHz):
ÿ18.42, ÿ25.76, ÿ28.51, ÿ28.79, ÿ29.14, ÿ29.45, ÿ29.53, ÿ29.62 (three-
fold intensity), ÿ29.69 (fourfold intensity), ÿ29.84 and ÿ32.83 (11 reso-
nances for 15 C atoms: C-2 to C-16), ÿ63.11 (C-1), �68.02 (C-19), ÿ84.83
(C-18). IR (CDCl3): nÄ � 3305, 3155, 2925, 1855, 1155, 1795, 1645, 1560, 1465,
1380, 1295, 1165, 1095, 915, 740, 650 cmÿ1. C7H12O (112.1): calcd C 81.36, H
12.94; found C 81.30, H 12.93.


19-Phenyl-1-nonadecanol (19): The alkynol 17 (210 mg, 0.590 mmol) was
dissolved in EtOAc (10 mL). Pd (10 % on charcoal, 31 mg, 0.029 mmol,
5.0 mol %) was added and the mixture stirred in an H2 atmosphere (5 bar)
in the autoclave for 16 h. After diluting the mixture, filtration through
Celite, and evaporation of the solvent the title compound (173 mg, 82%)
was isolated as a white solid (m.p. 64 8C). 1H NMR (300 MHz): d� 1.24 ±
1.38 (m, 3-H2 to 17-H2), 1.51 ± 1.66 (m, 2-H2, 18-H2), 2.60 (br t, J19,18� 7.9,
19-H2), 3.64 (t, J1,2� 6.6, 1-H2), 7.13 ± 7.20 (m, 3 Ar-H), 7.24 ± 7.30 (m, 2Ar-
H); the resonance of the OH group was not detected. IR (KBr): nÄ � 3180,
2915, 2850, 1635, 1460, 1400, 1075, 745, 700 cmÿ1. C25H44O (360.6): calcd C
83.26, H 12.30; found C 83.05, H 12.41.


1-Iodo-19-phenylnonadecane (20): The alcohol 19 (90 mg, 0.25 mmol) and
triphenylphosphite (66 mL, 78 mg, 0.25 mmol, 1.0 equiv) were dissolved in
CH2Cl2 (3 mL). After the mixture had been stirred for 10 min at room
temperature, I2 (64 mg, 0.25 mmol, 1.0 equiv) was added at 0 8C. Water
(5 mL) was added to the brown solution after 1 h and the colorless organic
phase was removed. After extraction of the aqueous phase with petroleum
ether (2� 20 mL), the combined organic extracts were dried over MgSO4.
After the solvent had been removed, flash chromatography (2 cm,
petroleum ether ! fraction 10, fractions 2 ± 4) of the residue yielded the
iodide 20 (91 mg, 82 %) as a white solid (m.p. 50 8C). 1H NMR (300 MHz):
d� 1.23 ± 1.41 (m, 3-H2 to 17-H2), 1.61 (br tt, J18,17� J18,19� 7.4, 18-H2), 1.82
(tt, J2,1� J2,3� 7.2, 2-H2), 2.60 (br t, J19,18� 7.7, 19-H2), 3.18 (t, J1,2� 7.2, 1-H2),
7.13 ± 7.20 (m, 3Ar-H), 7.24 ± 7.32 (m, 2 Ar-H). 13C NMR (50 MHz): d� 7.34
(C-1), 28.56, 29.36, 29.44, 29.53, 29.57, 29.61, 29.63, 29.69, 30.52, 31.55, 33.58
and 35.99 (i.e. 12 resonances for 18 C atoms, C-2 to C-19), 125.49 (p-C),
128.16 and 128.34 (2� o-C, 2�m-C), 142.89 (ipso-C). IR (KBr): nÄ � 2915,
2850, 1615, 1470, 1400, 1165, 745, 715, 695, 600 cmÿ1. C25H43I (470.5): calcd
C 63.82, H 9.21; found C 63.96, H 8.93.


E-16-Iodo-1,5-hexadecadiene-7,9-diyne (21): A solution of the alcohol 35
(345 mg, 1.50 mmol) in THF (10 mL) was successively treated with PPh3


(432 mg, 1.65 mmol, 1.1 equiv), imidazole (224 mg, 3.30 mmol, 2.2 equiv),
and I2 (419 mg, 1.65 mmol, 1.1 equiv) at 0 8C. After 1 h a saturated NH4Cl
solution (5 mL) was added to the reaction mixture, followed by extraction
with tBuOMe (2� 50 mL). After the organic phase had been dried over


MgSO4, the solvent was removed. Flash chromatography (3 cm, petroleum
ether/tBuOMe 20:1, fractions 8 ± 15) yielded the iodo compound (449 mg,
88%). 1H NMR (300 MHz): d� 1.37 ± 1.49 (m, 13-H2, 14-H2), 1.49 ± 1.60
(m, 11-H2), 1.83 (tt, J15,14� J15,16� 6.9, 15-H2), 2.10 ± 2.27 (m, 3-H2, 4-H2),
2.32 (t, J11,12� 6.8, 11-H2), 3.19 (t, J16,15� 7.0, 16-H2), 4.99 (dmc, Jcis� 10.2, 1-
HE), partially superimposed by 5.02 (dmc, Jtrans � 17.4, 1-HZ), 5.51 (poorly
resolved dd, Jtrans� 16.0, 7J6,11� 0.9, 6-H), 5.77 (ddt, Jtrans� 17.2, Jcis� 10.3,
J2,3� 6.4, 2-H), 6.27 (dt, Jtrans� 15.9, J5,4� 6.7, 5-H). 13C NMR (50 MHz):
d�ÿ6.95 (C-16), ÿ19.42, ÿ27.65, ÿ27.97, ÿ29.92, ÿ32.45, ÿ32.59 and
ÿ33.27 (C-3, C-4, C-11, C-12, C-13, C-14, C-15), ÿ65.35, ÿ72.97, ÿ73.89
and ÿ83.33 (C-7, C-8, C-9, C-10), �109.08 (C-6), ÿ115.32 (C-1), �137.19
and �147.03 (C-2, C-5). IR (neat): nÄ � 3075, 2930, 2855, 2235, 2140, 1640,
1450, 1425, 1360, 1300, 1245, 1200, 1165, 1080, 990, 955, 915 cmÿ1. C16H21I
(340.2): calcd C 56.48, H 6.22; found C 56.48, H 6.24.


7-Octyn-1-ol (22) was prepared in the same way as 18 using 1,2-
diaminopropane (60 mL), Li (1.00 g, 144 mmol, 6.0 equiv), KOtBu
(10.8 g, 96.2 mmol, 4.0 equiv) and alcohol 32 (3.00 g, 23.8 mmol). Flash
chromatography (3 cm, pentane/Et2O 2:1 ! 1:2, fractions 5 ± 17) yielded
the title compound (2.46 g, 82 %). 1H NMR (300 MHz): d� 1.28 ± 1.45 and
1.46 ± 1.60 (2 m each 4-H, 2-H2, 3-H2, 4-H2 and 5-H2), 1.92 (t, 4J8,6� 2.6,
8-H), superimposed by (br s, detectable by the integral only, OH), 2.16 (tt,
J6,5� 6.9, 4J6,8� 2.5, 6-H2), 3.60 (t, J1,2� 6.6, 1-H2). IR (neat): nÄ � 3295, 2935,
2860, 2115, 1460, 1435, 1330, 1055, 1035, 630 cmÿ1. C8H14O (126.2) calcd C
76.14, H 11.18; found 76.04, H 11.08.


Methyl E-2,6-heptadienoate (trans-23) and methyl Z-2,6-heptadienoate
(cis-23): The unsaturated ester 26 (4.06 g, 29.0 mmol) was heated for 16 h
to 240 8C in a pressure-resistant flask in a sand bath. Flash chromatography
(6 cm, pentane/Et2O 30:1 ! fraction 10, 20:1 ! fraction 20) of the
colorless residue yielded cis-23 (fraction 7 ± 10, 325 mg, 8 %) and trans-23
(fraction 11 ± 18, 3.055 g, 75 %). trans-23 : 1H NMR (300 MHz): d� 2.18 ±
2.36 (m, 4-H2, 5-H2), 3.73 (s, OMe), 5.01 (dtd, Jcis � 10.6, 4J7,5 � Jgem � 1.4,
7-HE), partially superimposed by 5.05 (dtd, Jtrans � 16.9, 4J7,5 � Jgem � 1.7,
7-HZ), 5.80 (ddt, Jtrans� 17.0, Jcis� 10.2, J6,5� 6.2, 6-H), severely super-
imposed by 5.84 (dt, Jtrans� 15.8, 4J2,4� 1.5, 2-H), 6.97 (dt, Jtrans� 15.8, J3,4�
6.6, 3-H). IR (neat): nÄ � 3080, 2980, 2950, 2845, 1725, 1660, 1645, 1435, 1320,
1270, 1210, 1175, 1040, 990, 915 cmÿ1. C8H12O2 (140.2): calcd C 68.54, H
8.63; found C 68.71, H 8.83. cis-23: 1H NMR (300 MHz): d� 2.15 (tdt, J5,4�
J5,6� 7.2, 4J5,7� 1.3, 5-H2), 2.71 (tdd, J4,5� J4,3� 7.5, 4J4,2� 1.7, 4-H2), 3.65 (s,
OMe), 4.94 (dmc, Jcis � 10, 7-HE), partially superimposed by 4.99 (dtd, Jtrans


� 17, 4J7,5� Jgem� 1.8, 7-HZ), 5.74 (dt, Jcis� 11.7, 4J2,4� 1.5, 2-H), completely
superimposed by 5.76 (ddt, Jtrans� 17.0, Jcis� 10.2, J6,5� 6.6, 6-H), 6.17 (dt,
Jcis� 11.6, J3,4� 7.6, 3-H). IR (neat): nÄ � 3080, 2950, 1720, 1645, 1440, 1405,
1210, 1175, 995, 910, 820, 735, 650 cmÿ1. C8H12O2 (140.2): calcd C 68.54, H
8.63; found C 68.42, H 8.49.


Methyl (2-ethenyl-4-pentenoate) (26): BuLi (2.5m in hexane, 20.0 mL,
50.0 mmol, 1.0 equiv) was added to a solution of HMDS (10.5 mL, 8.05 g,
50.0 mmol, 1.0 equiv) in THF (200 mL) at ÿ78 8C. After 30 min, ester 27
(6.31 g, 50.0 mmol) was added and after another 30 min, Me3SiCl (6.94 mL,
5.94 g, 55.0 mmol, 1.1 equiv) was added. The reaction mixture was
gradually warmed to room temperature after continuous stirring for
10 min at ÿ78 8C and finally refluxed for 30 min. After the mixture had
cooled down, aqueous HCl (1m, 300 mL) was added in one go with
vigorous stirring. After extraction of the aqueous phase with tBuOMe (3�
200 mL), the combined organic phases were dried over MgSO4 and the
solvent was evaporated. The 1H NMR spectrum revealed the residue
(6.30 g) to be a 87:13 mixture of 2-vinyl-4-pentenoic acid (28) and a
sterically homogenous 2-ethyliden-4-pentenoic acid (29) of unknown
configuration [d�CHMe� 7.10 (q, J � 7)]. The residue was dissolved in
CHCl3 (60 mL), and MeOH (4.05 mL, 3.20 g, 100 mmol, 2.0 equiv) and p-
TsOH (190 mg, 1.00 mmol, 2.0 mol %) were added. This mixture was
connected to an inverse water trap and refluxed for 16 h. After removal of
most of the solvent at room temperature, the deconjugated ester 26
(4.380 g, 63%) was isolated by flash chromatography (8 cm, pentane/Et2O
40:1 ! fraction 6, 20:1 ! fraction 12, 10:1 ! fraction 16, fractions 8 ± 15).
1H NMR (300 MHz): d�AB signal (dA� 2.33, dB� 2.51, JAB� 14.2, in
addition split by JA,2 � JA,4 � 6.8, JB,2 � JB,4 � 7.2, signals broadened by
nonresolved Jallyl , 3-H2), 3.12 (ddd, J2,1'� J2,3-H(A)� J2,3-H(B)� 7.7, 2-H), 3.69 (s,
OMe), 5.01 ± 5.18 (m, 5-H2, 2'-H2), 5.74 (dddd, Jtrans� 17.4, Jcis� 10.2,
J4,3-H(A)� J4,3-H(B)� 7.0, 4-H), superimposed by 5.83 (ddd with small extra
peaks indicating transition to higher order splitting, Jtrans� 17.3, Jcis� 9.8,
J1',2� 8.3, 1'-H). IR (neat): nÄ � 3080, 2980, 2950, 1740, 1640, 1435, 1345,
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1270, 1240, 1195, 1170, 995, 920 cmÿ1. C8H12O2 (140.2): calcd C 68.54, H
8.63; found C 68.75, H 8.48.


Allyl 3-butenoate (27): A solution of 3-butenoic acid (8.50 mL, 8.61 g,
0.100 mol), allyl alcohol (6.79 mL, 5.80 g, 0.100 mol, 1.0 equiv) and p-TsOH
(0.19 g, 1.0 mmol, 1 mol %) in CHCl3 (50 mL) was connected to an inverse
water trap and refluxed for 16 h. Distillation (b.p. 73 8C/15 mbar) yielded
the title ester (12.2 g, 97 %). 1H NMR (300 MHz): d� 3.13 (dt, J2,3� 6.9,
4J2,4� 1.3, 2-H2), 4.60 (dt, J1',2'� 5.6, 4J1',3'� 1.3, 1'-H2), 5.14 to approximately
5.22 (m, 4-H2), partially superimposed by 5.24 (ddt, Jcis� 10.3, Jgem� 4J3',1'�
1.3, 3'-HE), 5.32 (ddt, Jtrans� 17.2, Jgem� 4J3',1'� 1.5, 3'-HZ), 5.86 ± 6.01 (m,
3-H, 2'-H).


E-2,6 Heptadien-1-ol (30): DIBAL (1.0m in toluene, 66 mL, 66 mmol,
2.2 equiv) was added to a solution of the ester trans-23 (4.20 g, 30.0 mmol)
in THF (100 mL) at ÿ78 8C. The reaction mixture was slowly warmed to
room temperature. After 30 min, the reaction was terminated by careful
addition of aqueous HCl (2 m, 35 mL). The organic phase was separated
and the aqueous phase extracted with tBuOMe (3� 50 mL). After the
combined organic phases had been dried over MgSO4, the solvent was
removed. The residue was purified by flash chromatography (7 cm,
petroleum ether ! fraction 10, petroleum ether/tBuOMe 2:1 ! fraction
24, fractions 14 ± 20) to yield the title compound (3.08 g, 92%) as a colorless
liquid. 1H NMR (300 MHz): d� 1.41 (mc, OH), 2.13 ± 2.17 (m, 4-H2, 5-H2),
4.09 (d, J1,2� 4.5, 1-H2), 4.97 (dmc, Jcis � 11, 7-HE), partially superimposed
by 5.02 (dmc, Jtrans� 17, 7-HZ), 5.61 ± 5.88 (m, 2-H, 3-H, 6-H). IR (neat): nÄ �
3330, 3075, 2980, 2920, 2845, 1670, 1640, 1440, 1415, 1090, 1000, 970,
910 cmÿ1. C7H12O (112.2): calcd C 74.95, H 10.78; found C 75.11, H 11.02.


2-Octyn-1-ol (32): A catalytic amount of Fe(NO3)3 (approximately 100 mg)
and Li (4.16 g, 600 mmol, 3.0 equiv) were added to liquid ammonia
(350 mL). After 30 min, 2-propyn-1-ol (14.8 mL, 14.0 g, 250 mmol,
1.25 equiv) was added dropwise. 1-Bromopentane (24.8 mL, 30.2 g,
200 mmol) was slowly added after 5 min. The ammonia was evaporated
after 1.5 h and the residue hydrolyzed with ice water (100 mL). After
extraction with Et2O (6� 100 mL) and drying over Na2SO4, the solvent was
removed. Distillation of the residue (b.p. 105 oC/30 mbar) yielded the title
compound (19.0 g, 75%). 1H NMR (300 MHz; slightly impure): d� 0.90 (t,
J8,7� 7.2, CH3), 1.25 ± 1.43 (m, 6-H2, 7-H2), 1.47 ± 1.57 (m, 5-H2), 1.60 (br s,
OH), 2.21 (tt, J4,5� 7.0, 5J4,1� 2.1, 4-H2), 4.25 (poorly resolved t, 5J1,4� 2.1, 1-
H2). IR (neat): nÄ � 3325, 2955, 2930, 2860, 2360, 2290, 2225, 1460, 1430,
1380, 1330, 1135, 1010, 725 cmÿ1. C8H14O (126.2): calcd C 76.14, H 11.18;
found C 76.27, H 11.05.


E-1,1-Dibromo-1,3,7-octatriene (33): DMSO (4.17 mL, 4.63 g, 59.4 mmol,
2.2 equiv) was slowly added to a solution of oxalyl chloride (2.60 mL,
3.77 g, 29.7 mmol, 1.1 equiv) in CH2Cl2 (60 mL) at ÿ78 8C. After 3 min, the
allyl alcohol 30 (3.00 g, 27.0 mmol) was added. NEt3 (18.7 mL, 13.6 g,
135 mmol, 5.0 equiv) was added after 15 min followed by water (50 mL)
after another 30 min. The phases were separated, and the aqueous phase
was extracted with CH2Cl2 (2� 100 mL). The combined organic phases
were extracted with HCl (2m, 65 mL), dried over MgSO4, and the solvent
was removed at room temperature. The isolated residue was used without
purification to prepare 33 : CBr4 (17.9 g, 54.0 mmol, 2.0 equiv) was added to
a solution of PPh3 (28.3 g, 108 mmol, 4.0 equiv) in CH2Cl2 (250 mL) at 0 8C.
After 10 min, the isolated aldehyde (2.97 g, 27.0 mmol) was added to the
orange solution. Most of the solvent was removed after 1 h at room
temperature. Petroleum ether (500 mL) was added to the residue and the
precipitated solid was filtered off. After thoroughly washing the solid
residue with petroleum ether, the solvent was removed from the filtrate.
Flash chromatography (5 cm, petroleum ether ! fraction 10, fractions 3 ±
5) of the dark brown residue yielded the dibromotriene 33 (3.82 g, 53%
overall yield) as a colorless liquid. 1H NMR (300 MHz): d� 2.19 (mc, 5-H2,
6-H2), 5.00 (dtd, Jcis� 10.6, 4J8,6� Jgem� 1.0, 8-HE), partially superimposed
by 5.04 (dtd, Jtrans� 16.9, 4J8,6� Jgem� 1.5, 8-HZ), 5.73 ± 5.96 (m, 4-H, 7-H),
6.11 (incompletely resolved ddt, Jtrans� 15.3, J3,2� 10.0, 4J3,5� 1.4, 3-H), 6.90
(d, J2,3� 9.8, 2-H). IR (neat): nÄ � 3075, 2975, 2925, 2850, 2340, 1765, 1725,
1640, 1620, 1445, 1270, 1170, 1075, 995, 970, 915, 810 cmÿ1. C8H10Br2 (266.0):
calcd C 36.13, H 3.79; found C 34.36, H 3.57. Because of the instability of
this compound no better combustion analysis could be obtained.


E-8-Bromo-1,5-octadiene-7-yne (34): Bu4NF (1.0m in THF, 27.0 mL,
27.0 mmol, 3.0 equiv) was added to a solution of the dibromotriene 33
(2.39 g, 9.00 mmol) in THF (40 mL) and the mixture was stirred for 24 h at
40 8C. After dilution of the dark brown solution with Et2O (50 mL), water


(100 mL) was added and the organic phase was separated. After extraction
of the aqueous phase with Et2O (2� 50 mL) the organic phases were
combined and dried. The solvent was removed at 0 8C, and the residue was
purified by flash chromatography (5 cm, petroleum ether ! fraction 12,
fractions 5 ± 11) to give the title compound (1.29 g, 78 %). 1H NMR
(300 MHz): d� 2.10 ± 2.25 (m, 3-H2, 4-H2), 4.99 (dmc, Jcis � 10.2, 1-HE),
partially superimposed by 5.03 (dmc, Jtrans � 17.0, 1-HZ), 5.46 (dt, Jtrans�
16.2, 4J6,4� 1.5, 6-H), 5.78 (ddt, Jtrans� 16.9, Jcis� 10.4, J2,3� 6.4, 2-H), 6.21
(dt, Jtrans� 15.8, J5,4� 6.8, 5-H). 13C NMR (50 MHz): d� 32.21 and 32.60
(C-3, C-4), 47.60 (C-8), 78.76 (C-7), 109.52 and 115.31 (C-1, C-6), 137.29 and
145.62 (C-2, C-5). IR (neat): nÄ � 3075, 3025, 3000, 2975, 2925, 2845, 2210,
2165, 1760, 1730, 1640, 1435, 1415, 1300, 990, 960, 915 cmÿ1. C8H9Br (185.1):
calcd C 51.92, H 4.90; found C 52.03, H 4.77.


E-11,15 Hexadecadiene-7,9-diyn-1-ol (35): A mixture of Pd(dba)2 (169 mg,
0.294 mmol, 5 mol %), CuI (28.0 mg, 0.147 mmol, 2.5 mol %), and LiI
(157 mg, 1.18 mmol, 20 mol %) was treated with a solution of bromoalkyne
34 (1.20 g, 6.46 mmol, 1.1 equiv) and alkyne 22 (742 mg, 5.88 mmol) in
degassed DMSO (40 mL). After 10 min 1,2,2,6,6-pentamethylpiperidine
(2.97 mL, 2.55 g, 16.5 mmol, 2.8 equiv) was added. After continued stirring
for 2 h the mixture was diluted with Et2O (50 mL), water (50 mL), and
aqueous HCl (2m, 8 mL). The organic phase was separated and the
aqueous phase extracted with Et2O (2� 50 mL). The combined organic
phases were extracted with water (50 mL) and dried over MgSO4. After
removal of the solvent the residue was purified by flash chromatography
(4 cm, petroleum ether/tBuOMe 3:1 ! fraction 30, 2:1 ! fraction 45, 1:1
! fraction 60, fractions 36 ± 58) to yield the title compound (808 mg, 60%).
The homocoupling product of the bromoalkyne 34 (176 mg, 11 %) was
obtained from fractions 5 ± 6. 1H NMR (300 MHz): d� 1.30 ± 1.49 (m, 3-H2,
4-H2, OH), 1.50 ± 1.63 (m, 2-H2, 5-H2), 2.10 ± 2.27 (m, 13-H2, 14-H2), 2.32
(br t, J6,5� 6.8, 6-H2), 3.65 (t, J1,2� 6.4, 1-H2), 4.99 (dmc, Jcis � 10.2, 16-HE),
partially superimposed by 5.02 (dtd, Jtrans � 17.4, 4J16,14� Jgem� 1.5, 16-HZ),
5.51 (br d, Jtrans� 15.8, 11-H), 5.77 (ddt, Jtrans� 17.0, Jcis� 10.5, J15,14� 6.3, 15-
H), 6.27 (dt, Jtrans� 15.8, J12,13� 6.7, 12-H). IR (neat): nÄ � 3330, 3075, 2935,
2860, 2235, 2140, 1640, 1435, 1350, 1300, 1075, 1055, 1030, 995, 955,
915 cmÿ1. C16H22O (230.4): calcd C 83.43, H 9.63; found C 83.18, H 9.93.


(5S)-5-Methyl-2(5H)-furanone (37): Lactone 8 (546 mg, 4.70 mmol) was
dissolved in CH2Cl2 (30 mL). At 0 8C NEt3 (1.37 mL, 1.00 g, 9.87 mmol,
2.1 equiv) and methanesulfonyl chloride (0.40 mL, 0.59 g, 5.2 mmol,
1.1 equiv) were added. After 1 h the reaction was terminated by adding
saturated NH4Cl solution (10 mL) and water (20 mL). The phases were
separated, and the aqueous phase was extracted with CH2Cl2 (3� 50 mL).
After drying the combined organic phases over MgSO4 the solvent was
removed at 0 8C. Flash chromatography (4 cm, pentane/Et2O 1:2, fractions
10-18) of the residue yielded the butenolide 37 (370 mg, 81%) as a colorless
liquid. [a]20


D � 80.7 (c� 0.65 in CHCl3); the ee of the starting material 8 was
78%, therefore, the measured specific rotation corresponds to [a]20


D � 80.7/
0.78� 104 for optically pure 37 {ref. [10] [a]20


D �ÿ107 for the enantiomer
(c� 1.61, CHCl3)}. 1H NMR (300 MHz): d� 1.46 (d, J5-Me,5� 6.8, 5-Me),
5.15 (qdd, J5,5-Me� 6.9, J5,4 � 4J5,3� 1.7, 5-H), 6.11 (dd, J3,4� 5.6, 4J3,5� 1.9,
3-H), 7.46 (dd, J4,3� 5.7, J4,5� 1.5, 4-H).


(4R,5S)-4-[(Dimethylphenyl)silyl]-4,5-dihydro-5-methyl-2(3 H)-furanone
(39): A solution of Me2PhSiCl (2.53 mL, 2.58 g, 15.1 mmol, 4.0 equiv) in
THF (30 mL) was stirred for 24 h at 0 8C with Li (260 mg, 37.8 mmol,
10.0 equiv). The dark red solution was slowly added to a suspension of
CuCN (696 mg, 7.56 mmol, 2.0 equiv) in THF (50 mL) at ÿ10 8C. After an
additional 30 min the mixture was cooled to ÿ78 8C and treated dropwise
with a solution of butenolide 37 (370 mg, 3.78 mmol) in THF (10 mL).
Aqueous HCl (1m, 20 mL) was added after 15 min at the same temper-
ature. After extraction of the aqueous phase with tBuOMe (3� 30 mL), the
organic phase was dried over MgSO4. After removal of the solvent, the
silane 39 (708 mg, 80%) was obtained by flash chromatography (3 cm,
petroleum ether/tBuOMe 3:1 ! fraction 18, 2:1 ! fraction 24, fractions
10 ± 22) as a colorless oil. [a]20


D �ÿ22 (c� 0.44 in CHCl3); the ee of the
starting material 8 was 78%, therefore, the measured specific rotation
corresponds to [a]20


D �ÿ22/0.78�ÿ28 for optically pure 39. 1H NMR
(300 MHz): d� 0.38 and 0.39 (2s, SiMe2), 1.29 (d, J5-Me,5� 6.0, 5-Me), 1.61
(ddd, J4,3-H(A)� 12.0, J4,5� 10.4, J4,3-H(B)� 9.2, 4-H), AB signal (dA� 2.39,
dB� 2.55, JAB� 17.5, in addition split by JA,4� 12.8, JB,4� 9.2, 3-H2), 4.45
(dq, J5,4� 10.4, J5,5-Me� 6.2, 5-H), 7.36 ± 7.50 (m, 5Ar-H). IR (neat): nÄ � 3070,
3050, 2975, 2935, 2900, 1770, 1430, 1385, 1360, 1345, 1255, 1225, 1190, 1155,
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1115, 1085, 1050, 945, 930, 895, 835, 785, 735, 700, 650 cmÿ1. C13H18SiO2


(234.4): calcd C 68.62, H 7.74; found C 68.87, H 7.58.


(4R,5S)-4,5-Dihydro-4-hydroxy-5-methyl-2(3H)-furanone (40): A solution
of the silane 39 (234 mg, 1.00 mmol) in diluted HOAc (3 mL) was mixed
with KBr (238 mg, 2.00 mmol, 2.0 equiv), NaOAc (980 mg, 12.0 mmol,
12.0 equiv), and peroxyacetic acid (32 % in diluted HOAc, 2.10 mL,
10.0 mmol, 10.0 equiv) at 0 8C. After stirring the mixture at room temper-
ature for 16 h, aqueous Na2S2O3 solution (10 mL) was added to the brown
solution. K2CO3 solution was added to adjust the pH to 7, followed by
extraction with CH2Cl2 (5� 30 mL). After the mixture had been dried over
MgSO4, and the solvent was removed, and the residue was purified by flash
chromatography (3 cm, tBuOMe, fractions 8 ± 16) to yield 40 (37.0 mg,
32%). [a]20


D �ÿ8.40 (c� 1.20 in CHCl3); the ee of the starting material 8
was 78%, therefore, the measured specific rotation corresponds to [a]20


D �
ÿ8.40/0.78�ÿ10.8 for optically pure 40 {ref. [10] [a]20


D ��10.87 for the
enantiomer (c� 2.42, CHCl3)}. 1H NMR (300 MHz): d� 1.38 (d, J5-Me,5�
6.7, 5-Me), AB signal (dA� 2.53, dB� 2.85, JAB� 17.9, in addition split by
JA,4� 3.6, JB,4� 6.4, 3-H2), superimposed by approximately 2.84 (br s, OH),
4.25 (mc, 4-H), 4.58 (qd, J5,5-Me� 6.6, J5,4� 2.8, 5-H).


(3R,4R,5S)-3-(11,15 Hexadecadiene-7,9-diinyl)-4,5-dihydro-4-hydroxy-5-
methyl-2(3H)-furanone (41) was prepared in the same way as 12 using
diisopropylamine (88 mL, 68 mg, 0.67 mmol, 2.5 equiv), nBuLi (2.5m in
hexane, 0.27 mL, 0.67 mmol, 2.5 equiv), b-hydroxylactone 40 (31.4 mg,
0.270 mmol), and iodo compound 21 (92.0 mg, 0.270 mmol, 1.0 equiv). The
alkylation step was carried out at ÿ40 8C for 20 h. Flash chromatography
(2 cm, petroleum ether/tBuOMe 2:1 ! fraction 24, 1:1 ! fraction 38,
fractions 27 ± 36) of the residue yielded the title compound (39.8 mg, 45%;
62% based on recovered iodide) as white, light-sensitive crystals melting at
77 8C (decomp; ref. [17] 88 8C). From fractions 2 ± 5 unconverted iodide 21
(24.5 mg, 27%) was reisolated. [a]20


D �ÿ22 (c� 0.28); the ee of the starting
material 8 was 78%, therefore, the measured specific rotation corresponds
to [a]20


D �ÿ22/0.78�ÿ28 for optically pure 41 {ref. [17] [a]20
D �ÿ30 (c�


0.01, CHCl3)}. 1H NMR (500 MHz): d� 1.32 ± 1.64 (m, 1'-H1, 2'-H2, 3'-H2,
4'-H2, 5'-H2), superimposed by 1.46 (d, J5-Me,5� 6.3, 5-Me), 1.86 (dddd,
Jgem� 13.4, J1'-H(2),2'-H(1)� 10.8, J1'-H(2),2'-H(2)� J1'-H(2),3� 5.4, 1'-H2), 2.06 (br d,
JOH,4� 5.1, OH), 2.12 ± 2.17 and 2.20 ± 2.25 (2 m each 2-H, 13'-H2, 14'-H2),
2.32 (poorly resolved td, J6',5'� 6.9, 7J6',11'� 0.6, 6'-H2), 2.55 (ddd, J3,4� 8.7*,
J3,1'-H(1)� 7.4*, J3,1'-H(2)� 5.7, 3-H), 3.84 (br ddd, J4,5 � J4,3 � 8.0, J4,OH � 4.6,
4-H), 4.20 (dq, J5,4� 7.2, J5,5-Me� 6.4, 5-H), 4.99 (dmc, Jcis � 10, 16'-HE),
partially superimposed by 5.02 (dtd, Jtrans� 17.0, 4J16',14'� Jgem� 1.7, 16'-HZ),
5.51 (dmc, Jtrans� 16.0, 11'-H), 5.77 (ddt, Jtrans� 17.0, Jcis� 10.3, J15',14'� 6.4,
15'-H), 6.27 (dt, Jtrans� 16.0, J12',13'� 6.9, 12'-H); *assignments interchange-
able. 13C NMR (75 MHz): d��18.19 (5-Me), ÿ19.43 (C-6')*, ÿ26.49,
ÿ28.03, ÿ28.32, ÿ28.45 and ÿ28.90 (C-1', C-2', C-3', C-4', C-5'), ÿ32.46
and ÿ32.59 (C-13', C-14')*, �48.51 (C-3), ÿ65.27, ÿ73.04, ÿ73.89 and
ÿ83.62 (C-7', C-8', C-9', C-10'), �78.95 (C-4)*, �79.98 (C-5)*, �109.09 (C-
11')*, ÿ115.35 (C-16'), �137.24 (C-15')*, �147.13 (C-12')*, ÿ176.13 (C-2);
*assignments verified by a C,H-COSY (300 MHz/75 MHz). IR (KBr): nÄ �
3425, 3075, 2935, 2860, 2235, 2140, 1765, 1640, 1460, 1445, 1385, 1335, 1230,
1195, 1135, 1055, 995, 955, 915 cmÿ1. MS (DCI with NH3): 347.2 (6%), 346.2
(38 %), 329.3 (18 %), 328.3 (100 %).
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Examination of Condensation Products of Group 4 Alkoxides with
Laser-Induced Liquid Beam Ionization/Desorption Mass Spectrometry
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Abstract: Group 4 Alkoxides hydro-
lyzed in methanolic solutions in the
presence of stoichiometric amounts of
water were investigated with laser-in-
duced liquid beam ionization/desorption
(LILBID) mass spectrometry. This soft
desorption method produces a minimum
of fragmentation products, as analyte
ions are desorbed from a thin liquid jet
into vacuum by means of an IR laser
pulse which has been tuned to a vibra-
tional absorption band of the alcohol.
The resulting mass spectra allow insight


in the oligomer distribution produced at
different degrees of hydrolysis of the
alkoxide precursors. In the mass range
corresponding to monomeric units, a
great variety of species was observed
because of ligand exchange with the
solvent alcohol or water. Hydrolysis of
[Ti(OR)4] and [Zr(OR)4] leads to large


series of peaks with a spacing which is
believed to correspond to TiO2 and
ZrO2 units, respectively. Depending on
the amount of water added to the
solution and on the amount of heating
prior to analysis, distinctive cluster sizes
dominate the continuous oligomer dis-
tribution. An impression of the earliest
stages of crystallization can be obtained
with this new mass spectrometric meth-
od.Keywords: condensation reactions ´


laser desorption ´ mass spectrometry
´ titanium ´ zirconium


Introduction


Metal alkoxides of the main group and transition metals are
well studied inorganic precursors in sol ± gel chemistry.[1, 2] A
rich polyoxo chemistry has been observed especially for Group 5
and Group 4 elements, where several species coexist depend-
ing on solution parameters like concentration and pH.[3]


Another system where the existence of oligomeric equilibria
has been studied extensively are the silicon alkoxides.[4] In this
case the monomeric and oligomeric species that occur in
solution can be readily observed and identified by 29Si NMR
spectroscopy.[4±6] Although several well-defined oligomers are
known for Group 4 alkoxides, which are obtained by
quantitative hydrolysis and crystallize readily,[7, 8] the hydro-
lysis and condensation processes in solution have not been
studied to the same extent and are much less understood. For
instance, it remains unclear whether structures obtained from
single crystals make up the major part of an oligomer
distribution in solution as well, or whether they refer to single
species that are in an equilibrium with others and can be
crystallized preferentially due to a unique symmetry.


For Group 4 alkoxides, it can be assumed in analogy to the
neighboring groups that their hydrolysis produces a diversity
of condensation products in solution with a rather broad size
distribution of oligomers. NMR spectroscopy is not a simple
technique for these elements, because the metal nuclei are
quadrupolar or do not have a resulting nuclear spin at all. Still,
17O NMR spectroscopy sheds some light on the ongoing
condensation processes and the kinetics of condensation, but
gives little information on the generation and composition of
oligomeric species, as well as on the oligomer distribution
resulting from condensation in solution.[9]


Recently, Lùver et al. reported the successful use of
electrospray ionization (ESI) mass spectrometry for the
analysis of Group 4 alkoxides in dry alcoholic solvents under
the addition of sodium alkoxides as ionizing agents.[10] They
were able to detect series of oligomeric species of the type
[Zrn(OEt)4n�1]ÿ (n� 1 ± 5). These findings correlate very well
with the polymeric nature of the compounds that has been
reported elsewhere.[2, 4] However, Lùver et al. did not examine
reactive systems in which water was added to start hydrolysis
and condensation reactions. In the present study, mass
spectrometry is applied to the analysis of condensation
products of Group 4 alkoxides at different degrees of
hydrolysis. The major advantage of the mass spectrometric
approach is the capability for the simultaneous detection of a
complex mixture of species of different size and composition.


We employed the newly developed desorption method
called laser-induced liquid beam ionization/desorption
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(LILBID)[11] to the mass analysis
of condensation products of
Group 4 alkoxides. As rather high
electrolyte concentrations of
0.1 mol Lÿ1 are used, electrospray
would not be a feasible technique
for this kind of sample. Further-
more, the addition of ionizing
agents as done by Lùver et al.
might lead to a perturbation of
the solution and thus influence the
condensation processes.


With LILBID, ions are desor-
bed by means of an IR laser pulse
from a thin liquid jet of analyte
solution injected into high vac-
uum. The liquid phase remains
intact in the vacuum for a distance
of a few centimeters, until the jet
decays into droplets which are
frozen out on a cold trap. Previous
experiments with different cations
in dilute alcoholic and aqueous
solutions have proven that specific
interactions with the solvent or
with coronands are preserved in
the mass spectra.[12, 13] Further-
more, labile biomolecules and
noncovalently bound complexes can be detected without a
considerable amount of fragmentation.[14, 15] LILBID mass
spectrometry is applied now for the first time to the analysis of
organometallic compounds and their hydrolysis and conden-
sation products.


Experimental Section


Materials : All solutions were prepared under the usual precautions for the
preparation of anhydrous chemicals and kept under a dry inert atmosphere
of nitrogen. All alkoxides (the highest available purity grades were used for
[Ti(OMe)4], [Ti(OEt)4], [Ti(OiPr)4], [Ti(OnBu)4], [Zr(OEt)4], [Zr(O-
nBu)4],(Aldrich), [Zr(OnPr)4], [Zr(OiPr)4] (Dynamit Nobel)) were dis-
solved in anhydrous methanol (Aldrich, Sure Seal) and stirred for 15
minutes until most of the alkoxide was dissolved. Next millipore water was
added and the samples were stirred again for 60 min, and then filtered
through a 0.2 mm dry and sterile filtration unit (Nalgene). If samples had to
be stored for several hours, they were kept at �6 8C in a refrigerator.


UV/Vis spectroscopy : UV/Vis spectra were recorded in the range of 220 ±
800 nm with a Leica MPV-SP microscopic photometer unit. The samples
were placed in a pyrex glass cuvette with a light path of two millimeters.
Absorption wavelengths were determined with standard procedures.


Mass spectrometry: A detailed description of the LILBID method and the
apparatus has been published previously;[11±15] therefore only a brief outline
of the experiment is given here. The sample solution was fed from a glass
container through a PEEK capillary at a constant backing pressure of 40 ±
60 bar by using a HPLC pump (Merck-Hitachi L-6000 A). It is then
injected through a 10 or 20 mm wide Pt-Ir aperture into high vacuum
(Figure 1). There laminar flow is preserved for a few centimeters, until the
jet decays into small droplets due to Rayleigh instabilities. The initial
temperature of the liquid can be adjusted between ÿ30 and �50 8C with a
thermostat. In the vacuum however, evaporative and adiabatic cooling
rapidly lower the temperature of the liquid by several tens of degrees. To
maintain a high vacuum of some 10ÿ6 mbar in the recipient in spite of the


presence of a liquid, a large oil diffusion pump (Balzers DIF 320) was used
assisted by a liquid nitrogen cooling trap where the jet is frozen out. After
entering the vacuum region, the liquid beam is crossed several millimeters
behind the nozzle with a pulsed IR laser (CO2-laser URANIT MLÿ 104),
which was tuned to a vibrational absorption band of the solvent (methanol:
9.66 mm). An energy of 20 ± 30 mJ per pulse, which corresponds to an
irradiance of 106 ± 108 Wcmÿ2, was typically required for the desorption of
ions from the liquid. After absorption of the IR photons by the solvent, the
excited molecules undergo a fast vibrational relaxation which entails a
rapid heating of the solvent (typically 1010 K sÿ1). This temperature jump
induces the desorption of ions which have been formed in solution by the
attachment or loss of protons or cations. Ions in the gas phase were then
orthogonally extracted into a reflectron time-of-flight (Re-TOF) mass
spectrometer; delayed extraction was used to compensate in part for their
initial energy distribution. After passing the field-free drift region, the ions
were postaccelerated with 20 kV into an ion/electron converter (Even-cup)
coupled to a scintillator and a photomultiplier. Mass spectra are stored with
a digital oscilloscope (Le Croy 9410) and read out for further processing
with a PC. The mass spectra were internally calibrated by using calibration
standards.


Results and Discussion


Titanium alkoxides : The quantitative hydrolysis of titanium
alkoxides was performed by dissolving the respective alkoxide
in anhydrous methanol and then adding stoichiometric quanti-
ties of water. The condensation reaction can be monitored by
UV/Vis spectroscopy, as the onset of absorption is red-shifted
with an increasing amount of water added. Figure 2 shows the
shift of the absorption threshold as obtained from the extinction
spectra. This red shift can be interpreted in terms of the forma-
tion of titanium oligomers with a decreased HOMO/LUMO
distance;[16, 17] this already takes place to a certain extent at
very low water contents by condensation of the alkoxide. For a


Figure 1. Schematic setup of the LILBID experiment.
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Figure 2. The onset of UVabsorption is plotted vs. the molar ratio of H2O/Ti.


H2O/Ti ratio of 0 to 4, only a slight red shift of a few
nanometers can be observed, but it increases dramatically for
higher ratios. From a solution with a H2O/Ti ratio of 4, we
obtained a white precipitate which proved to be X-ray amor-
phous and transforms into anatase upon heating at 300 8C.


Different water contents also have a strong influence on the
LILBID mass spectra, leading to a dramatic change in the
peak pattern. For samples with no water added to the solution,
hardly any high mass signals for titanium oligomers were
detected. Figure 3 A shows a mass spectrum of a [Ti(OMe)4]


Figure 3. A) LILBID anion spectrum of a [Ti(OMe)4] solution (molar
ratio Ti/MeOH� 1/550) in methanol at 25 8C with no water added to start
the condensation reaction. B) Spectrum of the same solution as in Figure 3
A after it has been heated to 65 8C for one hour. I� relative intensity.


solution (molar ratio Ti/MeOH� 1/550) at 25 8C with no
water added, and Figure 3 B shows the same solution after it
had been heated to 65 8C. Here a multitude of peaks for
masses up to m/z� 1200 can be seen, some of them with a
regular spacing of m/z� 80. This change in the mass spectrum
is attributed to the fact that even under standard precautions
for the preparation of anhydrous chemicals, minimum
amounts of water (H2O/Ti less than 0.1) are present in the
hydrophilic samples. When the solution is heated, the
alkoxide molecules may exceed the activation barrier for
the start of condensation reactions. Under these conditions,
most alkoxide species in the solvent are not charged and thus
cannot be detected, except when ionizing agents are added.[10]


In the mass spectra for a H2O/Ti ratio of 3, which
corresponds to a much higher degree of hydrolysis, signals
in the mass range up to several thousands could be detected
(Figure 4). While some peaks are present in the spectra with


Figure 4. A) LILBID anion spectrum of a methanolic solution of
[Ti(OMe)4] with water added (molar ratio Ti/H2O/MeOH� 1/3/550),
showing a continuous peak series with a spacing of Dm/z� 80 correspond-
ing to TiO2 units. The number of titanium atoms in the oligomeric unit is
given for each peak. B) Expanded section of the same spectrum in the mass
range m/z� 0 ± 1000 (inset: mass range m/z� 100 ± 300). Two peak series
are marked wich are shifted by Dm/z� 14 ± 18 in relation to each other.
m/z� 31 corresponds to the methanolate ion, m/z� 35 to one chlorine
isotope. I� relative intensity.
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and without added water, the dominating feature is now a
peak series with constant spacing starting from m/z� 240
(Figure 4 A). Basically similar peak series are found for the
clusters in the negative- and positive-ion mode. From this we
conclude that the majority of the clusters are neutral and thus
cannot be detected with mass spectrometry. Charged species
show a distribution mainly from �1 to ÿ1, which is due to the
attachment or removal of charge carriers like protons or
methanolate ions present in the solvent (for methanol at
20 8C, pKa� 16, for water pKa� 15.7[18]). This certainly leads
to a difference between observed species in the mass spectra
and species present in solution, as only the charged species
can be seen. Here, we want to restrict our further discussion to
the neutral and negatively charged species.


Peaks in the low m/z range between 115 and 221 (inset in
Figure 4 B) can be explained in terms of negatively charged,
partially hydrolyzed titanium methylate monomers as shown
in Table 1. The most interesting fact is that nearly all the
species that are likely to exist under these conditions can be
detected. All monomer masses which could be found in the
negative-ion LILBID spectra are highlighted in the matrix
(Table 1). These findings indicate that all kinds of partially
hydrolyzed species coexist in solution. While six-coordinate
titanium would be expected,[2] we observed monomeric units
with coordination numbers of 4, 5, and 6 simultaneously. It
seems reasonable to assume that during the desorption from
the liquid, titanium complexes may lose solvent molecules
which do not compensate for the charge of the ion and are
rather loosely bound in the coordination sphere. As a rather
high laser energy of 30 mJ per pulse was chosen to obtain
good spectra, and the methanolate ligands in the complex are
in resonance with the desorption laser wavelength as well,
some of the observed species will be partially desolvated. In
Scheme 1 the process of ligand loss for neutral titanium
species with a subsequent change of the coordination
geometry is illustrated for a monomeric (Scheme 1 A) and a
dimeric (Scheme 1 B) unit, with L1 as a charge-compensating
and L2 as a neutral ligand.


Additional fragments appearing at m/z� 80, 97, and 111 are
interpreted as [TiO2]ÿ , [TiO2(OH)]ÿ , and [TiO2(OMe)]ÿ ,
respectively. Since their intensity is quite low, fragmentation
of laser desorbed species in the gas phase which would lead to
the loss of TiO2 units does not seem to play a major role.


The monomeric species with the highest possible mass lies
at m/z� 221. Higher masses thus correlate with condensation
products of the hydrolyzed alkoxide. Above m/z� 240, we
observe a regular spacing of m/z� 80 which corresponds to a
neutral TiO2 unit (M� 79.9). Several series appear which are
shifted by m/z� 14 or 18 relative to each other, but all of


Scheme 1.


these, with the exception of the first series, vanish in the
background signal around at m/z� 1000 (Figure 4 B). While
the addition of one water molecule leads to Dm/z� 18, a mass
shift of 14 can be attributed to the exchange of a OHMe or
(OMe)ÿ ligand for a OH2 or (OH)ÿ ligand as shown in
Scheme 2 A. The same mass difference of 14 can be expected
for a condensation reaction where the preferential leaving
group is either water or methanol (Scheme 2 B).


This possible variance in the ligand composition should be
highlighted as it shows clearly that the broad peaks occurring
in the spectra are not exclusively a result of a poor mass
resolution of the spectrometer. Instead we are convinced that
the relatively broad signals are composed of a peak pattern of
closely standing peaks of similar intensities that presently
cannot be resolved.


Table 1. Possible monomeric species present in a solution of partially hydrolyzed titanium alkoxides.


Number of methyl
groups hydrolyzed


Coordination number [m/z]
4 5 6


1 [TiO(OMe)3]ÿ [157] [TiO(OMe)3(MeOH)]ÿ [189] [TiO(OMe)3(MeOH)]ÿ [221]
2 [TiO(OH)(OMe)2]ÿ [143] [TiO(OH)(OMe)2(MeOH)]ÿ [175] [TiO(OH)(OMe)2(MeOH)2]ÿ [207]
3 [TiO(OH)2(OMe)]ÿ [129] [TiO(OH)2(OMe)(MeOH)]ÿ [161] [TiO(OH)2(OMe)(MeOH)2]ÿ [193]
4 [TiO(OH)3]ÿ [115] [TiO(OH)3(MeOH)]ÿ [147] [TiO(OH)3(MeOH)2]ÿ [179]
(5) ± [Ti(OH)5]ÿ [133] [Ti(OH)5(MeOH)]ÿ [165]
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Scheme 2.


The first series starts with a peak between m/z� 240 and
242 (Figure 4 B) that we attribute to a dimeric unit. A
conceivable composition formula for this species would be
[Ti2O2(OH)3(OMe)2]ÿ , but an unambigious assignment is not
possible. The overall coordination number of this starting unit
is found to be rather low for the reasons mentioned above. Of
greater interest concerning the process of oligomer growth is
the size distribution of the peak series, which shows a
distinctive maximum around m/z� 720. Following the assign-
ment in Figure 4 A, this peak belongs to an oligomeric unit
containing eight titanium atoms. Lower condensation prod-
ucts up to hexamers have a much smaller intensity, but
heptamer and nonamer signals are strong as well. Apparently
units composed of a backbone with ten titanium atoms appear
much less frequently than the neighboring nonamer and
undecamer. For higher degrees of condensation, a decrease in
intensity can be seen until the peaks vanish in the underlying
background signal.


When the same titanium alkoxide solution with a H2O/Ti
ratio of 3 is kept for several hours at 37 8C, ongoing
condensation reactions could be followed visually when clear
solutions turned opaque. Accordingly, characteristic features
of the mass spectra change as well (Figure 5). For example, the
maximum of the oligomer distribution is shifted to m/z� 880,
which corresponds to a decameric unit. In addition, the signal
intensity in the mass range up to m/z� 600 is now much lower,


Figure 5. LILBID anion spectrum of the same solution as in Figure 4 after
several hours of storage in the sample container. I� relative intensity.


except for a prominent peak at m/z� 441 which could possibly
be the doubly charged decamer. We attribute this change to
an increased degree of hydrolysis which is accompanied by the
preferential formation of larger oligomeric units. The overall
peak intensity in the low mass range correlates well with the
postulate of increasing hydrolysis (Figures 3 B, 4, and 5), as the
solution becomes more and more depleted in small oligomers.
We were not able to examine solutions with a H2O/Ti ratio
higher than 3, because the nozzle was easily blocked by the
precipitation of TiO2 particles.


Different titanium alkoxides basically did not lead to
changes in the spectra, as the peak pattern and the typical
masses remain the same for all the studied alkoholates
(methylate, ethylate, isopropylate, n-butylate). This is not a
very surprising result, as it is known that metal alkoxides are
highly reactive and the solvent alcohol ROH is easily
exchanged for the alkoholate (R'O)-M group within short
times.[19] Again this is in good agreement with the results
obtained with ESI-MS.[10] Thus the prominent peak series with
Dm/z� 80 represents oligomeric units of partially hydrolyzed
titanium alkoxide, with a lowered coordination number due to
partial ligand loss during the desorption process. These
oligomeric units therefore do not necessarily exist in solution
with the observed number of ligands and the respective
coordination number, but the titanium oxide backbone and
oligomer size distribution are preserved and should allow
insight into the condensation process.


Zirconium alkoxides : In the mass spectra of solutions of
[Zr(OiPr)4] in methanol (molar ratio Zr/MeOH� 1/550) in
the presence of water, again peak series are found which
extend beyond m/z� 3000, but they now show a regular mass
spacing of Dm/z� 123 (Figure 6). This difference is in good
agreement with the mass of a ZrO2 unit (Mr� 123.2). In
comparison to titanium, the variation in the ligand composi-
tion of zirconium oligomers is observed to be much smaller, as
continuous distributions with a Dm/z� 14 spacing only play a
minor role up to a mass of 600. In this case, the chemically
favored clusters can be identified more easily as the atomic
weight of the metal atom is much higher and therefore mass
differences are bigger between the possible cluster species. In
the low mass range, fragmentational clusters appear again at
m/z� 123, [ZrO2]ÿ , and 140 [ZrO2(OH)]ÿ (Figure 6 B). The
isotope-split signals around m/z� 158 and 172 correspond to
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Figure 6. A) LILBID anion spectrum of a methanolic solution of
[Zr(OiPr)4] at 25 8C (molar ratio Zr/H2O/MeOH� 1/3/550) in the mass
range m/z� 200 ± 5800. B) Expanded section of the same spectrum in the
mass range m/z� 100 ± 700. I� relative intensity.


the low-coordinate monomeric species [ZrO(OH)3]ÿ and
[ZrO(OH)2(OMe)]ÿ , respectively. As said above, no isopro-
pylate-containing species are found due to a rapid ligand
exchange with solvent molecules which are present in large
excess. The group of signals in the range from m/z� 250 to 300
can be interpreted in terms of six- to eight-coordinate
zirconium monomers with the proposed compositions [ZrO-
(OH)(OMe)2(OHMe)2]ÿ (Mr� 250.4), [ZrO(OMe)3(OHMe)2]ÿ


(Mr� 264.4), [ZrO(OH)(OMe)2(OHMe)3]ÿ (Mr� 282.4) and
[ZrO(OH)2(OMe)(OHMe)4]ÿ (Mr� 300.4). Following this
interpretation, the mass spectra reflect the tendency of
zirconium for higher coordination numbers than titanium.


The recorded peak distributions show a sharp increase in
intensity from m/z� 642 ± 645 onwards, followed by a de-
crease up to m/z� 1140 (Figure 6 A). From there on the peak
intensity rises dramatically and has its maximum in the range
of m/z� 1250 to 1750. For samples which turned opaque
during the measurement, another broad maximum usually
with poor peak resolution could be found from m/z� 3000 up
to 5000 (not shown). With the assignment made above for the
monomers around m/z� 250 ± 300, the maxima in the peak
distribution correspond to a tetramer and to a decamer or
undecamer, respectively.


An interesting fact is that in most of the experiments no
peaks are supposed to belong to clusters with a charge higher
than plus or minus one. From a colloidal point of view, this
finding makes sense as the alcoholic solvent would less readily
shield the highly charged ionic species which would then have
increased probability of collision with countercharged species,
resulting in precipitation of a solid product. This result is also
in good agreement with structural chemistry, as small oligomers
like tetramers would not readily carry a high charge in
solution, because this would result in strong repulsion of the
charge carriers which could easily lead to depolymerization.


Conclusion


For the first time it has been possible to analyze an evolving
series of clusters under controlled hydrolysis conditions by
applying a new mass spectrometric technique that allows the
observation of weak interactions of molecules and ions in
solution. In addition, it has been shown that controlled
hydrolysis produces continuous series of clusters from mono-
mers up to oligomers with a maximum weight of several
thousand mass units. Distinctive maxima are observed in
these peak series, which correspond to preferential cluster
sizes in solution. However, the amount of energy transferred
to the probe during the process of desorption is found to be
sufficient to partly desolvate the oligomeric species.


When no water is added to the alkoxide solution, only small
oligomers appear with low intensity. Samples with higher
water contents showed aging effects which could be followed
visually as clear solutions turned opaque. Accordingly, higher
masses could then be detected in the spectra and lower masses
disappeared. Mass spectrometric techniques are envisaged
that allow the analysis of the desorbed oligomers in the gas
phase (CID, MSn), as well as structural modeling studies on
the basis of these data and the possible compositions. Future
experiments will show whether better mass resolution is
possible through intermediate ion storage. We also believe
that with the new mass spectrometric technique applied here,
deeper insight into the earliest stages of crystallization is
possible, and experiments with this aim are in progress.
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Evidence for the Non-Concerted Addition of Difluorovinylidene
to Acetylenes**


Carsten Kötting, Wolfram Sander,* and Michael Senzlober


Abstract: Difluorovinylidene (1 b) is an
extremely electrophilic and reactive sin-
glet carbene that can be generated in
argon matrices in high yields. The ther-
mal reaction of 1 b with difluoroacety-
lene (2 b) at 35 ± 40 K results in the
formation of singlet allenylcarbene 4 b
as the primary product, which on sub-
sequent irradiation with visible light
(l> 420 nm) rearranges to methylene-
cyclopropene 3 b. The new compounds


were identified by IR spectroscopy in
combination with density functional
theory (DFT) calculations at the
B3LYP/6 ± 311G(d,p) level of theory.
These results clearly demonstrate the
non-concerted formation of 3 b. Under
similar conditions the thermal reaction


of vinylidene 1 b with acetylene (2 c)
directly leads to methylenecyclopropene
3 c as the main product. SinceÐaccord-
ing to the DFT calcultationsÐallenyl-
carbene 4 c is not a minimum, the
formation of 3 c most likely is a con-
certed, although highly asynchronous
reaction. Visible irradiation
(l> 420 nm) of 3 c produces enyne 11,
which on UV irradiation gives 1,1-di-
fluorobutatriene (10).


Keywords: alkynes ´ carbenes ´
matrix isolation ´ vinylidene


Introduction


The addition of carbenes or carbenoids to multiple bond systems
is the most important synthetic route to three-membered ring
systems.[1±3] Thus, a convenient way to synthesize methylene-
cyclopropanes is the cycloaddition of vinylidenes to olefins.
Stang et al. investigated the stereochemistry of this reaction
and concluded that the cycloaddition is a concerted reaction
governed by the interaction of the virtual p orbital at the
carbene center with the olefinic p system.[4] The reaction of
triplet fluorenylidene with terminal alkynes at 77 K was
shown by Lee and Jackson to produce vinylcarbenes.[5] The
vinylcarbenes are indefinitely stable under these conditions,
while in fluid solution only cyclopropenes are observed and
the vinylcarbenes could not even be trapped. Since fluoreny-
lidene has a very small singlet ± triplet gap,[6, 7] one can
speculate that the cyclopropenes are formed by reaction of
the thermally populated singlet fluorenylidene.


Only a few reports on the cycloaddition of vinylidenes to
acetylenes have appeared in literature. Newman and Beard
investigated the reaction of dimethylvinylidene (1 a), gener-
ated by a-elimination from the corresponding triflate, with
ethoxyacetylene (2 a) in ethanol as solvent (Scheme 1).[8]


Allene 5, the formal product of the insertion of allenylcarbene


Scheme 1. Reaction of dimethylvinylidene (1a) with ethoxyacetylene (2a)
in ethanol.
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4 a into the OH bond of ethanol, was formed in 35 % yield.
From the experiments it could not be decided whether
carbene 4 a was formed by ring-opening of cyclopropene 3 a
or as the primary intermediate of the addition of 1 a and 2 a.


In gas-phase studies it was demonstrated that difluorovi-
nylidene (1 b) rapidly reacts with olefins and both inserts into
CH bonds and adds to the double bonds.[9±11] Thus, the gas-
phase reaction of 1 b and cyclopentene produces CH insertion
products as well as difluoromethylenecyclopropane in low
yields.[11] However, neither 1 b nor other reaction intermedi-
ates were directly observed in these studies, and the question
whether or not this reaction is concerted was not addressed. In
a theoretical study the addition of methylene, but not
vinylidene, to acetylene was investigated by Jackson and
O�Brien.[12] Based on semiempirical and ab initio methods
they concluded that vinylcarbene is the primary product on
the triplet surface, while on the singlet surface the formation
of cyclopropene is concerted.


Recently we described the synthesis and spectroscopic
characterization of 1 b in solid argon at 7 K. [13] Carbene 1 b is
extremely electrophilic and even at cryogenic temperatures
rapidly reacts with N2, CO,[13] CO2,[14] and Xe.[15] Here we
report on the reaction of 1 b with both difluoroacetylene 2 b
and acetylene 2 c and present evidence that at least in the
former reaction a non-concerted pathway is followed.


Results and Discussion


Addition of difluorovinylidene (1 b) to difluoroacetylene (2b):
Irradiation of difluoroacetylene (2 b), matrix-isolated in argon
at 7 K, with an ArF excimer laser (193 nm) produces high
yields (up to 90 %) of difluorovinylidene (1 b). Annealing of
an argon matrix containing 1 b at 35 ± 40 KÐwhich allows the
diffusion of small trapped species such as 1 b within several
minutesÐresults in the dimerization of 1 b to give tetrafluor-
obutatriene (6) (Scheme 2). In addition, small amounts of


Scheme 2. Addition of difluorovinylidene (1 b) to difluoroacetylene (2b).


diazo compound 7 are formed by the reaction of 1 b with
traces of nitrogen (contamination of the argon matrix).


If the matrix contains unconverted acetylene 2 b in addition
to vinylidene 1 b, annealing of the matrix produces a further
compound A with IR absorptions at 1996, 1444, 1187, and
1174 cmÿ1 (Table 1, Figure 1). Compound A is photolabile,
and visible light irradiation (>420 nm, Figure 1) yields a


second compound B with IR bands at 2000, 1318, 1253, 1242,
and 875 cmÿ1 as major, and tetrafluorobutatriene (6, 938,
1271, 1735 cmÿ1)[15] as minor product. The IR spectrum of B
nicely agrees with the calculated spectrum (all calculations are
done at the B3LYP/6 ± 311G(d) level of theory) of tetrafluoro-
methylenecyclopropene (3 b). Compared to the parent
methylenecyclopropene,[16, 17] the fluorine substitution in 3 b
causes a substantial blue-shift of the characteristic high
frequency C ± C stretching vibration from 1770 to 2000 cmÿ1.


Compound A is the precursor of both 6 and 3 b and thus a
C4F4 isomer. The only known C4F4 isomer besides 6 is
tetrafluorocyclobutadiene (8) which was readily excluded by
comparison with the published matrix IR spectrum.[18] The
calculated IR spectrum of tetrafluorobut-1-ene-3-yne (9) is


Abstract in German: Difluorovinylidene (1b) ist ein extrem
reaktives, electrophiles Singulett-Carben, das in hohen Aus-
beuten in Argon-Matrizes erhalten werden kann. Die thermi-
sche Reaktion von 1b mit Difluoracetylen (2b) bei 35 ± 40 K
führt zu Allenylcarben 4b als dem primären Produkt, das
sich bei anschlieûender Bestrahlung mit sichtbarem Licht
(l> 420 nm) zu Methylencyclopropen 3b umlagert. Alle
neuen Verbindungen wurden durch IR-Spektroskopie in Ver-
bindung mit DFT-Rechnungen (B3LYP/6 ± 311G(d,p)) cha-
rakterisiert. Diese Ergebnisse belegen eindeutig, daû 3b in
einer nicht-konzertierten Reaktion gebildet wird. Unter ähnli-
chen Bedingungen führt die Reaktion von Vinyliden 1b mit
Acetylen (2c) direkt zu Methylencyclopropen 3c als dem
primärem Produkt. Da nach den DFT-Rechnungen Allenyl-
carben 4c kein Minimum auf der Hyperfläche darstellt,
handelt es sich bei der Bildung von 3c sehr wahrscheinlich
um eine konzertierte, obgleich sehr asynchrone Reaktion.
Bestrahlung von 3c mit sichtbarem Licht (l> 420 nm) führt zu
Enin 11, das sich wiederum bei UV-Bestrahlung in 1,1-
Difluorbutatrien (10) umlagert.


Table 1. Computed harmonic and experimental vibrational wavenumbers
[cmÿ1] of 4 b.


Mode Description nÄexp
[a] Iexp


[a,b] nÄcalcd
[c,d] Icalcd


[b,d]


trans-14 nÄ(CalleneF) 1174.2 100 1181.0 100
trans-15 nÄ(CcarbeneF) 1186.5 81 1199.4 53
16 nÄas(CF2) 1268.0 53 1266.5 66
17 nÄs(CCC) 1444.4 32 1471.2 48
trans-18 nÄas(CCC) 1995.6 59 2068.9 77
cis-15 nÄ(CF) 1194.5 1203.5
cis-18 nÄas(CCC) 2006.8 2086.2


[a] Argon at 10 K. [b] Relative intensities, based on the strongest
absorption. [c] Other vibrations of 4 b, not observed in the experimental
spectrum: nÄcalcd(Irel): 47.1 (1), 64.7 (0), 112.9 (0), 127.3 (0), 273.5 (0), 397.1 (1),
449.5 (1), 507.8 (2), 577.6 (1), 606.7 (4), 627.4 (3), 711.9 (9), 980.0 (19). [d]
B3LYP/6 ± 311G(d).
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Figure 1. a) Calculated spectrum of 3b (B3LYP/6 ± 311G(d)). b) IR differ-
ence spectrum showing the photochemistry of carbene 4b in argon at 7 K.
Bottom part, bands disappearing; top part, bands appearing on irradiation
with l> 420 nm. c) Calculated spectrum of trans-4 b (B3LYP/6 ± 311G(d)).
d) Calculated spectrum of cis-4 b (B3LYP/6 ± 311G(d)).


not in accordance with the spectrum of A and is thus also
excluded. On the other hand, the calculated spectrum of trans-
allenylcarbene (trans-4 b) is in good agreement with the
experimental spectrum of A (Table 1, Figure 1). Two addi-
tional minor IR absorptions at 1194.5 and 2006.8 cmÿ1 are
assigned to cis-4 b. The vibrations of the CCCF2 group (modes
14, 15, 16) of the two isomers (Figure 2) are almost identical,


Figure 2. Calculated geometries of trans-4 b and cis-4 b (B3LYP/6 ±
311G(d)).


but while the trans isomer shows two intense C ± F stretching
vibrations of the FCCF moiety at 1186.5 and 1174.2 cmÿ1,
respectively, the cis isomer shows only one intense band at
1194.5 cmÿ1 assigned to a motion revealing both C ± F and
C ± C stretching character. The asymmetric C-C-C stretching


mode could be identified at 2006.8 cmÿ1. All other vibrations
with significant IR intensities are either due to overlap cis-4 b
and trans-4 b absorptions, or assigned to the trans isomer. By
comparison of the experimental and theoretical band inten-
sities a trans :cis ratio of 2.5:1 is estimated.


The reaction of vinylidene 1 b with acetylene 2 b to give
carbene 4 b is calculated (Figure 3) to be exothermic by
80.6 kcalmolÿ1 (B3LYP/6 ± 311G(d)� zero-point energy). Since


Figure 3. Calculated relative energies (B3LYP/6 ± 311G(d)-ZPE) of some
C4F4 species and some C4F2H2 species. Additional calculations on the C4F4


hypersurface were performed by Wiberg and Marquez.[23]


the formation of 4 b proceeds rapidly under the conditions of
matrix isolation, one can conclude that the activation barrier
must be very small or zero. A by-product of this reaction is
methylenecyclopropene 3 b (Table 2), which could be formed
via vibrationally hot 4 b generated in the strongly exothermic
reaction. Secondary photolysis of 4 b rapidly produces 3 b by a
vinylcarbene ± cyclopropene rearrangement (18.1 kcal molÿ1


exothermic) or, less efficiently, butatriene 6 by a [1,2]-fluorine
shift (48.9 kcal molÿ1 exothermic). The latter reaction is more
exothermic but the fluorine shift is expected to proceed
through a larger activation barrier.


In the cis and trans allenylcarbenes 4 b the fluorine sub-
stituent at the carbene center results in a singlet ground state
which is, according to the B3LYP calculations, about 6 kcal
molÿ1 lower in energy than the triplets. The CF2 moiety is
orthogonal with respect to the FCCF group and the planar
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diradical structures with CS symmetry do not correspond to
minima on the C4F4 potential energy surface (singlet or triplet).


Addition of difluorovinylidene (1 b) to acetylene (2 c): Under
similar conditions the thermal reaction of vinylidene 1 b and
acetylene (2 c) directly produces (difluoromethylene)cyclo-
propene (3 c) as the main product, identified by comparison of
experimental and calculated IR spectra (Table 3, Figure 4).


Figure 4. a) Calculated spectrum of 11 (B3LYP/6 ± 311G(d,p)). b) IR
difference spectrum showing the photochemistry of methylenecyclopro-
pene 3 c in argon at 7 K. Bottom part, bands disappearing; top part, bands
appearing on irradiation with l> 420 nm. c) Calculated spectrum of 3 c
(B3LYP/6 ± 311G(d,p)).


B3LYP calculations predict triplet allenylcarbene 4 c to be
45.8 kcal molÿ1 more stable than 1 b� 2 c, while singlet 4 c is
not a minimum on the singlet surface. Since an intersystem
crossing step is required to produce triplet 4 c, it is not
expected to be formed efficiently in the thermal reaction.
Small amounts of 1,1-difluorobutatriene (10) in the matrix
might be the product of a rapid [1,2]-hydrogen shift of triplet
4 c. This indicates that the intersystem crossing can compete to
some extent with the ring-closure to 3 c.


On irradiation with visible light (l> 420 nm) methylene-
cyclopropene 3 c rearranges to 1,1-difluorobut-1-ene-3-yne
(11) which in turn on UV irradiation (l� 193 nm) produces
butatriene 10 (Table 4, Table 5, Figure 5). Similar ring-open-


ing of other methylenecyclopropenes to vinylacetylenes had
been described before.[19±21]


In summary, the addition of difluorovinylidene (1 b) and
difluoroacetylene (2 b) to give methylenecyclopropene 3 b
proceeds via allenylcarbene 4 b, and thus clearly is a non-
concerted reaction. In the thermal reaction of 1 b with
acetylene (2 c) (Scheme 3) the carbene 4 c is calculated not
to be a minimum on the singlet energy surface and therefore
methylenecyclopropene 3 c most likely is formed in a con-


Table 3. Computed harmonic and experimental vibrational wavenumbers
[cmÿ1] of 3 c.


Mode symmetry description nÄexp
[a] Iexp


[a,b] nÄcalcd
[c,d] Icalcd


[b,d]


7 B1 623.6 17 647.9 24


8 A1 705 8 711.2 6


12 B2 1038.3 5 1055.9 5


13 A1 1198.1 100 1221.4 100


14 B2 nÄas(CF2) 1215 79 1226.6 96
15 A1 nÄ(C�C)ring 1563.2 22 1628.7 14
16 A1 nÄ(C�C) 1906.9 12 1953.1 13


[a] Argon at 10 K. [b] Relative intensities, based on the strongest
absorption. [c] Other vibrations of 3c, not observed in the experimental
spectrum: nÄcalc(Irel): 157 (0), 261 (0), 281 (3), 436 (3), 453 (1), 526 (2), 847 (0),
908 (1), 924 (4), 3164 (2), 3208 (1). [d] B3LYP/6 ± 311G(d,p).


Table 2. Computed harmonic and experimental vibrational wavenumbers
[cmÿ1] of 3 b.


Mode Sym. Description nÄexp
[a] Iexp


[a,b] nÄcalcd
[c,d] Icalcd


[b,d]


13 A1 874.5 62 882.4 40


14 A1 1241.9 40 1244.8 34


15 B1 nÄas(CF2) 1252.8 56 1249.0 39
16 B1 nÄas(FCCF) 1317.8 100 1324.3 100


18 A1 2000.1 18 2068.6 21


[a] Argon at 10 K. [b] Relative intensities, based on the strongest
absorption. [c] Other vibrations of 3 b, not observed in the experimental
spectrum: nÄcalcd(Irel): 99.5 (0), 146.5 (0), 157.3 (0), 235.5 (0), 336.9 (0), 358.9
(0), 429.1 (0), 440.3 (1), 544.5 (0), 654.3 (0), 711.9 (0), 818.8 (1), 1809.2 (0).
[d] B3LYP/6 ± 311G(d).


Table 4. Computed harmonic and experimental vibrational wavenumbers
[cmÿ1] of 11.


Mode nÄexp
[a] Iexp


[a,b] nÄcalcd
[c,d] Icalcd


[b,d]


7 659.0 5 623.2 12
11 914.2 9 921.7 19
13 1223.3 30 1241.0 55
14 1348.1 46 1371.9 34
15 1731.1 100 1764.0 100


[a] Argon at 10 K. [b] Relative intensities, based on the strongest
absorption. [c] Other vibrations of 11, not observed in the experimental
spectrum: nÄcalc(Irel): 135 (0), 160 (0), 364 (2), 455 (1), 470 (1), 595 (3), 606 (1),
686 (11), 795 (10), 1043 (14), 2151 (1), 3091 (2), 3374 (24). [d] B3LYP/6 ±
311G(d,p).
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Figure 5. a) Calculated spectrum of 10 (B3LYP/6 ± 311G(d,p)). b) IR
difference spectrum showing the photochemistry of enyne 11 in argon at 7 K.
Bottom part, bands disappearing; top part, bands appearing on irradiation
with l� 193 nm. c) Calculated spectrum of 11 (B3LYP/6 ± 311G(d,p)).


Scheme 3. Addition of difluorovinylidene (1 b) to acetylene (2 c).


certed, although highly asynchronous reaction. Triplet car-
bene 4 c is expected to be short-lived with respect to the [1,2]-
hydrogen migration and consequently is not found in our


experiments. Indirect evidence for 4 c comes from the
observation of traces of butatriene 10. High-level ab initio
or DFT calculations are required to elucidate at which point
the singlet surface is leaking into the triplet manifold.


Experimental Section


Matrix isolation experiments were performed by standard techniques with
an APD CSW-202 Displex closed-cycle helium cryostat. Matrices were
produced by deposition of argon (Messer-Griesheim, 99.9999 %) on top of
a CsI window with a rate of approximately 0.15 mmol minÿ1. In order to
prevent aggregation of difluoracetylene (2b), depositions of the matrices
were done at 7 K. Infrared spectra were recorded by using a Bruker IFS66
FTIR spectrometer with a standard resolution of 0.5 cmÿ1 in the range of
400 ± 4000 cmÿ1.


Irradiations were carried out with use of an ArF excimer laser (l� 193 nm;
Lambda Physik COMPex 100) or Osram HBO 500 W/2 mercury high-
pressure arc lamps in Oriel housings equipped with quartz optics. IR
irradiation from the arc lamps was absorbed by a 10 cm path of water.
Schott cut-off filters were used (50 % transmission at the wavelength
specified) in combination with dichroic mirrors.


Acetylene (Messer-Griesheim, 99.3 %, stabilized with acetone) was puri-
fied by sublimation (three times).


Calculations were performed with the Gaussian 94 program package.[22]


Geometries and vibrations were calculated at the B3LYP/6 ± 311G(d,p) or
the UB3LYP/6 ± 311G(d,p) level of theory.
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Mechanistic Aspects of F� Transfer Reactions: A Model Study in the Gas Phase


Massimiliano Aschi,* Felice Grandinetti,* and Vittorio Vinciguerra


Abstract: The mechanism of the spin-
forbidden formal F� transfer from 1NF�2
to CO with formation of 1FCO� and 3NF
was investigated by mass spectrometry
and high-level theoretical calculations.
The (NF2CO)� intermediates involved
in this process, which were observed by
chemical ionization experiments, were
structurally characterized by collision-
ally activated dissociation spectrometry,
and their unimolecular decomposition


processes were probed by mass-ana-
lyzed ion kinetic energy spectrometry.
The results of these experiments are
discussed in terms of the potential
energy profile obtained by investigating


the potential energy surfaces of singlet
and triplet (NF2CO)�, as well as the
hyperline corresponding to their inter-
section. Our findings provide probably
the first detailed description of the
mechanism of a formally simple F�


transfer reaction. They also have mech-
anistic implications for related oxidative
fluorination reactions in solution, which
have been extensively investigated in
the last thirty years.


Keywords: ab initio caculations ´
fluorine ´ gas-phase chemistry ´
ion ± molecule reactions ´
mass spectrometry


Introduction


The formal transfer of F� between elementary neutral species
N1 and N2 is a prototype reaction of general interest. Such
processes involving monoatomic and simple polyatomic
neutral species in solution have been extensively investigated
in the last thirty years[1±8] and are already classic examples of
the preparation and structural characterization of main group
compounds. These studies have also stimulated considerable
interest in the fundamental aspects of reactions (1), and this
has resulted in detailed theoretical knowledge of the thermo-
chemistry of the simplest F� transfer reactions.[1] Their
detailed mechanisms are much less well understood. Gas-
phase reactions involving monoatomic and diatomic neutral


species[9, 10] may serve as simple models for studying these
aspects. Following our recent observation of the gas-phase
reaction of Equation (2),[9] we report here an experimental


N1F��N2 ! N2F��N1 (1)


1NF�2 �CO ! 1FCO�� 3NF (2)


and theoretical study on its detailed mechanistic aspects. Our
results contribute to general discussions of F� transfer in
solution and to the study of spin-forbidden processes in the
gas phase. These reactions are currently of considerable
experimental[11] and theoretical[12] interest.


Results


The F� transfer reaction: thermochemical considerations : As
part of our continuing interest in the gas-phase ion chemistry
of NF�2 ,[13] we recently observed[9] a formal F� transfer
reaction [Eq. (2)] by using Fourier transform ion cyclotron
resonance (FT-ICR) spectrometry.[14] The NF�2 ions were
prepared in the external source of the instrument by electron
impact ionization of NF3,[15] transferred into the resonance
cell, isolated, thermalized by unreactive collisions with
pulsed-in argon, and allowed to react with CO. The only
ionic product observed was FCO�, which was unambiguously
identified by exact mass measurements, and the efficiency of
the reaction was 0.02 from the ratio of the experimental rate
constant and the collision rate constant, estimated as 7.67�
10ÿ10 cm3 moleculeÿ1 sÿ1 from average dipole orientation theo-
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ry.[16] Here we present more detailed considerations of the
thermochemistry of reaction (2) and the electronic states of
the involved ions and neutral species. They are based on
experimental thermochemical data[17] and on calculations with
the Gaussian-2 (G2) theory[18] and its modified version
(G2MS)[19] (Table 1).


The NF�2 ions that underwent reaction (2) under FT-ICR
conditions were preliminarily thermalized by unreactive
collisions with argon, and their intensity was found to
decrease exponentially over the entire time interval. This
suggested[9] the exclusive formation of NF�2 ions in their
electronic ground state, that is, 1A1.[20] Additional thermo-
chemical considerations confirm this conclusion. In particular,
consistent with previous experimental[21] and theoretical[20b]


estimates, our G2 energy difference between the 1A1 state of
NF�2 and its lowest energy excited state 3B1 is about 2.4 eV.
Taking the recombination energy of NF�2 in its ground state as
approximately equal to the ionization potential (IP) of NF2


(11.63 eV), electronically excited NF�2 ions should have a
recombination energy of at least about 14.0 eV. Therefore,
they should undergo appreciable near-resonant or exothermic
electron capture from simple molecules such as CO (IP�
14.0 eV), N2O (IP� 12.9 eV), and H2O (IP� 12.6 eV). Such


reactions were not observed in our previous experiments
on the reactivity of thermalized NF�2 with such nucle-
ophiles.[9, 13e, c] However, we observed highly efficient electron
transfer on reacting thermalized NF�2 with HN3 (IP�
10.72 eV)[13g] and H2NCN (IP� 10.4 eV).[13f]


The electronic state and the connectivity of the products of
reaction (2) can be safely assigned as 1FCO� and 3NF.
According to Table 1, the formation of any other pair of
products, including 1FCO� and 1NF, in the reaction between
1NF�2 and CO would be significantly endothermic and should
not be observed to any appreciable extent under the
conditions of the FT-ICR experiments. Assuming a target
accuracy of the G2 calculations of about 2.5 kcal molÿ1 [18] at
298.15 K the formation of 1FCO� and 3NF from reaction (2) is
predicted to be exothermic by 18.9� 2.5 kcal molÿ1. This is
consistent with the experimental value of 15.0� 3.0 kcal molÿ1


obtained by using the enthalpy of formation of FCO�, which
was recently determined as 178.1� 2.3 kcal molÿ1 by photo-
ionization mass spectrometry.[22] We reevaluated this enthalpy
change by the G2MS procedure, which is significantly less
elaborate than G2 but in principle of comparable accuracy.[19]


The value of 16.0� 2.5 kcal molÿ1 obtained from Table 1
provides support for the application of G2MS in the inves-
tigation of the (NF2CO)� ions that are conceivably involved in
reaction (2). Finally, we note that the G2 energy gap of
38.5 kcal molÿ1 between the 3Sÿ ground state and the 1D


excited state of NF[23] is slightly larger than a previous
estimate of 31.4 kcal molÿ1, which was based on large-scale
MRD-CI ab initio calculations.[24] In addition, at the G2 level
of theory, the singlet FCO� isomer is more stable than the
triplet by more than 116 kcal molÿ1, but the triplet FOC�


isomer is more stable than the singlet by 4.5 kcal molÿ1.


The (NF2CO)� adducts: experimental observation and struc-
tural characterization : The (NF2CO)� intermediates conceiv-
ably involved in reaction (2) but not observed in the low-
pressure domain of the FT-ICR experiments (p� 10ÿ7 mbar)
were instead detected by ionization of NF3/CO mixtures
introduced into the higher pressure domain of chemical
ionization (CI) sources (p� 10ÿ2 mbar) of the VG-TS 250 and
the ZAB-2F[25] spectrometers. In addition, the intensity of
these ions in the CI source of the ZAB-2F instrument was high
enough to allow their structural characterization by collision-
ally activated dissociation (CAD)[26] and mass-analyzed ion
kinetic energy (MIKE)[27] spectrometry.


The results of the MIKE experiments were particularly
informative. The MIKE spectrum of the (NF2CO)� ions


Abstract in Italian: Il presente lavoro riporta i risultati di uno
studio dettagliato, effettuato mediante spettrometria di massa e
calcoli teorici di tipo DFT ed ab initio, del meccanismo della
reazione di formale trasferimento di F� da parte dello ione
1NF�2 alla molecola di CO con formazione dello ione 1F-CO� e
del radicale 3NF. In questo processo spin-proibito sono
coinvolti quali intermedi gli ioni (NF2CO)�. Essi sono stati
osservati mediante esperimenti di ionizzazione chimica e
caratterizzati nella loro struttura e nei loro processi di
decomposizione unimolecolare mediante spettrometria CAD
e MIKE. I risultati di questi esperimenti sono stati discussi in
termini del profilo di energia potenziale relativo agli ioni
(NF2CO)�, studiato sia nelle regioni adiabatiche del singoletto
e del tripletto che nella regione corrispondente alla intersezione
di queste due superfici. I risultati di questo studio hanno
consentito quella che costituisce probabilmente la prima
descrizione dettagliata del meccanismo di una reazione di
formale trasferimento di F�. Inoltre, essi forniscono lo spunto
per alcune considerazioni di carattere generale riguardanti i
processi di fluorurazione ossidativa che avvengono in soluzio-
ne e che sono stati approfonditamente studiati nel corso degli
ultimi trenta anni.


Table 1. Zero-point energies (ZPEs) and G2 and G2MS total energies [au] of NF�2 , F(CO)�, NF, and CO.


Species ZPE(G2) G2 (0 K) G2 (298.15 K) ZPE (G2MS) G2MS (0 K) G2MS (298.15 K)


NF�2 (1A1) 0.00886 ÿ 253.58779 ÿ 253.58484 0.00751 ÿ 253.57260 ÿ 253.56963
NF�2 (3B1) 0.00766 ÿ 253.50053 ÿ 253.49746
FCO� (1S�) 0.01224 ÿ 212.52311 ÿ 212.52038 0.01105 ÿ 212.51251 ÿ 212.50976
FCO� (3A') 0.00782 ÿ 212.33768 ÿ 212.33460
FOC� (1A') 0.00726 ÿ 212.28540 ÿ 212.28203
FOC� (3A'') 0.00602 ÿ 212.29354 ÿ 212.28922
NF (3Sÿ) 0.00300 ÿ 154.27202 ÿ 154.26964 0.00271 ÿ 154.25726 ÿ 154.25488
NF (1D) 0.00307 ÿ 154.21066 ÿ 154.20828 0.00280 ÿ 154.20295 ÿ 154.20058
CO (1S�) 0.00556 ÿ 113.17750 ÿ 113.17514 0.00503 ÿ 113.17196 ÿ 113.16960
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consisted exclusively of FCO� (m/z� 47), which corresponds
to the loss of neutral NF. This provides unambiguous evidence
for the intermediacy of (NF2CO)� in reaction (2). Even more
interesting was the shape of the MIKE peak (Figure 1).


Figure 1. MIKE peak of the decomposition reaction (NF2CO)� ! FCO��
NF. E� energy.


Although the MIKE spectrum was recorded at the relatively
low resolution of about 5000, due to the low intensity of the
metastable transition, the composite shape of the peak can be
clearly seen. It consists of a narrow central component and a
large, probably flat-topped component with a kinetic energy
release (KER) of 272 meVat the half-height of the peak (Et�).
Relatively large KERs and non-Gaussian peak shapes gen-
erally indicate unimolecular decompositions with high reverse
activation energies and are typical of fragmentation processes
that require prior rearrangement of the decomposing ions. In
contrast, processes such as direct bond cleavage (continuously
endothermic) have little or no reverse activation energy and
usually give rise to small KERs and narrow Gaussian-type
peaks.[27, 28]


The CAD spectrum of the (NF2CO)� ions (Table 2) confirms
their elemental composition. In addition, the intense peak for


the NF�2 fragment at m/z� 52 is of particular interest since it is
structurally diagnostic of an ionic population of connectivity
NF�2 ± (CO). However, the observed fragmentation pattern is
not inconsistent with alternative structures. In particular,
keeping in mind the results of our theoretical calculations
(vide infra), we draw attention to the possible formation of
FCO� ± (NF) isomers.


Theoretical investigation of the NF�2 -(CO) and FCO�-(NF)
isomers: structure, stability, and interconversion: We per-


formed DFT and ab initio calculations to investigate the
structure, stability, and interconversion of the NF�2 ± (CO) and
FCO� ± (NF) intermediates conceivably involved in the spin-
forbidden reaction (2). First we searched for the NF�2 ± (CO)
and FCO� ± (NF) energy minima on the singlet and triplet
B3LYP/6-31G(d) potential enrgy surfaces (PESs). We found
the four isomers 1S ± 4S on the singlet PES, and the three
isomers 1T ± 3Ton the triplet PES. The structures of these ions
are shown in Figure 2, and their geometric data are listed in


Figure 2. B3LYP/6-31G(d) connectivities of 1S ± 4S and 1T± 3T.


Table 3. The relevant data for the evaluation of their G2MS
total energies are collected in Table 4.


The isomers 1S and 2S must be viewed as the C- and
O-bonded complexes of 1NF�2 with CO. The calculated distances
between the two moieties of 1.352 � in 1S and 2.326 � in 2S
are significantly different and suggest an appreciable differ-
ence in the stability of these two isomers with respect to
separation into 1NF�2 and CO. Consistently, at the G2MS level
of theory and 298.15 K with the total entropies derived from
the B3LYP/6-31G(d) frequencies and moments of inertia, the
formation of 1S from 1NF�2 and CO is exothermic by 26.1�
2.5 kcal molÿ1 and exoergic by 15.9� 2.5 kcal molÿ1.[29] In
contrast, the formation of 2S is exothermic by 5.5�
2.5 kcal molÿ1 but endoergic by 2.7� 2.5 kcal molÿ1. This
finding is of considerable importance for the discussion of
the detailed mechanism of reaction (2). We can assume that at
298.15 K the association of thermalized 1NF�2 with CO, which
conceivably occurs in the first elementary step, leads to almost


Table 2. CAD spectroscopic data of the (NF2CO)� ions.


m/z Fragment Relative intensity


61 FNCO� 6.1
52 NF�2 100
47 FCO� 25.1
45 FCN� 0.9
42 NCO� 3.0
33 NF� 16.6
31 CF� 2.2
28 CO� 10.3
14 N� 1.1
12 C� 1.0







F� Transfer Reactions 2366 ± 2374


Chem. Eur. J. 1998, 4, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2369 $ 17.50+.25/0 2369


exclusive formation of the intermediate 1S. We note that the
preferred coordination of the Lewis acid 1NF�2 to the C atom
of CO is in line with the results of recent studies on the
relative stability of the isomeric ions arising from the
coordination of CO with a number of isolated cations.[30]


Changing the multiplicity from singlet to triplet strongly
affects the structure and stability of the NF�2 ± (CO) ions. The
isomers 1T and 2T are complexes between 3NF�2 and CO with
long distances between the two moieties. They are of
comparable stability and less stable than 1S by 47.4 and
44.7 kcal molÿ1, respectively. Both 3S and 4S must be regarded
as complexes between 1FCO� and 1NF. However, they differ
significantly in structure and stability. Isomer 3S is more stable
than 1S by 2.2 kcal molÿ1 and it is the global minimum on the
singlet PES. It is also the most stable of the various
investigated singlet and triplet isomers. Consistent with its
relatively short CÿN distance (1.437 �), the G2MS enthalpy
change for its formation from separate 1FCO� and 1NF is
46.4� 2.5 kcal molÿ1 at 298.15 K (Tables 1 and 4). Isomer 4S is


a high-energy minimum, 47.5 kcal molÿ1 less stable than 1S.
Isomer 3T is the global minimum on the triplet PES, but it is
less stable than 3S by 6.6 kcal molÿ1. In spite of their similar
connectivities, 3S and 3T significantly differ in their detailed
structure. In particular, isomer 3T is fully planar, and its CÿN
distance of 1.627 � is significantly longer than that of 3S.
Finally, we have not found any energy minimum of con-
nectivity similar to 4S on the triplet PES.[31]


Reaction (2) conceivably commences by addition of 1NF�2
to CO with formation of the isomer 1S on the singlet PES, and
the eventually observed products 1F-CO� and 3NF conceiv-
ably arise from the dissociation of 3T on the triplet PES.
Therefore, a proper discussion of the mechanism of the
overall reaction (2) requires detailed knowledge of all the
conceivable reaction paths that connect 1S and 3T. These
spin-forbidden processes could occur directly or involve the
intermediacy of one or more of the various isomers on the
singlet and triplet PESs. However, general considerations
suggest that only 3S can play an active role in the mechanism
of reaction (2). In fact, according to the double-well potential
model of ion ± molecule reactions,[32] the observation of the
overall reaction (2) for thermalized 1NF�2 ions at a rate
measurable under FT-ICR conditions indicates that the free
energies of the structures which interconnect the isomers
conceivably involved in its various elementary steps are not
appreciably higher than the (1NF�2 �CO) entrance channel.
The isomers 4S, 1T, and 2T are significantly less stable than
this limit (Table 4), and the structures which lead to their
formation from the more stable isomers must be at least equal
in energy. Therefore, we can rule out their intermediacy in
reaction (2) and focus exclusively on the formation of 3S.


Whereas locating the transition state (TS) which connects
1S and 3S on the singlet PES is in principle relatively
straightforward, finding the structures that connect species
such as 1S and 3T or 3S and 3T, which lie on PESs of different
electron multiplicity, is more challenging. According to a
nonrelativistic approach in the Born ± Oppenheimer approx-
imation, these spin-forbidden interconnections can be descri-
bed as transitions from two energy minima that lie on two
different noninteracting PESs. These nonadiabatic processes
can occur only in the vicinity of the crossing hyperline, that is,
the zone of intersection of the two noninteracting surfaces,
where they are induced mainly by spin ± orbit coupling (SOC)
between the two PESs.[12a] By oversimplified analogy with the
transition state theory of unimolecular reactions on a single


Table 3. B3LYP/6-31G(d) optimized parameters of 1S ± 4S and 1T± 3T
(for atom numbering scheme, see Figure 2).


Species Bond length [�] Bond angle [8] Dihedral angle [8][a]


1S (Cs) CÿN 1.352 N-C-O 164.4 F1-N-C-O 118.1
CÿO 1.130 C-N-F1 111.5
NÿF1 1.351


2S (Cs) NÿO 2.326 N-O-C 170.1 F1-N-O-C 125.7
CÿO 1.148 O-N-F1 99.4
NÿF1 1.274


3S (C1) CÿN 1.437 C-N-F1 109.0 O-C-N-F1 98.7
CÿO 1.205 N-C-O 94.4 F2-N-C-F1 ÿ 83.0
NÿF1 1.295 N-C-F2 129.7
CÿF2 1.258


4S (C1) NÿF1 1.279 F1-N-F2 112.2 F1-N-F2-C 178.9
NÿF2 2.593 N-F2-C 142.4 N-F2-C-O ÿ 0.3
CÿF2 1.236 F2-C-O 163.5
CÿO 1.134


1T (Cs) CÿN 1.932 N-C-O 132.5
CÿO 1.129 C-N-F1 127.0
NÿF1 1.308 C-N-F2 120.0
NÿF2 1.301


2T (Cs) NÿO 2.491 N-O-C 179.9 F1-N-O-C 123.1
CÿO 1.140 O-N-F1 123.1
NÿF1 1.307


3T (Cs) CÿN 1.627 C-N-F1 118.1
CÿO 1.168 N-C-O 116.3
NÿF1 1.268 N-C-F2 104.9
CÿF2 1.262


[a] Negative values indicate anticlockwise rotations.


Table 4. Absolute energies and corrections [au] for the evaluation of the G2MS total energies of 1S ± 4S and 1T± 3T, NF�2 , and CO fragments. The relative
enthalpies at 298.15 K DH values are given in kcal molÿ1.


Species B3LYP/6-31G(d) CCSD(T)/6-31G(d) D(MP2) HLC ZPE G2MS (0 K) G2MS (298.15 K) DH


1S (1A') ÿ 367.19897 ÿ 366.33433 ÿ 0.38211 ÿ 0.08358 0.01689 ÿ 366.78313 ÿ 366.77847 0.0
2S (1A') ÿ 367.16624 ÿ 366.30973 ÿ 0.37239 ÿ 0.08358 0.01386 ÿ 366.75184 ÿ 366.74570 20.6
3S ÿ 367.20531 ÿ 366.34066 ÿ 0.37937 ÿ 0.08358 0.01713 ÿ 366.78648 ÿ 366.78190 ÿ 2.2
4S ÿ 367.12505 ÿ 366.25780 ÿ 0.38136 ÿ 0.08358 0.01335 ÿ 366.70939 ÿ 366.70280 47.5
1T (3A'') ÿ 367.13718 ÿ 366.26869 ÿ 0.37648 ÿ 0.07799 0.01429 ÿ 366.70887 ÿ 366.70299 47.4
2T (3A'') ÿ 367.11201 ÿ 366.22877 ÿ 0.41964 ÿ 0.07799 0.01247 ÿ 366.71393 ÿ 366.70726 44.7
3T (3A'') ÿ 367.20853 ÿ 366.33599 ÿ 0.37829 ÿ 0.07799 0.01585 ÿ 366.77642 ÿ 366.77142 4.4
NF�2 (1A1) ÿ 253.83704 ÿ 253.25966 ÿ 0.26671 ÿ 0.05373 0.00751 ÿ 253.57259 ÿ 253.56963 � 26.1
CO (1S�) ÿ 113.30945 ÿ 113.03796 ÿ 0.10918 ÿ 0.02985 0.00503 ÿ 113.17196 ÿ 113.16960
FCO (1S�) ÿ 212.75039 ÿ 212.25639 ÿ 0.21941 ÿ 0.04776 0.01105 ÿ 212.51251 ÿ 212.50976 � 10.2
NF (3Sÿ) ÿ 154.43592 ÿ 154.07744 ÿ 0.15827 ÿ 0.02426 0.00271 ÿ 154.25726 ÿ 154.25488
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PES, the system must overcome
the minimum of the above hy-
perline (defined as the minimum
energy crossing point, MECP),
which can be regarded as a sort
of transition state.[12c] However,
the reaction will effectively take
place at the MECP only if the
SOC term, which plays the same
role as the transmission coeffi-
cient,[33] is nonzero and allows
switching from the reactant PES
to the product PES. Therefore,
according to this approximate
approach, the rate of a non-
adiabatic process can be esti-
mated by determining the posi-
tion of the MECP and the
corresponding spin ± orbit cou-
pling matrix element. Several
methods are available for locat-
ing the MECP.[34] We employed
a hybrid approach that was
recently used to investigate the
nonadiabatic chemistry of the
phenyl cation.[35] The detailed
theoretical and computational aspects are given in ref. [35]
and are summarized in this paper (see Experimental Section
and Methods of Calculation). Here we simply report the
results of its application to the present system.


The connectivities of the located TSs and MECPs are
shown in Figure 3, and their detailed geometries and energies
are reported in Table 5. On the singlet PES, the interconver-
sion of the isomers 1S and 3S passes through the transition


Figure 3. B3LYP/6-31G(d) connectivities of TSS, MECP1, MECP2, and
MECP3.


state structure TSS. At the B3LYP/6-31G(d) level, this species
has a single imaginary frequency of 386.4 i cmÿ1, which formally
refers to the migration of the fluorine atom from nitrogen to
carbon. The NÿF2 and CÿF2 bond lengths of this bridged
fluoronium ion of 1.665 and 1.605 �, respectively, are appreci-


ably longer than the corresponding bond lengths of 1S and 3S
(1.259 and 1.210 �, respectively), and significant structural
rearrangement is required to overcome the activation barrier.
Consistently, at the G2MS level of theory,[36] the activation
barrier is as high as 19.1 kcal molÿ1 with respect to 1S. By
moving along the reaction path formally visualized as a 1,2-
fluorine migration from the nitrogen to the carbon atoms of
isomer 1S, we also located the minimum energy crossing point
MECP1. In addition, we found the crossing point MECP2 by
following the reaction path which can be formally visualized
as a colinear transfer of F� from 1NF�2 to CO. Both MECP1
and MECP2 allow, in principle, the direct interconnection of
1S and 3T. Although their connectivities and detailed geo-
metries are quite different, their B3LYP/6-31G(d) total
energies differ by only 1 kcal molÿ1. Most importantly, at the
same computational level they are less stable than TSS by
more than 33 kcal molÿ1. Therefore (vide infra), they should
not play any active role in the mechanism of reaction (2) and
we refrained from calculating the corresponding zero-point
energies and SOC.


The minimum energy crossing point MECP3 connects 3S
and 3T. From Tables 3 and 5, this process formally occurs by
rotation of the FCO group around the CÿN bond and bending
of the N-C-O angle. At the B3LYP/6-31G(d) level and 0 K,
MECP3 is less stable than 1S by only 0.6 kcal molÿ1. Since this
structure plays a crucial role in the mechanism of reaction (2),
we refined its geometry and total energy at the CCSD(T)/6-
31G(d)//B3LYP/6-31G(d) level. The geometrical parameters
do not change appreciably (Table 5), and the energy differ-
ence with 1S is 4.6 kcal molÿ1. The absolute value of the SOC
at MECP3 is 59 cmÿ1. The CCSD(T)/6-31G(d)//B3LYP/6-31G(d)
relative energies of 1S, 3S, 3T, and their interconnecting
structures at 0 K are shown schematically in Figure 4.


Table 5. B3LYP/6-31G(d) optimized geometries, zero-point energies (ZPEs), and total energies [au] of the
TSS, MECP1, MECP2, and MECP3 structures (for atom numbering scheme, see Figure 3).


Species Bond length [�] Bond angle [8] Dihedral angle [8][a] ZPE B3LYP/6-31G(d)


TSS (C1) CÿN 1.416 C-N-F2 62.2 F1-N-C-O 93.6 0.01561 ÿ 367.17082
CÿF2 1.605 F1-N-C 109.7 F2-N-C-O ÿ 167.5
NÿF1 1.305 N-C-O 160.4
NÿF2 1.665
CÿO 1.137


MECP1 (C1) CÿN 1.342 C-N-F2 91.3 F1-N-C-O 137.0 ÿ 367.11600
CÿF2 2.469 F1-N-C 111.8 F2-N-C-O ÿ 106.5
NÿF1 1.326 N-C-O 168.3
NÿF2 2.042
CÿO 1.136


MECP2 (C1) NÿF1 1.276 F1-N-F2 107.8 F1-N-F2-C 89.7 ÿ 367.11750
NÿF2 1.491 N-F2-C 175.1 N-F2-C-O 0.0
CÿF2 1.996 F2-C-O 178.7
CÿO 1.126


MECP3 (C1)[b] CÿN 1.514 C-N-F1 111.6 O-C-N-F1 63.1 0.01490 ÿ 367.19600
(1.529) (112.3) (63.0) (ÿ366.32500)


NÿF1 1.273 N-C-O 112.8 F2-C-N-F1 ÿ 124.8
(1.273) (113.7) (ÿ124.0)


CÿF2 1.270 N-C-F2 112.1
(1.270) (111.0)


CÿO 1.182
(1.179)


[a] Negative values indicate anticlockwise rotations. [b] CCSD(T)/6-31G(d)//B3LYP/6 ± 31G(d) data in
parentheses.
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Figure 4. CCSD(T)/6-31G(d)//B3LYP/6-31G(d) relative energy at 0 K of
the (NF2CO)� isomers and their dissociation products. The values for
MECP1 and MECP2 are the B3LYP/6-31G(d) relative energies without
ZPE.


Discussion


Mechanistic aspects of the F� transfer reaction : The theoret-
ical and mass spectrometric results both provide evidence for
the reaction sequence of Equations (2a) ± (2d) as the detailed
mechanism of the gas-phase F� transfer reaction (2). The


1NF�2 �CO ! 1S (2a)


1S ! [TSS] ! 3S (2b)


3S ! [MECP3] ! 3T (2c)


3T ! 1F-CO�� 3NF (2d)


process commences with the exothermic and exoergic addi-
tion of 1NF�2 to CO with formation of the C-bonded isomer 1S.
In the low-pressure domain of the FT-ICR experiments, this
intermediate from reaction (2a), which is excited by the
exothermicity of its formation process and is not stabilized by
unreactive collisions with surrounding molecules, can disso-
ciate back into the reactants or, at least in principle, overcome
the barriers corresponding to TSS, MECP1, or MECP2.
However, the energies of the two singlet-to-triplet crossing
points are significantly higher than the energy of the separate
reactants 1NF�2 and CO (Figure 4). Therefore, according to
the double-well potential model,[32] the only energy barrier
which can allow the consumption of 1NF�2 ions at a rate
measurable under FT-ICR conditions is the adiabatic barrier
corresponding to TSS. According to Figure 4, the 1F-CO�-
(1NF) intermediate 3S is formed in reaction (2b) with
sufficient energy to overcome the crossing point MECP3
and transform into 3T [Eq. (2c)], which in turn can undergo
barrier-free dissociation [Eq. (2d)] to give the observed
products 1FCO� and 3NF. According to the sequence 2a ± d
and Figure 4, the efficiency of the overall process [Eq. (2)]
depends on the kinetic competition between the entropically
favored back dissociation of 1S into 1NF�2 and CO and its
enthalpically favored isomerization into 3S, as well as on the
probability that 3S can overcome the singlet-to-triplet cross-
ing point MECP3. Our theoretical findings suggest that the
low experimental value of 0.02 arises essentially from the
former of these two factors. In fact, at the G2MS level of
theory and 298.15 K the free energy change of 15.9�
2.5 kcal molÿ1 for the dissociation of 1S into 1NF�2 and CO is


practically identical, within the combined uncertainties of the
G2MS calculations, with the free energy difference of 19.5�
2.5 kcal molÿ1 between TSS and 1S (the entropy of TSS was
estimated from the corresponding B3LYP/6-31G(d) frequen-
cies and moments of inertia). This is expected to result[32] in a
rather slow reaction (2b). In contrast, the value of the SOC
calculated for MECP3 is small, as expected for species
containing only light atoms,[12a] but large enough to ensure a
fast transition from the singlet to the triplet surface in
elementary step (2c).


The results of the CI, CAD, and MIKE experiments are
consistent with the reaction sequence 2a ± d and provide
additional evidence for the potential energy profile depicted
in Figure 4. In the relatively high pressure domain of CI
sources, the intermediate 1S from (2a) can be partially
stabilized by unreactive collisions with the bath gases and
observed to an appreciable extent. The observation of an
intense peak for the NF�2 fragment in the CAD spectrum of
the (NF2CO)� ions is fully consistent with the formation, not
necessarily exclusive, of an adduct between NF�2 and CO.
Most significantly, Figure 4 provides a satisfactory explana-
tion for the details of the MIKE peak shown in Figure 1. In
particular, the flat-topped component can be assigned to ions
1S that overcome the isomerization barrier corresponding to
the transition structure TSS and eventually dissociate into
1FCO� and 3NF. The energy difference (G2MS, 298.15 K) of
10.4 kcal molÿ1 (0.451 eV) between TSS and the dissociation
products is partially released as kinetic energy of the frag-
ments, and the remainder is partitioned between their rota-
tional and/or internal degrees of freedom. This is consistent
with the experimentally observed Et1/2 of 272 meV. In
addition, taking into account the evidence from the study of
a large number of simple ions,[37] this value should exceed the
mean kinetic energy release by about 15 ± 20 %. Therefore, we
estimate that the mean kinetic energy of the 1FCO� and 3NF
fragments of about 220 meV amounts to about 49 % of the
energy difference between TSS and (1FCO�� 3NF) at the
G2MS level. This finding is in line with our previous results for
the unimolecular decomposition of related cations. For
example, the mean kinetic energies of the fragments arising
from the unimolecular reactions of Equations (3) ± (5) ac-
counted for about 56,[13b] 62,[13c] and 46 %,[13g] respectively, of


FN-OH� ! NO��HF (3)


NF2-OH�
2 ! FN-OH��HF (4)


NF2-NH� ! FN2
��HF (5)


the calculated energy differences between the transition states
and the dissociation products. The narrow component of the
MIKE peak in Figure 1 indicates a dissociation process with a
negligible release of kinetic energy. This likely reflects the
structurally inhomogeneous character of the (NF2CO)� ionic
population generated in the CI source by ionization of NF3/
CO mixtures. As a simple explanation, we assign this
component to ions of connectivity 3S and/or 3T. According
to Figure 4, the dissociation of both of these species is
expected to occur with negligible KER. The mixed character
of the (NF2CO)� ionic population that is clearly indicated by
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the results of the MIKE experiments is not inconsistent with
the fragmentation pattern in their CAD spectrum. For
example, it is of interest to note the relatively intense peak
for the NF� fragment at m/z� 33.


The transition structure TSS involved in elementary
step (2b) plays a crucial role in the formal F� transfer
reaction (2). It is a bridged fluoronium ion whose imaginary
frequency refers to a 1,2-fluorine migration. Therefore, we can
regard reaction (2) as one of the few gas-phase ion ± molecule
reactions which involve a 1,2-fluorine shift as a key elemen-
tary step. The possible occurrence of this process in the gas
phase has often been suggested,[38] but it has been document-
ed only in a few cases.[39]


Implications for the mechanism of oxidative fluorination in
solution : The processes which are more strictly related to our
gas-phase reaction [Eq. (2)] are undoubtedly the oxidative
fluorinations in solution that involve monoatomic and simple
polyatomic neutral species. Most of these F� transfer reac-
tions, intensively investigated in the last three decades,[2±8]


have been recently put in the perspective by the theoretical
development of the first quantitative scale for the oxidizing
strength of oxidative fluorinating agents NF�.[1] The thermo-
chemistry of the reactions was invariably consistent with the
rankings on the scale, and the position of each oxidizing agent
was related to its geometry and to the oxidation state, the
electronegativity, and the electron lone pairs of the central
atom. However, the detailed mechanisms of even the simplest
oxidative fluorination reactions in solution are much less well
understood and are complicated by the effects of the solvent,
the counterions, and catalysts, etc. As a further example of the
ability of gas-phase ion chemistry to provide a means for
investigating aspects which may be difficult to study in
solution, our results indicate that gas-phase studies can in
principle provide detailed information on the reaction path in
a formally simple F� transfer reaction. In addition, certain
processes which occur in solution are analogous to reac-
tion (2). For example, we note the formal analogy with the
exothermic F� transfer reaction of Equation (6), which is an


FN�2 AsFÿ6 �ClF ! ClF�2 AsFÿ6 �N2 (6)


exemplary case of oxidative fluorination.[4d] The fluorodiazo-
nium ion FN�2 is an electron-deficient species like 1NF�2 , and
ClF is a simple diatomic molecule like CO. Based on our findings
on the mechanistic details of reaction (2), we perceive the formal
F� transfer from N2 to ClF as involving the initial formation of
an intermediate FN2ClF� complex, which subsequently under-
goes a 1,2-fluorine shift and forms N2 and ClF�2 as the eventual
reaction products. On the other hand, the formal F� transfer
from a saturated oxidizing agent such as NF�4 to a Lewis base
B should probably involve an intermediate or a transition
state with a colinear arrangement of the fluorine atom
between the nitrogen atom of NF�4 and the base B.


Conclusions


The detailed investigation of the gas-phase reaction (2)
convincingly supports the conclusion that even the formally
simplest F� transfer reactions conceivably involve complex


reaction paths in which several distinct intermediates and
interconnecting structures participate. It would be therefore
of considerable interest to investigate the actual existence of
these species and to elucidate their detailed mechanistic role.
In addition, our findings suggest that the simplest spin-
forbidden F� transfer reactions may serve as useful models to
investigate the general aspects of spin-forbidden ion ± mole-
cule reactions in the gas phase. In this respect, the recent
experimental and theoretical investigation of spin-forbidden
proton transfers[11b, c] and of simple organometallic reactions
which conceivably occur by two-state reactivity[11a, 12e] have
already proved to be of general interest.


Experimental Section and Methods of Calculation


The (NF2CO)� ions were prepared by introducing a NF3/CO mixture
(typical ratio ca. 2/1) into the CI source of a VG-TS 250 spectrometer in the
electrostatic/magnetic (E/B) configuration. Typical operating conditions of
the source were as follows: bulk-gas pressure about 10ÿ2 mbar, source
temperature 160 8C, emission current 300 mA, trap current 35 mA, electron
energy 35 eV, repeller voltage 11 V, accelerating voltage 4 kV.


The MIKE and CAD spectra of the (NF2CO)� ions were recorded in a VG
Micromass ZAB-2F instrument in the magnetic/electrostatic (B/E) con-
figuration.[25] Typical operating conditions of the CI source were as follows:
bulk-gas pressure about 10ÿ1 mbar, source temperature 150 8C, emission
current 1 mA, electron energy 50 eV, repeller voltage about 0 V. The MIKE
spectra were recorded with an accelerating voltage of 8 kV and an energy
resolution (E/DE) of (3 ± 5)� 103 and were averaged for at least 40 scans.
The CAD spectra were recorded by admitting helium into the collision cell
at a pressure that reduced the main beam intensity to about 70% of its
initial value.


The G2 calculations[18] on NF�2 , the F(CO)� isomers, NF, and CO were
performed with the standard G2 routine implemented in the Gaussian 94
package of programs.[40] The geometries of 1S ± 4S, 1T± 3T, and TSS were
optimized at the DFT level of theory by using the B3LYP hybrid
functional[41] in conjunction with the 6-31G(d) basis set.[42] The optimiza-
tions were initially performed without any symmetry constraint, and the
unrestricted formalism was employed for the triplets. Critical points on the
singlet and triplet PESs were unambigously characterized as minima or
transition states by computing the corresponding analytical second
derivatives matrix. The G2MS total energies of these species were
computed according to the procedure described in ref. [19a]. Briefly, the
B3LYP/6-31G(d) geometries are used in single-point calculations at the
coupled-cluster[43] and Mùller ± Plesset[44] levels of theory to obtain the
G2MS energy at 0 K according to Equation (7). The additive corrections
were computed with the 6-311�G(2df, 2p) basis set[45] and are defined by
Equation (8), where HLC�ÿ0.19 naÿ 5.78 nb (na and nb are the number of
a and b valence electrons (na�nb)) and ZPE is the B3LYP/6-31G(d) zero-
point vibrational energy.


G2MS (0 K)�E[CCSD(T)/6-31G(d)]�D(MP2)�HLC�ZPE (7)


D(MP2)�E[MP2/6-311�G(2df, 2p)]ÿE[MP2/6-31G(d)] (8)


All single-point calculations included the valence electrons only (frozen-
core approximation). The G2MS energy at 0 K was subsequently corrected
at 298.15 K by adding the translational (3RT/2), rotational (RT or 3 RT/2
for linear and nonlinear species, respectively), and vibrational contribu-
tions at this temperature. The last term is calculated by standard statistical
mechanics[46] formulas with the unscaled B3LYP frequencies. The calcu-
lated energy differences are converted to enthalpy differences by assuming
ideal gas behavior and adding the appropiate DnRT contribution.


The minimum energy crossing points MECP1, MECP2, and MECP3
between the isomers 1S, 3S, and 3T on the B3LYP/6-31G(d) singlet and
triplet PESs were located by a standard steepest descent approach[47] based
on B3LYP/6-31G(d) electronic energies and analytical gradients. The
location of MECP3 was also refined at the CCSD(T)/6-31G(d)//B3LYP/6-
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31G(d) level by using CCSD(T)/6-31G(d) energies and B3LYP/6-31G(d)
gradients. The subsequent characterization of MECP3 and the calculation
of its frequencies was performed at the B3LYP/6-31G(d) level of theory by
generating the corresponding effective Hessian matrix,[48] projecting the six
rotations and translations as well as the direction perpendicular to the
hyperline[49] and diagonalizing it to obtain the 3Nÿ 7 nonzero positive
force constants. The calculation of the off-diagonal SOC matrix elements
between the singlet and all the substates of the triplet at MECP3 was
performed on the B3LYP/6-31G(d) geometry with CASSCF wavefunctions
in conjunction with the TZV quality basis set (10s6p/5s3p).[50] The active
space consisted of four electrons in four orbitals. The singlet wavefunction
was fully optimized, and the triplet wavefunction was obtained by imposing
the condition that its core orbitals be identical to those of the singlet.[35] An
approximate one-electron operator[51] was used with an effective nuclear
charge Zeff


[52] that was empirically adjusted to take into account the
contribution of the missing two-electron term.


The CASSCF/SOC calculations as well as the projection of the effective
Hessian matrix were performed using the Gamess program.[53] All other
calculations were performed with Gaussian 94. We used the Linux versions
of these packages installed on a Pentium PRO-S/200 machine and the
parallel Unix version of Gaussian 94 installed on DEC AS4100 machines.


Acknowledgments: Financial support by the Italian Ministero dell'
UniversitaÁ e della Ricerca Scientifica e Tecnologica (MURST) and the
Consiglio Nazionale delle Ricerche (CNR) is gratefully acknowledged. We
wish to thank Dr. F. Pepi (UniversitaÁ La Sapienza, Rome) for measuring
the CAD and MIKE spectra and Dr. N. Sanna (CASPUR, Rome) for his
skilful assistance in the installation of the program packages. M. A. wishes
to thank CNR for a scholarship.


Received: April 22, 1998 [F 1113]


[1] K. O. Christe, D. A. Dixon, J. Am. Chem. Soc. 1992, 114, 2978.
[2] H. Meinert, U. Gross, Z. Chem. 1968, 8, 345.
[3] D. E. McKee, C. J. Adams, A. Zalkin, N. Bartlett, J. Chem. Soc. Chem.


Commun. 1973, 26.
[4] a) K. O. Christe, R. D. Wilson, Inorg. Nucl. Chem. Lett. 1973, 9, 845;


b) K. O. Christe, W. W. Wilson, E. C. Curtis, Inorg. Chem. 1983, 22,
3056; c) K. O. Christe, W. W. Wilson, R. D. Wilson, Inorg. Chem. 1984,
23, 2058; d) K. O. Christe, R. D. Wilson, W. W. Wilson, R. Bau, S.
Sukumar, D. A. Dixon, J. Am. Chem. Soc. 1991, 113, 3795.


[5] L. Stein, Chemistry 1974, 47, 15.
[6] a) R. J. Gillespie, G. J. Schrobilgen, J. Chem. Soc. 1974, 13, 1230;


b) J. H. Holloway, G. J. Schrobilgen, J. Chem. Soc. Chem. Commun.
1975, 623.


[7] a) V. B. Sokolov, Y. V. Dobrychevskii, V. N. Prusakov, A. V. Ryzhkov,
S. S. Koroshev, Dokl. Akad. Nauk SSSR 1976, 229, 641; b) A. A.
Artyukhov, S. S. Khoroshev, Koord. Khim. 1977, 3, 1478.


[8] a) R. Minkwitz, A. Werner, J. Fluorine Chem. 1988, 39, 141; b) R.
Minkwitz, G. Nowicki, Angew. Chem. 1990, 102, 692; Angew. Chem.
Int. Ed. Engl. 1990, 29, 688; c) R. Minkwitz, G. Nowicki, Inorg. Chem.
1991, 30, 4426; d) R. Minkwitz, G. Nowicki, Inorg. Chem. 1992, 31,
225; e) R. Minkwitz, G. Nowicki, B. Bäck, W. Sawodny, Inorg. Chem.
1993, 32, 787, and references therein.


[9] F. Grandinetti, F. Pepi, A. Ricci, Chem. Eur. J. 1996, 2, 495, and
references therein.


[10] R. Cipollini, M. E. Crestoni, S. Fornarini, J. Am. Chem. Soc. 1997, 119,
9499, and references therein.


[11] a) A. Fiedler, D. Schröder, W. Zummack, H. Schwarz, Inorg. Chim.
Acta 1997, 259, 227; b) G. A. Janaway, M. Zhong, G. G. Gatev, M. L.
Chabinyc, J. Brauman, J. Am. Chem. Soc. 1998, 48, 11 697; c) J. Hu,
B. T. Hill, R. R. Squires, J. Am. Chem. Soc. 1998, 48, 11699; d) M.
Aschi, J. N. Harvey, C. Schalley, D. Schröder, H. Schwarz, J. Chem.
Soc. Chem. Commun. 1998, 531.


[12] a) D. R. Yarkony in Atomic, Molecular and Optical Physics Handbook
(Ed.: W. F. Drake, && Gordon), AIP Press, Woodbury, New York,
1996, p. 357, and references therein; b) E. E. Nikitin in ref. [12a],
p. 561, and references therein; c) J. C. Lorquet in The Structure,
Energetics and Dynamics of Organic Ions (Eds.: T. Baer, C. Y. Ng, I.
Powis), Wiley, New York, 1996 ; d) H. Nakamura, Annu. Rev. Phys.
Chem. 1997, 48, 299; e) S. Shaik, M. Filatov, D. Schröder, H. Schwarz,


Chem. Eur. J. 1998, 4, 193, and references therein; f) J. E. Stevens, Q.
Cui, K. Morokuma, J. Chem. Phys. 1998, 108, 1544.


[13] a) F. Grandinetti, J. HrusaÁk, D. Schröder, S. Karrass, H. Schwarz, J.
Am. Chem. Soc. 1992, 114, 2806; b) F. Cacace, F. Grandinetti, F. Pepi,
Angew. Chem. 1994, 106, 104; Angew. Chem. Int. Ed. Engl. 1994, 33,
123; c) M. Aschi, F. Grandinetti, F. Pepi, Int. J. Mass Spectrom. Ion
Processes 1994, 130, 117; d) M. Aschi, F. Cacace, F. Grandinetti, F.
Pepi, J. Phys. Chem. 1994, 98, 2713; e) F. Cacace, F. Grandinetti, F.
Pepi, J. Phys. Chem. 1994, 98, 8009; f) F. Cacace, F. Grandinetti, F.
Pepi, J. Chem. Soc. Chem. Commun. 1994, 2173; g) F. Cacace, F.
Grandinetti, F. Pepi, Inorg. Chem. 1995, 34, 1325; h) F. Grandinetti, P.
Cecchi, V. Vinciguerra, Chem. Phys. Lett. 1997, 281, 431.


[14] FT-ICR/MS: Analytical Applications of Fourier Transform Ion Cyclo-
tron Resonance Mass Spectrometry (Ed.: B. Asamoto), VCH, Wein-
heim, 1991.


[15] a) R. M. Reese, V. H. Dibeler, J. Chem. Phys. 1956, 24, 1175; b) V.
Tarnovsky, A. Levin, K. Becker, R. Basner, M. Schmidt, Int. J. Mass
Spectrom. Ion Processes 1994, 133, 175.


[16] T. Su, M. T. Bowers, Int. J. Mass Spectrom. Ion Phys. 1973, 12, 347.
[17] Unless stated otherwise, all experimental thermochemical data are


taken from S. G. Lias, J. A. Bartmess, J. F. Liebman, J. L. Holmes,
R. D. Levin, W. G. Mallard, J. Phys. Chem. Ref. Data 1988, 17, Suppl. 1.


[18] L. A. Curtiss, K. Raghavachari, G. W. Trucks, J. A. Pople, J. Chem.
Phys. 1991, 94, 7221.


[19] a) R. D. J. Froese, S. Humbel, M. Svensson, K. Morokuma, J. Phys.
Chem. 1997, 101, 227; b) A. M. Mebel, K. Morokuma, M. C. Lin, J.
Chem. Phys. 1995, 103, 7414.


[20] a) J. F. Harrison, C. W. Eakers, J. Am. Chem. Soc. 1973, 95, 3467; b) Z.-
L. Cai, Chem. Phys. Lett. 1993, 202, 70.


[21] a) A. B. Cornford, D. C. Frost, F. G. Herring, C. A. McDowell, J.
Chem. Phys. 1971, 54, 1872; b) A. B. Cornford, D. C. Frost, F. G.
Herring, C. A. McDowell, J. Chem. Soc. Faraday Discuss. 1972, 54, 56.


[22] T. J. Buckley, R. D. Johnson III, R. E. Huie, Z. Zhang, S. C. Kuo, R. B.
Klemm, J. Phys. Chem. 1995, 99, 4879.


[23] S. S. Xantheas, T. H. Dunning, Jr., A. Mavridis, J. Chem. Phys. 1997,
106, 3280, and references therein.


[24] M. Bettendorff, S. D. Peyerimhoff, Chem. Phys. 1985, 99, 55.
[25] R. P. Morgan, J. H. Beynon, R. H. Bateman, B. N. Green, Int. J. Mass


Spectrom. Ion Processes 1978, 28, 171.
[26] a) Collision Spectroscopy (Ed.: R. G. Cooks), Plenum, New York,


1978 ; b) K. Levsen, H. Schwarz, Angew. Chem. 1976, 88, 589; Angew.
Chem. Int. Ed. Engl. 1976, 15, 509; c) K. Levsen, H. Schwarz, Mass
Spectrom. Rev. 1985, 3, 77; d) J. Bordas-Nagy, K. R. Jennings, Int. J.
Mass Spectrom. Ion Processes 1990, 100, 105.


[27] R. G. Cooks, J. H. Beynon, R. M. Caprioli, G. R. Lester, Metastable
Ions, Elsevier, Amsterdam, 1973.


[28] a) J. L. Holmes, J. K. Terlow, Org. Mass Spectrom. 1980, 15, 393; b) J. L.
Holmes, Org. Mass Spectrom. 1985, 20, 1669; c) R. D. Bowen, D. H.
Williams, H. Schwarz, Angew. Chem. 1979, 91, 484; Angew. Chem. Int.
Ed. Engl. 1979, 18, 451.


[29] We assume that the uncertainty in the entropy term is negligible with
respect to the enthalpy term.


[30] a) A. M. Ferrari, P. Ugliengo, E. Garrone, J. Chem. Phys. 1996, 105,
4129; b) A. J. Lupinetti, S. Fau, G. Frenking, S. H. Strauss, J. Phys.
Chem. A 1997, 101, 9551.


[31] All the sationary points with connectivity similar to 4S located on the
triplet B3LYP/6-31G(d) PES proved to be second-order saddle points,
even when the larger 6-311�G(d) basis set was used.


[32] a) J. I. Brauman, C. A. Lieder, M. J. White, J. Am. Chem. Soc. 1973, 95,
927; b) W. E. Farneth, J. I. Brauman, J. Am. Chem. Soc. 1976, 98, 7891;
c) W. N. Olmstead, J. I. Brauman, J. Am. Chem. Soc. 1977, 99, 4219;
d) O. I. Asubiojo, J. I. Brauman, J. Am. Chem. Soc. 1979, 101, 3715.


[33] S. Glasstone, K. J. Laidler, H. Eyring, The Theory of Rate Processes,
McGraw-Hill, New York, 1941.


[34] See, for example, a) D. R. Yarkony, J. Phys. Chem. 1993, 97, 4407;
b) M. J. Bearpark, M. A. Robb, H. B. Schlegel, Chem. Phys. Lett. 1994,
223, 269; c) C. Quiang, K. Morokuma, Chem. Phys. Lett. 1996, 263,
54.


[35] J. N. Harvey, M. Aschi, H. Schwarz, W. Koch, Theor. Chem. Acc. 1998,
in press.


[36] The absolute energies and corrections for the evaluation of the G2MS
energies of TSS are as follows (in Hartree): CCSD(T)/6-31G(d)�







FULL PAPER M. Aschi, F. Grandinetti, and V. Vinciguerra


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0411-2374 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 112374


ÿ366.30769, D(MP2)�ÿ0.37661, HLC�ÿ0.08358, ZPE� 0.01561,
G2MS (0 K)�ÿ366.75227, G2MS (298.15 K)�ÿ366.74805.


[37] B. A. Rumpf, P. J. Derrick, Int. J. Mass Spectrom. Ion Processes 1988,
82, 239.


[38] a) M. G. Barlow, R. N. Haszeldine, C. J. Peck, J. Chem. Soc. Chem.
Commun. 1980, 158 ; b) M. Charpentier, J. Fossey, T. T. Tidwell, S.
Wolfe, Can. J. Chem. 1987, 65, 473; c) N. E. Takenaka, R. Hamlin,
D. M. Lemal, J. Am. Chem. Soc. 1990, 112, 6715; d) M. McAllister,
T. T. Tidwell, M. R. Peterson, I. G. Csizmadia, J. Org. Chem. 1991, 56,
575; e) S. Tajima, S. Tobita, M. Mitani, K. Akuzawa, H. Sawada, M.
Nakayama, Org. Mass Spectrom. 1991, 26, 1023.


[39] a) B. Ciommer, H. Schwarz, Z. Naturforsch. B 1983, 38, 635; b) T. A.
Shaler, T. H. Morton, J. Am. Chem. Soc. 1989, 111, 6868.


[40] Gaussian 94, Revision E.1, M. J. Frisch, G. W. Trucks, H. B. Schlegel,
P. M. W. Gill, B. G. Johnson, M. A. Robb, J. R. Cheeseman, T. A.
Keith, G. A. Petersson, J. A. Montgomery, K. Raghavachari, M. A.
Al-Laham, V. G. Zakrzewski, J. V. Ortiz, J. B. Foresman, J. Cioslowski,
B. B. Stefanov, A. Nanayakkara, M. Challacombe, C. Y. Peng, P. Y.
Ayala, W. Chen, M. W. Wong, J. L. Andres, E. S. Replogle, R.
Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley, D. J. Defrees, J.
Baker, J. P. Stewart, M. Head-Gordon, C. Gonzalez, J. A. Pople,
Gaussian, Pittsburgh PA, 1995.


[41] a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648; b) P. J. Stephens, F. J.
Devlin, C. F. Chabalowski, M. J. Frisch, J. Phys. Chem. 1994, 98,
11623; c) C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785.


[42] a) R. Ditchfield, W. J. Hehre, J. A. Pople, J. Chem. Phys. 1971, 54, 724;
b) W. J. Hehre, R. Ditchfield, J. A. Pople, J. Chem. Phys. 1972, 56,


2257; c) P. C. Hariharan, J. A. Pople, Mol. Phys. 1974, 27, 209; d) M. S.
Gordon, Chem. Phys. Lett. 1980, 76, 163; e) P. C. Hariharan, J. A.
Pople, Theor. Chim. Acta 1973, 28, 213.


[43] K. Raghavachari, G. W. Trucks, J. A. Pople, M. Head-Gordon, Chem.
Phys. Lett. 1989, 157, 479.


[44] C. Mùller, M. S. Plesset, Phys. Rev. 1934, 46, 618.
[45] a) R. Krishnan, J. S. Binkley, R. Seeger, J. A. Pople, J. Chem. Phys.


1980, 72, 650; b) T. Clark, J. Chandrasekhar, G. W. Spitznagel,
P. von R. Schleyer, J. Comput. Chem. 1983, 4, 294; b) M. J. Frish, J. A.
Pople, J. S. Binkley, J. Chem. Phys. 1984, 80, 3265.


[46] D. McQuarrie, Statistical Mechanics, Harper and Row, New York,
1976.


[47] H. B. Schlegel in Modern Electronic Structure Theory (Ed.: D. R.
Yarkony), World Scientific, Singapore, 1995, p. 459.


[48] N. Koga, K. Morokuma, Chem. Phys. Lett. 1985, 119, 371.
[49] W. H. Miller, N. C. Handy, J. E. Adams, J. Chem. Phys. 1980, 72,


99.
[50] T. H. Dunning, J. Chem. Phys. 1971, 55, 716.
[51] S. Koseki, M. S. Gordon, M. W. Schmidt, N. Matsunaga, J. Phys. Chem.


1995, 99, 12764.
[52] S. Koseki, M. W. Schmidt, M. S. Gordon, J. Phys. Chem. 1992, 96,


10768.
[53] M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert, M. S.


Gordon, J. H. Jensen, S. Koseki, N. Matsunaga, K. A. Nguyen, S. J. Su,
T. L. Windus, M. Dupuis, J. A. Montgomery, J. Comput. Chem. 1993,
14, 1347.





