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An X-ray crystal structure for the 
complex between GCN4 basic 
leucine zipper motif (bZIP) and DNA.
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Structure-based design of a protein-
DNA complex affords short peptides 
with an artificial dimerization 
domain. The strategy enables a 
specific formation of noncovalent 
peptide dimers with preorganized 
orientation on sepcific DNA sites.


Sequence-specific DNA binding with sub nano-
molar affinity.


Cooperative DNA binding of homo- and hetero 
peptide dimers.


Determination of preferential DNA-binding 
sequences of a D-peptide.


Efficient sequence discrimination mechanism by 
reducing the nonspecific DNA binding of peptide. 
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Introduction


High-resolution structures of sequence specific protein ±
DNA complexes provide a far greater understanding of how
proteins and DNA assemble and function within these
complexes to perform essential cellular processes.[1±4] While
a universal code for the recognition between proteins and
nucleic acids has yet to be generalized,[5] several features of
how the proteins recognize specific DNA sequences have
emerged: the proteins use relatively small regions to contact
directly several base pairs of DNA, and most of the sequence-
specific DNA binding proteins are active only in a dimeric
form or in a multi-protein complex. The small regions often
form �-helices, termed ™recognition helices∫ in direct contact
with the DNA major groove. Because most of the direct
contacts between the amino acids and nucleic acid bases are
made within such recognition helices, the rest of proteins can
be regarded as architecture to position the recognition helices
in a proper geometry with respect to the specific DNA


sequences.[1, 2] The shape and size of the dimerization module
are critical for final positioning of the recognition helices. The
sequence-specific DNA binding of homo- or heterodimers by
transcription factors and bacterial repressors is modulated by
a combination of protein ± protein and protein ±DNA con-
tacts and offers the simplest example of the recognition event
including both the protein ±DNA and the protein ± protein
interactions.


DNA-binding proteins generally consist of more than two
DNA contacting regions to ensure recognition selectivity.[1, 2]


One class of proteins binds DNAwith multiple DNA binding
modules connected through covalent linkages and the other
with noncovalent formation of homo- and heterodimers. In
the former class of proteins, the greatest progress to date has
been achieved by studying the sequence specific DNA binding
of the C2H2 zinc finger proteins.[6, 7] In the later class of
proteins, the protein ± protein interactions controlling the
dimerization are considered to play significant roles in
enhancing specificity of DNA binding and increasing the
sensitivity of equilibrium binding to the change in protein
concentrations.[1, 2] Because structural elements of natural
proteins are harder to separated, many model systems have
been developed in the structure-based fashion to understand
the functional roles of the dimerization on the sequence-
specific DNA binding properties of dimeric proteins to study
the role of dimer formation in modulating the affinity and
cooperativity of protein ±DNA interactions. The model
systems described here address the issues of protein ± pro-
tein and protein ±DNA recognition in far greater detail than
is possible with native protein systems.


Covalently Linked Peptide Dimers


One of the best structurally characterized bZIP family of
proteins is the yeast transcription activator GCN4.[8, 9] GCN4
is known to bind DNA as a homodimer with each basic region
directly contacting the major groove of DNA. The native
GCN4 dimer specifically binds 5�-ATGACTCAT-3� (AP1)
and 5�-ATGACGTCAT-3� (CRE) sequences with similar
affinity. The dimerization is mediated through a coiled-coil
structure in the leucine-zipper domain that is located at the
C-terminus of the basic region. The basic region of GCN4 has
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disordered structure when complexed with a nonspecific
DNA, but is structured to an �-helix upon binding to a specific
DNA sequence. The basic-region of the basic leucine zipper
(bZIP) protein serves as the simplest short peptide that
targets DNA sequences four to five base pairs in size.
However, DNA binding affinity of the short basic region
peptide is inherently low, and it is difficult to analyze sequence
specific DNA binding without forming dimers of the peptide
to achieve DNA binding of convincible sequence selectivity.


Kim and co-workers found that disulfide-bonded dimers of
GCN4 basic region peptides specifically bound the AP1
sequence (5�-ATGACTCAT-3�) as observed for the native
GCN4; this encouraged the use of the basic region as a DNA
binding unit for the design of novel DNA binding peptides.[10]


A peptide corresponding to the basic region of GCN4 was
synthesized with a Gly-Gly-Cys linker added at the carboxyl
terminus. The Gly-Gly-Cys was included to provide a flexible
linker in the disulfide-bonded dimer. The 34-residue basic
region peptide dimer binds an oligonucleotide containing the
GCN4 recognition element (AP1 site) in a helical structure.


It is now possible to design peptide dimers that possess
DNA binding specificities different from the native bZIP by
appropriately arranging two basic region peptides with an
artificial dimerization domain, such as a bulky metal com-
plex[11, 12] or an enantiomeric bridged biphenyl derivative.[13±17]


Size, shape, and chirality of the dimerization domain affect
significantly DNA binding by peptide dimers. A bis(terpyr-
idyl)iron(��) complex, [G29TS]2Fe, was used in place of the
GCN4 coiled coil to assemble two GCN4 basic region
peptides (29 residues).[11] With a bulky metal complex as a
dimerization domain for the basic region peptide of GCN4,
the dimeric peptide [G29TS]2Fe preferentially bound the
CRE sequence over the nonpalindromic AP1 sequence by a
factor of 150. Because [G29TS]2Fe and the disulfide-linked
G29 peptide dimer binds CRE sequence with comparable
affinity; the shape, size and possibly the positive charge of the
terpyridyl metal complex reduced the affinity of [G29TS]2Fe
to the AP1 sequence. Also, one surprising effect of the chiral
bridged biphenyl templates is a marked reduction in the
affinity of the peptide dimer to nonspecific sequences.[16] An
N-terminal basic region peptide dimer with chiral bridged
biphenyl template targets specific 5�-GTCATATGAC-3� se-
quence with a dissociation constant (Kd) of 0.1n�, while it
binds 5�-ATGACGTCAT-3� sequence with Kd of 363n�.
When a template with opposite chirality is used, the resulting
N-terminal basic region peptide dimer binds the specific and
nonspecific sequences with Kd of 0.15 and 14n�, respectively.
Such destabilization of nonspecific binding complexes have
also been observed for MyoD-derived peptide dimers.[14] The
chiral template reduces the affinity of the peptide dimer for
the nontargeted sequence, rather than increasing the affinity
for specific sequences as has been suggested for the DNA
binding of metallo-peptides.[11] The strategy of reducing
nonspecific binding would help in the design of second-
generation homo- and heterodimers that recognize a variety
of DNA sequences with high selectivity.


Noncovalent Peptide Dimers: Dimerization
Promoted by a Host ±Guest Inclusion Complex


The noncovalent interaction between two monomers is
another important feature in the sequence-specific DNA
binding by protein dimers. The equilibrium governing the
formation of dimers would be important in enhancing the
selectivity of DNA binding and in increasing the sensitivity of
DNA binding to change in protein concentrations. In order to
understand the role of noncovalent dimer formation in
modulating the affinity and cooperativity of protein ±DNA
interactions, DNA binding oligopeptides capable of forming a
functional quaternary structure by noncovalent interactions
were designed.


A host ± guest inclusion complex of �-cyclodextrin (CD)
and adamantane (Ad) provides a new method to associate
oligopeptides in aqueous solution.[18] This module in essence
mimics the specific protein ± protein interactions that govern
formation of homo- and heterodimers. A peptide modified
with �-cyclodextrin and another peptide modified with an
adamantyl group formed a noncovalent dimer that was
mediated by formation of a 1:1 �-CD/Ad inclusion complex
(Figure 1). The stability of the �-CD/guest dimerization
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Figure 1. Amino acid sequence for the G-peptide and structures of the
modified C-terminal Cys residue (X). The cysteine residues were modified
with 6-deoxy-6-iodo-�-cyclodextrin for G-CD and with N-bromoacetyl-1-
adamantanemethylamine for G-Ad.


domain can be independently controlled by changing the
guest molecules without greatly affecting the DNA binding
ability of the peptide itself.[19]


The GCN4 basic region peptide (G-peptide) modified at
the C-terminus with an adamantyl group indeed dimerized
with another peptide possessing the �-cyclodextrin attached
to the C-terminus; the peptide dimer further showed specific
DNA binding to the native GCN4 site (Figure 2). Binding
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Figure 2. A schematic representation showing the G-Ad/G-CD dimer
bound at the AP1 sequence. Gray ribbons represent the basic region
peptides in the helical conformation. The �-cyclodextrin and the adamantyl
group are shown at the C-terminus of the helices. Coordinates for the basic
region peptides and DNA are adopted from the GCN4 ±AP1 complex.[6]


mixtures containing a 1:1 mixture of G-Ad and G-CD showed
gradual appearance of a complex with lower electrophoretic
mobility than CRE; this indicates that G-Ad and G-CD bind
to DNA as a dimer. Half-maximal DNA binding occurs with
�20n� peptide for the CRE site, while G-Ad alone did not
show any detectable binding to CRE in a dimeric form. The
cyclodextrin ± adamantane system effectively modulate a
cooperative formation of peptide dimer±DNA complex.


Sequence-Specific DNA Binding by Peptide
Heterodimers


Transcription factors often form heterodimers that recognize
nonpalindromic DNA sequences with each monomer of the
heterodimer binding to each half-site. The �-CD/guest
dimerization domain effectively regulates specific formation
of heterodimer.[20] Modification of a peptide by �-CD and
another peptide by a guest molecule allows specific formation
of a heterodimer of peptides that recognizes a nonpalindromic
DNA sequence; this sequence in turn consists of two distinct
half-sites corresponding to native protein binding sequences.
The DNA-binding regions of two different basic leucine
zipper proteins, the yeast transcriptional activator GCN4 (G-
peptide) and an enhancer binding protein C/EBP (C-peptide),
have been successfully used to design heterodimers that
recognize nonpalindromic DNA sequences. Modification of
the C-terminal cysteine of the peptides with mono-6-deoxy-6-
iodo-�-cyclodextrin (CD) or N-bromoacetyl-1-adamantane-
methylamine (Ad) afforded four different peptides (G-Ad,
G-CD, C-AD, and C-CD) that are capable of forming specific
homo- (G-Ad/G-CD and C-Ad/C-CD) and heterodimers (C-
Ad/G-CD and C-CD/G-Ad). GCN4 and C/EBP are known to
recognize palindromic sequences with a half-site of 5�-
ATGAC-3� (CRE) and 5�-ATTGC-3� (CE), respectively.
Combination of these half-sites gives a nonpalindromic


sequence (CE/CR), 5�-ATGACGCAAT-3�, for the target of
the peptide heterodimer. The heterodimer C-CD/G-Ad
preferentially bind to the CE/CR sequence over the palin-
dromic CRE and CE sequences, while homodimers G-Ad/
G-CD and C-Ad/C-CD bind to the palindromic CRE and CE
sequences, respectively.


Cooperative DNA Binding by Peptide Oligomers


Both homo- and heterodimers consisting of an adamantyl
peptide and a �-cyclodextrin ± peptide can target the palin-
dromic and/or nonpalindromic DNA sequences. This strategy
has been extended to cooperative DNA binding by peptide
homo-oligomers of an oligopeptide derived from the basic
region of GCN4.[21, 22]


A modified lysine residue bearing an adamantyl group at
the �-amino group was incorporated at the N-terminal
position, and �-cyclodextrin was attached at the C-terminal
cysteine residue of the parent basic region peptide (Figure 3).
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Figure 3. Schematic representations showing the G-Ad-CD homo-oligo-
mer bound on the direct repeat of CRE half-site. Hatched bars represent
the basic region peptide. N and C indicate the N-and C-terminus of the
peptide, respectively. Half-circles at the C-terminus and filled circles at the
N-terminus represent �-cyclodextrin and the adamantyl group, respective-
ly. White arrows denote the CRE half-site. Also shown is a structure of
Lys(Ad).


The resulting G-Ad-CD peptide possesses both host and guest
moieties in the same peptide chain. The peptide without �-CD
(G-Ad) binds direct-repeat sequences of a half-site of the
native GCN4 binding site without any cooperativity. DNA
binding of the G-Ad-CD peptide to single-, double- and
triple-direct-repeats of the CRE half-site was compared using
the Electrophoretic Mobility Shift Assay (EMSA). Interest-
ingly, the G-Ad-CD peptide did not bind an isolated CRE
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half-site (5�-ATGAC-3�), while a monomeric peptide lacking
the �-cyclodextrin group formed a specific monomer-half site
complex. G-Ad-CD bound the double-direct-repeat sequence
(T2: 5�-ATGAC-ATGAC-3�) as a dimer in a cooperative
manner. Moreover, cooperative formation of a 3:1 G-Ad-
CD±DNA complex was observed for a triple-direct-repeat
sequence with no monomer-DNA complex of G-Ad-CD
being observed for the double- or triple-direct-repeat se-
quence.


G-Ad-CD binds to the target DNA sequence with a head-
to-tail dimer configuration. The same head-to-tail configura-
tion of a noncovalent heterodimer was achieved by using two
basic region peptides: one with the N-terminal adamantyl
group (AdG) and the other with the C-terminal CD (G-CD).
G-Ad-CD showed much higher sequence selectivity to
discriminate a single base-pair mutation within the target T2
sequence (Figure 4A).


Figure 4. A) Semilogarithmic plots showing the fractions of 32P-labeled T2
(�: 5�-ATGAC-ATGAC-3�), G3A (�: 5�-ATGACATAAC-3�), HS (�: 5�-
ATGACACTGC-3�), and T2S (�: 5�-ATGACCATGAC-3�) bound to the
G-Ad-CD (a) and G-Ad/G-CD (b) dimers as a function of peptide
concentration. The solid curves represent the best fit for the titration data.
B) G-Ad-CD forms the intramolecular inclusion complex in the absence of
specific DNA sequence and forms an �-helical trimer ±DNA complex with
T2 DNA. The intramolecular inclusion complex remains stable in the
presence of HS DNA. Half-circles and filled ovals represent �-cyclodextrin
and the adamantyl group, respectively. Filled arrows denote the 5�-
ATGAC-3� half-site. The cylinders represent the helical form of G-Ad-CD.


In the absence of DNA, G-Ad-CD forms an intramolecular
host ± guest complex (Figure 4B). Formation of this cyclic
peptide appears to reduce the affinity of monomeric G-Ad-
CD to the CRE half-site as compared to that of G-Ad. The
observed highly selective binding of G-Ad-CD was accom-
plished by i) its cooperative nature of DNA binding and by
ii) destabilization of its nonspecific DNA binding complex.


Design of DNA Binding Peptide Units


Native sequence-specific DNA binding proteins mostly bind
in the major groove by using a simple secondary structure,
usually an �-helix, which is complementary to the structure of
the B-DNA major groove. Structural studies and sequence
comparisons revealed that many DNA-binding proteins could
be grouped into classes that use related structural motifs for
recognition. It seems reasonable to assume that they may
provide the most convenient scaffolds for design of new
DNA-binding peptides and/or proteins.[1, 2] The X-ray crys-
tallographic and NMR studies provide detailed information
about the stereospecific interactions between amino acid
residues in the protein and the functional groups on DNA.
With this knowledge, design and synthesis of a novel DNA
binding motif composed either of native or non-natural amino
acids is possible. Such a study is a crucial test of our
understanding of molecular recognition, and the results will
aid in expanding our knowledge of sequence-specific DNA
recognition mechanisms.


A major drawback of such studies is that the designed
peptide usually possesses low DNA binding affinity and
specificity. Determining sequence preference of weak DNA
binders has been problematic because their low affinities
complicate experimental results and usually produce unclear
outcomes. This problem has been tackled by combining the
selected and amplified binding site (SAAB) imprinting
technique and cyclodextrin ± adamantane dimerization mod-
ule.[23]


A DNA pool containing a randomized five base-pair site
(N5), which provides enough binding site size for a short
peptide adjacent to 5�-ATGAC-3� is chemically synthesized to
cover all possible binding sequences for the heterodimer. The
basic region peptide of GCN4 modified by the adamantyl
group at its C-terminal cysteine (G-Ad) anchors at the 5�-
ATGAC-3� sequence in a heterodimer, thereby facilitating to
locate the other peptide in the major groove of the random-
ized N5 sequence. A mixture of the 5�-32P-end-labeled DNA
pool and peptide dimer is separated into the peptide dimer-
bound and the unbound DNA by polyacrylamide gel electro-
phoresis (PAGE). The peptide dimer-bound DNA is recov-
ered from the gel and amplified by the polymerase chain
reaction (PCR). The resultant DNA pool should contain a
higher population of specifically bound by heterodimer,
implying that the fraction of dimer-bound DNA increases
with SAAB cycles. The SAAB cycle is repeated until no
further increase in binding efficiency is observed. The
resulting DNA is cloned and sequenced (Figure 5). The
G-Ad peptide tethers a low-affinity DNA-binding peptide
adjacent to a GCN4 binding sequence (5�-ATGAC-3�)
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through the cyclodextrin ± adamantane association, thereby
increasing local concentration of the low-affinity peptide to
degenerate neighboring DNA sequences. In principle, an
increase of local concentration makes a ™pseudo high-affinity
peptide∫ of the low-affinity peptide, which allows the SAAB
imprinting technique to work.


This combined technique succeeded in finding the C/EBP
half site, 5�-GCAA(T/C)-3�, when ten rounds of SAAB cycles
were applied for a short basic region peptide of the tran-
scription factor C/EBP. Moreover, sequence-preference of a
�-enantiomer of the GCN4 basic region peptide, which is
expected to be a very weak DNA binder, has been determined
after twelfth round of SAAB. The �-enantiomer of GCN4
peptide discriminated the obtained 5�-ACACA-3� sequence
from other sequences, such as 5�-ATGAC-3� or 5�-ACTGC-3�.
The result opens the possibility for design of DNA-binding �-
peptides.


Once the sequence preferences of weak binders are
determined, high-affinity ligands for a particular DNA
sequence may be designed by simply tethering them together.
The technique can also be extended to analyses of sequence
preferences of organic molecules, especially basic oligomeric
compounds, such as oligo-aminosaccharides, which have an
intrinsic tendency to bind DNA. Application of this technique
to organic molecules may permit the design of small
molecules that bind a particular DNA sequence, but not a
desired sequence. The heterodimer system can be extended to
a library approach to obtain �-peptides that bind desired
sequences. This would be conceptionally similar to the phage
display technique reported in 1997, in which zinc finger
proteins that recognize desired DNA sequences were discov-
ered by extending a zinc finger module across the desired 9- or
10-base pair target site.[24] However, the advantage of the
present technique is synthetic accessibility, as it is potentially
applicable to any chemical entity.


Conclusion


The atomic view of DNA±protein interactions has changed
how DNA binding peptides or protein mimetics are designed.
The covalent dimerization module would be suitable for
making high-affinity DNA binding ligands. The noncovalent


dimerization strategy would achieve a narrower range of
peptide concentrations required for saturating the specific
DNA sequence. The mechanism involving an equilibrium that
leads to a formation of less active DNA binding species, such
as a conformationally altered monomer, would be quite
important for increasing the selectivity and for exerting the
cooperative nature of the DNA±protein complex formation.
While structure-based design of new sequence-specific DNA
binding proteins will occupy center stage, still much work
remains to be done. The strategies mentioned here have
successfully been used for design of DNA binding peptides
derived from basic region of leucine zipper proteins, but it is
not yet clear whether the same strategies could be applicable
for other DNA binding motifs. In addition, short disordered
regions such as the basic region of leucine zipper proteins are
not suitable for DNA binding at physiological temper-
atures.[25, 26] Is it possible to design �-helices that can fit in
the major groove to recognize any given three to four base
pairs? It is not yet clear whether the �-helical motif has
characteristic DNA sequences that are suitable for the
binding site. Attempts to design novel DNA-binding proteins
and/or peptides will provide an ultimate test of our under-
standing of protein ±DNA interactions.


[1] S. C. Harrison, A. K. Aggarwal, Annu. Rev. Biochem. 1990, 59, 933.
[2] C. O. Pabo, R. T. Sauer, Annu. Rev. Biochem. 1992, 61, 1053.
[3] A. K. Aggarwal, Curr. Opin. Struct. Biol. 1995, 5, 11.
[4] G. Patikoglou, S. K. Burley,Annu. Rev. Biophys. Biomol. Struct. 1997,


26, 289.
[5] C. O. Pabo, L. Nekludova, J. Mol. Biol. 2000, 301, 597.
[6] J. S. Kim, C. O. Pabo, Proc. Natl. Acad. Sci. USA 1998, 95, 2812.
[7] R. R. Beerli, D. J. Segal, B. Dreier, C. F. Barbas III, Proc. Natl. Acad.


Sci. USA 1998, 95, 14628.
[8] H. C. Hurst, Protein Profile 1994, 1, 123.
[9] T. E. Ellenberger, C. J. Brandl, K. Struhl, S. C. Harrison, Cell 1992, 71,


1223.
[10] R. V. Talanian, C. J. McKnight, P. S. Kim, Science 1990, 249, 769.
[11] B. Cuenoud, A. Schepartz, Science 1993, 259, 510.
[12] C. R. Palmer, L. S. Sloan, J. C. Adrian, B. Cuenoud, D. N. Paolella, A.


Schepartz, J. Am. Chem. Soc. 1995, 117, 8899.
[13] T. Morii, S. Morimoto, I. Saito, J. Inorg. Biochem. 1991, 43, 468.
[14] T. Morii, M. Shimomura, M. Morimoto, I. Saito, J. Am. Chem. Soc.


1993, 115, 1150.
[15] M. Okagami, M. Ueno, K. Makino, M. Shimomura, I. Saito, T. Morii,


Y. Sugiura, Bioorg. Med. Chem. 1995, 3, 777.
[16] T. Morii, Y. Saimei, M. Okagami, K. Makino, Y. Sugiura, J. Am. Chem.


Soc. 1997, 119, 3649.
[17] T. Morii, A. Murakami, K. Makino, S. Morimoto, I. Saito, Tetrahedron


Lett. 1994, 35, 1219.
[18] M. Ueno, A. Murakami, K. Makino, T. Morii, J. Am. Chem. Soc. 1993,


115, 12575.
[19] Y. Aizawa, Y. Sugiura, M. Ueno, Y. Mori, K. Imoto, K. Makino, T.


Morii, Biochemistry 1999, 38, 4008.
[20] M. Ueno, M. Sawada, K. Makino, T. Morii, J. Am. Chem. Soc. 1994,


116, 11137.
[21] T. Morii, J. Yamane, Y. Aizawa, K. Makino, Y. Sugiura, J. Am. Chem.


Soc. 1996, 118, 10011.
[22] Y. Aizawa, Y. Sugiura, T. Morii, Biochemistry 1999, 38, 1626.
[23] T. Morii, T. Tanaka, S. Sato, M. Hagihara, Y. Aizawa, K. Makino, J.


Am. Chem. Soc. 2002, 124, 180.
[24] H. A. Greisman, C. O. Pabo, Science 1997, 275, 657.
[25] J. W. Chin, A. Schepartz, J. Am. Chem. Soc. 2001, 123, 2929.
[26] T. Morii, S. Sato, M. Hagihara, Y. Mori, K. Imoto, K. Makino,


Biochemistry 2002, 41, 2177.


ATGAC NNNNN


TACTG NNNNN


GAd


5' 3'


5'3'


PCR


Isolation of DNA bound to the dimer


DNA Pool


PAGE


Free DNA


Figure 5. A SAAB cycle to determine a target sequence of short peptide
(open box) by using its heterodimer with G-Ad (hatched box).
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Background


The discovery that sexithiophene is an organic semiconductor
characterized by high-field-effect charge mobility dates back
to 1989.[1] Since then, thiophene oligomers have enjoyed great
attention mainly because of their charge-transport properties.
Focusing the investigation in that direction was largely
justified by the finding that the field-effect charge mobility
of single-crystal sexithiophene attains values which are similar
to those of amorphous silicon.[2±4]


Nevertheless, thiophene oligomers are a class of molecules
characterized by another fascinating property: fluorescence.
Fluorescence detection–which is a noninvasive, highly sensi-
tive, selective, and safe technique, capable of monitoring
processes even at the scale of picoseconds–is rapidly
becoming the method of choice in medical and biological
diagnostics, for the identification and the quantitative analysis
of biomolecules, protein analysis, detection of cellular pro-
cesses, immunohistochemistry, genomic studies, and nucleic
acid labeling.[5±7] The use of fluorescence techniques also
extends to materials science and optoelectronics. Further-


more, the growing importance of immunochemical methods
for the analysis of nonextractable residues bound to the
organic matrix of the soil,[8] localization and identification of
pesticides,[9] or toxic compounds in water and plants[10] paves
the way to the spreading of fluorescence detection techniques
in environmental studies.


Synthetic difficulties and the scarce solubility of most
oligothiophenes, due to their tendency to self-assemble in
very stable aggregates,[11, 12] have discouraged studies of their
fluorescence properties in solution, and only a few papers
have been published on this topic.[12±14] More interest has been
devoted to the fluorescence properties of oligothiophenes in
the solid state in view of their use in thin-film electro-
luminescent diodes.[15±17]


Studies on the optical properties of unsubstituted oligo-
thiophenes in solution have shown that these compounds are
characterized by high absorbancies, large Stokes shifts (differ-
ences between absorption and photoluminescence frequen-
cies), fluorescence efficiencies up to nearly 50% (one photon
re-emitted radiatively every two photons absorbed), and light
emission frequencies spanning from 400 to 600 nm, on
changing the oligomer size from the trimer to the hexam-
er.[11, 12] The same studies have also demonstrated that
fluorescence lifetimes and quantum yields increase when the
oligomer size is increased, and that fluorescence decay is
controlled by the diffusion of localized excitons. Subsequent
studies have also demonstrated that the nonradiative path-
ways of thiophene oligomers are largely dependent on
functionalization types,[18] and that fluorescence efficiencies
higher than 50% can be attained.[19a]


All these properties–large absorbancies, large Stokes
shifts, good photoluminescence quantum yields in solution,
and tunability of the light emission frequencies–define a
class of molecules useful as fluorescent probes, that is, as
fluorophores capable of localizing within a specific region of a
biological specimen and, by means of the fluorescence signal,
of indicating the presence and the amount of the specimen in
question.


The fluorescent markers routinely used in laboratory
diagnostics are either low-weight molecules or high-weight
compounds, or mixtures of compounds emitting light through
a complex pattern of cascade interactions.[5±7a] The markers of
different colors belong to chemically different families,
require a different chemistry to bind biomolecules, and have
different membrane permeabilities. The availability of a
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single family of small compounds with high membrane
permeability, with the same chemical structure, and fluores-
cing in all visible colors upon minor changes of the molecular
structure itself would simplify the chemical procedures for
biomolecule labeling and make multilabeling experiments–
that is, experiments allowing the simultaneous monitoring of
different biochemical reactions and cellular events–more
accessible. Currently, there is great demand for new fluoro-
phores with better spectral properties, greater tunability of
emission frequencies, and that are easily synthesized, and
allow the standardization of the procedures for binding
biomolecules.


Thiophene oligomers emit light across the entire visible
range and are very stable and easy to functionalize. Moreover,
they are soluble in most organic solvents and even in water.[19b]


Their use as fluorescent markers would allow the stand-
ardization of the procedures for binding the molecules to
probe.


The Challenge


What was lacking at the end of the 90s, despite the huge
number of papers devoted to the chemistry of thiophene and
thiophene oligomers,[20±23] was a functionalization type which
would not alter the useful optical properties and at the same
time would allow the covalent binding of oligomers of
different sizes to the molecules of interest. For biological
molecules, the best candidate for this purpose was the
isothiocyanate group, which spontaneously reacts with the
�-NH2 groups of the lysine residues to form ureas
([Eq. (1)]; X� fluorescent marker, Y� biological molecule).


X�NCS�Y�NH2�X�NH�C(S)�NH�Y (1)


Furthermore, other functional groups of biological mole-
cules of great interest can be transformed into the amino
group by chemical synthesis, such as, for example, oligodeoxy-
nucleotides at the 5� end position.[5] Thus, oligothiophenes
containing the isothiocyanate functionality could become


useful to monitor a variety of processes of biological
importance.


Therefore, the challenge was to demonstrate that it was
possible: 1) to synthesize fluorescent oligothiophene isothio-
cyanates; 2) to bind them to biomolecules and to get chemi-
cally stable bioconjugates; 3) to prove that binding to
biomolecules did not lead to the quenching of fluorescence,
as in the case of many fluorescent organic molecules.


Synthesis and Optical Properties of Oligothiophene
Isothiocyanates


Two different patterns were developed in our laboratory for
introducing the isothiocyanate functionality into the molec-
ular backbone of thiophene-based oligomers, which are
illustrated in Schemes 1 and 2.


The first pattern takes advantage of the availability of
commercial thiophenes functionalized with the hydroxyl
functionality. Through palladium-catalyzed cross-coupling
reactions,[24] these derivatives can be used to build thiophene
oligomers of variable sizes, containing the OH functionality
either at one of the � positions or at one of the terminal
� positions. The hydroxyl functionality can be transformed
into the isothiocyanate group through the sequence: alcohol
�tosylate�azide�amine�isothiocyanate, as shown in
Scheme 1 for the trimer prepared starting from commercial
2-(2-thienyl)ethanol.[25]


The second pattern takes advantage of the commer-
cial availability of chloro(chloromethyl)dimethylsilane,
Cl�CH2Si(CH3)2Cl (Scheme 2). Since the chlorine atom
attached to silicon is more reactive than the chlorine atom
attached to carbon, the Cl�CH2�Si(CH3)2� group can be
directly linked to one of the terminal positions of a thio-
phene oligomer by lithiation followed by reaction with
chloro(chloromethyl)dimethylsilane. Afterwards, the chlorine
attached to carbon can be transformed into the corresponding
isothiocyanate by reaction with sodium thiocyanate
NaCNS.[25]


As an alternative, a thiophene ring functionalized with the
�Si(CH3)2CH2Cl moiety can be coupled by the Stille reac-


Scheme 1. Synthetic pattern for the synthesis of the terthiophene isothiocyanate prepared starting from commercial 2-(2-thienyl)ethanol: i) N-bromo-
succinimide, toluene, �20 �C; ii) 5-tributylstannyl-2,2�-bithiophene, [Pd(AsPh3)4], toluene, 110 �C; iii) CH3SO2Cl, CH2Cl2, Et3N, �20 �C; iv) NaN3, DMF,
60 �C; v) LiAlH4, Et2O; vi) 2-pyridyl thiocarbonate, CH2Cl2.


Scheme 2. An alternative pattern for the synthesis of quaterthiophene isothiocyanate with the aid of commercially available chloro(chloromethyl)di-
methylsilane: i) Lithium diisopropylamide, ClCH2Me2SiCl; ii) nBuLi, [(Bu)3SnCl]; iii) 5-bromo-2,2�-bithiophene, [Pd(AsPh3)4], toluene, 110 �C; iv) NaSCN,
acetone, Et2O.







Oligothiophene Isothiocyanates 5072±5077


Chem. Eur. J. 2002, 8, No. 22 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0822-5075 $ 20.00+.50/0 5075


tion[24a] to an oligomer of variable size. This methodology
allows the insertion of the NCS functionality at the last step of
the procedure.[25] Recently, we have obtained in a similar way
thiophene oligomers with a terminal phenyl group function-
alized with the�Si(CH3)2CH2NCS moiety.[26]


We were able to prepare a series of oligothiophene
isothiocyanates,[25±27] which emit light across the entire visible
range, with fluorescence quantum yields ranging from a
few percent to 90 ± 100%. The optical characteristics of a
few of these compounds have already been reported.[25]


To have an idea of how many fluorescence colors can be
obtained with thiophene oligomers (see the picture reported
in the frontispiece), a real color picture was taken under
irradiation with a single light source, a UV lamp exciting at
�� 364 nm.


Scheme 3 shows the structure and the optical characteristics
of a thienylene/phenylene-based isothiocyanate (DTTPP)[26]


containing the ™rigid-core∫ 3,5-dimethyl-dithieno[3,2-b;2�,3�-
d]thiophene-4,4-dioxide. Oligothiophenes containing the rig-
id dithienothiophene S,S-dioxide moiety are characterized by
high fluorescence efficiencies both in solution and in the solid
state.[19a] As shown in Scheme 3, DTTPP attains a fluores-
cence quantum yield which is greater than 90% (almost every
absorbed photon is re-emitted radiatively).


Scheme 3. Molecular structure and optical characteristics of 3,5-dimeth-
yl-2,6-diphenyl-dithieno[3,2-b;2�,3�-d]thiophene-4,4-dioxide (DTTPP).
(�max(CH2Cl2)� 404 nm; �PL(CH2Cl2)� 499 nm; �� 23372 cm�1��1; QY�


90% QY is the photoluminescence quantum yield).


Figure 1 shows the normalized absorption and photolumi-
nescence spectrum of a 10�6� solution of DTTPP in
methylene chloride, characterized by quite a large Stokes
shift (4712 cm�1). The optical characteristics of DTTPP fall in
the range of those of fluorophores of current practical
interest, the molar extinction coefficients of which are in the
range 5000 ± 200000 cm�1��1 and the photoluminescence
quantum yields in the range 5 to 100%.[5] A solution of
DTTPP stored at room temperature showed unaltered optical
characteristics after five months.


Several chemically and optically very stable oligothiophene
isothiocyanates, containing conventional thiophene rings and/
or thiophene-S,S-dioxide or the dithienothiophene S,S-diox-
ide moieties, have been synthesized in our laboratory, with
molar extinction coefficients ranging from 8000 to
47000 cm�1��1 and fluorescence quantum yields up to
�90%. For some of these compounds the absolute fluores-
cence quantum yields in solution were measured with the use
of an integrating sphere. In this way we have identified a series
of standards for fluorescence frequencies in the blue, green,
yellow, orange, and red regions to use for the monitoring of
the relative fluorescence quantum yields of newly synthesized
oligothiophene isothiocyanates.


Figure 1. Absorption (left) and photoluminescence (right) spectrum of a
10�6� solution of DTTPP in methylene chloride.


The Conjugation of Thiophene-Based Fluorophores
to Proteins and the Optical Characterization of the


Bioconjugates


The conjugation of oligothiophene isothiocyanates to biomo-
lecules occurs spontaneously at basic pH. We have already
reported the results of the conjugation of thiophene-based
fluorophores with bovine serum albumin (BSA, fraction V)
and the monoclonal antibody anti-CD8.[25] BSA is the cheap-
est commercially available protein, while anti-CD8 is an IgG1
isotype-specific antibody, which is commonly used for diag-
nostic purposes in flow cytometry and immunohistochemical
applications.[28, 29]


The conjugation of oligothiophene isothiocyanates with
BSA and antibody anti-CD8 was carried out according to
standard methods.[25] The oligothiophene ± protein conjugates
were separated from unbound isothiocyanate by gel filtration
chromatography in saline phosphate buffer solution (PBS,
pH 7.2).


The conjugation did not lead to the quenching of the
fluorescence signal of the isothiocyanate. Thus, a series of
experiments were carried out in order to evaluate: 1) the
maximum isothiocyanate to protein molar ratio which could
be attained without protein precipitation; 2) the optimum
reaction time; 3) the optical stability of the bioconjugate.


Values of the fluorophore to protein molar ratios up to 30:1
were attained after a few hours of mixing the solutions
containing the isothiocyanate and the protein, without
precipitation of the conjugate. The intensities of the photo-
luminescence spectrum of the conjugates showed that the
signal intensity increased as the isothiocyanate/protein molar
ratio increased. The photoluminescence spectrum of the
conjugates versus the exposure to UV irradiation showed
also a very good response to irradiation power and irradiation
time. For example, the maximum intensity of the PL spectrum
of the conjugate with BSAwas still more than half the starting
value after 45 hours of continuous exposure to laser irradi-
ation.[25]
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Figures 2 and 3 show the absorption and photolumines-
cence spectra of the conjugate of DTTPP with antibody anti-
CD3, obtained according to standard methods. The anti-CD3
is a IgG1 isotype-specific antibody (22 ± 30 kDa molecular
weight, purified from mouse ascitic fluid), which is directed
against the CD3-antigen expressed on human T cells and used
for identification of normal and malignant T lymphocytes.


In Figure 2 the absorption spectrum of free DTTPP is
compared with that of DTTPP bound to antibody anti-CD3.
The figure shows that the absorption spectrum of the
fluorophore remains unaltered after conjugation, except for
some broadening of the low-energy absorption band, prob-
ably due to the increase in the number of rotational con-
formers.


Figure 2. Absorption spectrum of a 10�6� solution of free DTTPP in
DMSO (––) and of its conjugate with the anti-CD3 antibody (- - - -).


Irradiation at �exc� 404 nm leads to an intense photolumi-
nesce signal, as shown in Figure 3, which remains still of
sizeable intensity when the sample is irradiated at �exc�
480 nm. The significance of this result stems from the fact
that 480 nm is the wavelength of the argon-ion laser excitation
source of the currently available commercial flow cytometers.


Figure 3. Photoluminescence spectrum of the DTTPP/anti-CD3 conjugate
under irradiation at �exc� 404 nm (––) and at �exc� 480 nm (�±�±).


Both in the case of the conjugate with antibody anti-CD8
and antibody anti-CD3 it was found that the activity of the
antibody was completely preserved in the conjugate. The
solutions were tested systematically for a period of a few
months and found to be unaltered.


In summary, our data show that it is possible to regiose-
lectively functionalize thiophene oligomers with the isothio-
cyanate group; that oligothiophene isothiocyanates are pho-
toluminescent compounds, the emission frequencies of which
can be tuned across the visible range from blue to red; that
they spontaneously bind to proteins and produce photo-
luminescent bioconjugates characterized by high photostabil-
ity and chemical stability; that the bioconjugates can undergo
repeated excitation/emission cycles without changes in fluo-
rescence signal, unlike conventional dyes such as fluorescein.
Being uncharged, oligothiophene isothiocyanates are pH-
insensitive probes. As they are low-weight molecules (less
than 1 kDa molecular weight), they should also be more
membrane-permeant than many currently used fluorophores
and be more useful for analyses with living cells.


Future Challenges and Perspectives


There is much room for exploitation of thiophene oligomers
as fluorescent markers, both in basic research and in industrial
applications. The synthetic methodology developed so far for
the introduction of the isothiocyanate group is flexible and
allows for the preparation of isothiocyanates with spacers of
variable lengths or containing the NCS group at both ends of
the molecule. More importantly, the great versatility of
thiophene chemistry allows for the functionalization of
thiophene oligomers with many other functional groups
capable of binding proteins or DNA components, vitamins,
hormones, and so on,[5] and this greatly increases the range of
applicability of the new class of fluorescent probes.


The great optical stability of oligothiophene-based fluoro-
phores will make them very useful as tracers in a variety of new
experiments. Moreover, their optical stability will allow de-
tailed studies of their optical properties as a function of
oligomer size, backbone functionalization, and solvent proper-
ties, as well as studies of fluorescence lifetimes and non-
radiative pathways for energy relaxation from the excited state.


With respect to other systems characterized by tunable
fluorescence frequencies and high fluorescence quantum
yields,[30] the synthesis of oligothiophene isothiocyanates is
much simpler and safe, and the conjugation procedures with
biomolecules are much easier to carry out by standard
methods.


My research group is currently actively involved in inves-
tigations aimed at making the new class of fluorophores
suitable for the market of biological or other screening
operations and have started spin-off work aimed at bridging
the gap between basic research and the requirements for
industrial applications. In particular, an attempt has been
made to demonstrate the feasibility of multilabeling experi-
ments, which would allow the simultaneous use of a few of our
fluorescent probes for the measurement of different cellular
events, as this is crucial for future applications in clinical tests.
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Abstract: We describe the HPLC separation and identification of N@C60 and
N2@C60. These species were observed after eleven sequential HPLC separations.
Their retention times are in the same range as those of the other noninteractive
endohedral species of C60, such as noble gas endohedral C60. The separation factors
of these endohedrals were evaluated by using a mixture of hexane/toluene as eluent.
We note that this is the first evidence for the N2@C60 molecule existing in the form of
endohedral C60 complex.


Keywords: endohedral fullerenes ¥
fullerenes ¥ liquid chromatography
¥ nitrogen


Introduction


C60, which has a soccer ball like structure with a hollow
interior,[1] can accommodate various atoms or molecules.[2] Up
to now several kinds of endohedral fullerenes have been
synthesised: metallofullerenes,[3, 4] in which metallic atoms are
incorporated inside the cage, noble gas endohedral full-
erenes,[5, 6] in which one or two noble gas atoms are inserted in
the cage, and endohedral fullerenes with reactive atoms
stabilised inside the cage such as nitrogen or phosphorus.[7±9]


The endohedral fullerene with a nitrogen atom intercalated
(for instance N@C60) was first discovered by Murphy et al.[7]


This is a unique molecule in which an otherwise extremely
reactive nitrogen atom is stabilised in its electronic ground
state due to the protection provided by the C60 cage. The
electronic state of the intercalated atomic nitrogen was
probed by EPR[7±12] and ENDOR spectroscopy,[7, 11] but other


details of its physicochemical properties have not been
studied yet. To determine its properties, it is essential to
enrich the sample of N@C60 to a high enough concentration.
For this purpose we explored the HPLC behaviours of N@C60


in order to find the optimum conditions for a large-scale
separation, which could provide us with several mg of N@C60,
enough for the evaluation of its properties.


In general HPLC separations of the endohedral fullerenes
are quite difficult. This is because a large amount of the
residual C60 is present and the peak of C60 overlaps with the
peaks of the endohedrals and, hence, makes it difficult to
evaluate the performances of the HPLC columns. On the
other hand, the overlap of the peaks is a clear indication of the
endohedral character of the complex and of the inertness of
the intercalated species. Moreover, an HPLC detection of an
endohedral reaction product could indicate the presence of
another endohedral species: this was the case for N2@C60. Its
HPLC peak was found during the enrichment of N@C60. The
presence of a trace amount of dinitrogen endohedral fullerene
was recently reported by Cao et al. in a mass spectrometry
study of atomic nitrogen implanted in C60,[12] but was not
discussed in any detail. Here we report the chemical
separation of this molecule and show that this molecule exists
in the form of an endohedral complex (N2@C60), based on
HPLC and EPR data.


To our knowledge, no HPLC peaks of N@C60 or N2@C60


have been observed previously, although it has been suggested
theoretically,[13] based on EPR experiments, that N@C60


should in principle be separated by HPLC. Thus the
separation abilities of various columns for N@C60 and
N2@C60 have not been evaluated. Our attempt was to obtain
a sample enriched in N@C60 and N2@C60 to such a degree that
one can observe their HPLC peaks in only one pass through
the column, then evaluate the separation factors at different
conditions in order to find the best separation conditions.
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The yield of N@C60 after atomic nitrogen ion implantation
is about 10�5 to 10�4%.[9] Because of the small yield and
because C60 and N@C60 are chemically very similar, the
separation/purification of these endohedrals is extremely
difficult. In the case of noble gas endohedral C60 such as
Kr@C60, the yield is about 1.0% when synthesised by catalysis
under high temperature and pressure.[14] It was found that the
separation factor increases with the size of the intercalated
atom, for instance, it is 1.04 for Ar@C60


[15] and 1.09 for
Kr@C60


[16] relative to C60 on 5PYE columns. For the latter case
we have recently succeeded in establishing the HPLC
procedure and obtained milligram amounts of Kr@C60 with
about 12% enrichment[17] and obtained an X-ray single crystal
structure, which shows that, as expected, the Kr atom is
located at the centre of C60 cage.[18] However, the yields for
N@C60 and N2@C60 are two to three orders of magnitude
lower than that of Kr@C60, making their purification even
more difficult. Our work is aiming at establishing the
optimum HPLC purification procedure for N@C60 and
N2@C60 as being an inevitable task for the further study of
their physicochemical properties.


Experimental Section


The HPLC separation and analysis were performed on a JASCO
GULLIVER 1500 instrument equipped with recycling, an automatic
injector, a diode array detector (300 ± 900 nm) and two HPLC pumps with
a dynamic mixer for gradient experiments. The columns used were
Buckyprep and 5PYE (both 20� 250 mm) and the separations were
performed at 50 �C in order to decrease the peak tailing. The sample was
dissolved into toluene, and the injection volume was 2.0 mL, while the flow
rate was 6 mLmin�1 of toluene. Under these conditions the C60 eluted at
36.5 min, when using the two columns. We selected to use these two
columns because we had found them to be superior to the other columns
for the separation of Kr@C60.[17]


For the HPLC analysis we used two analytical Buckyprep columns with
various ratios of hexane/toluene (the ratio of hexane was 50 ± 80%) as
eluent. The flow rate was 1.0 mLmin�1, and the injection volume was
100 �L.


Mass spectrometry was performed on a BRUKER instrument by MALDI-
TOF-MS with 9-nitroanthracene as matrix. EPR was done on a JEOL
instrument (JES-RE1X) with X band spectrometer (about 9.2 GHz) at
room temperature.


A mixture of fullerenes (about 75% C60) was implanted with nitrogen ions
at an energy of about 40 eV and a current of about 50 �A according to a
procedure described earlier.[19] The product of about 3 g contained mostly
C60, trace amounts of N@C60 (5.7� 10�5% by EPR), N2@C60, and some
other impurities such as C60O, C60O2, C70, C70O, C120 , C120O, etc. We
dissolved this sample in toluene and performed a preliminary HPLC
separation in order to remove the higher fullerenes and dimers, whose
retention times are significantly different from those of C60 compounds.
After this coarse separation the sample contained a large amount of C60,
trace amounts of N@C60 and N2@C60 as well as C60O. Subsequently we
removed the first half of the C60 peak and collected the second half, in
which N@C60 and N2@C60 were expected to be contained, using the same
HPLC setup. The obtained sample (labelled here: after 1st separation) was
concentrated and subjected to the same procedure repeatedly. Each time
we checked the analytical HPLC and EPR signal of the separated sample.
The latter technique showed an increase in the signal intensity of N@C60.
After the 11th separation, two additional HPLC peaks besides C60


appeared, which were later assigned to N@C60 and N2@C60. The separation
of N@C60 from N2@C60 was done thereafter on two Buckyprep columns
(4.6� 250 mm) with a toluene/hexane mixture (25:75) as eluent. The flow
rate was 1.0 mLmin�1 and the injection volumes were 100 �L.


Results and Discussion


Eleven sequential separations on two columns (Buckyprep
and 5PYE) were necessary to obtain a sample with enough
enriched endohedrals so as to detect them in one HPLC run.
The HPLC chart for the sample before the 1st separation is
shown in the top half of Figure 1 (top), while the one after the


Figure 1. HPLC analysis before separation (top) and after 11th separation
(bottom). Columns: two Buckyprep columns; eluent: toluene; flow rate:
1 mLmin�1, UV-visible detection: 300 ± 900 nm.


11th separation is shown in the bottom half. In these figures
we show the analytical HPLC charts on two Buckyprep
columns. Before the 1st separation we did not detect any
peaks except those of C60 and C60O, while after the 11th
separation two distinct peaks at 116.0 and 120.5 min (assigned
to N@C60 and N2@C60, respectively) became visible. C60 eluted
under these conditions at 108.0 min. The two peaks were very
close to C60, partially overlapping on the tail of their peaks, in
agreement with the endohedral character of the two species.
However, their presence was clearly indicated and, hence, it
should be possible to separate both N@C60 and N2@C60


completely if a large amount of the starting material is
employed. The MALDI-TOF-MS spectrum of the resulting
sample after the 11th separation is shown in Figure 2. In this
spectrum one clearly sees two peaks corresponding to N@C60


(including a small amount of C60O) and N2@C60 apart from
that of C60. The isotopic distributions obtained from this
spectrum of N@C60 and N2@C60 agree well with theoretical
ones considering the natural abundances of the elements.


EPR spectra of the sample before and after the separations
are shown in Figure 3. A clear increase was observed in the
signal of the triplet of 14N near 328 mT after the 11th
separation. Based on the EPR experiments we found that
the samples are stable at room temperature, in agreement
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Figure 2. Mass spectrum of the sample after 11th separation.


Figure 3. EPR spectra before separation (top) and after 11th separation
(bottom).


with the observations made by Waiblinger et al.[20] We note
that the doublet arising from 15N isotope also became visible
after the 11th separation. In both spectra shown in Figure 3,
the six widely separated lines belong to Mn2�, which was
added as standard in the same amount for the two measure-
ments. The fact that the EPR signal of 14N is observed for the
sample collected in the close vicinity of the C60 peak in HPLC
is the clear evidence of the endohedral nature of atomic
nitrogen in the form of N@C60. The EPR signal of 14N from
N@C60 is, apart from a scaling factor, the same as the one from
atomic nitrogen in the isolated state,[7] indicating that the very
reactive nitrogen atom becomes stable at the electronic
ground state as it is protected by the C60 cage. The enrichment
factor was 92.6 after 11 separations from the comparison of
the signal intensities in the two spectra in Figure 3. This is less
than one would expect after 22 passes through HPLC. This is
because a small loss is inherent at each separation step when
collecting a half of the HPLC peak. In spite of a higher
concentration of N@C60, no broadening of the EPR signal was
observed.


To further support the identification of the two HPLC
peaks appearing in the retention time between C60 and C60O,
we completely separated these two peaks on two Buckyprep
columns (4.6� 250 mm) using a toluene/hexane mixture
(25:75). At each separation we collected the first fraction
from 112.0 to 118.5 min and the second fraction from 118.5 to
125.0 min and performed EPR measurements. The EPR
spectrum of the first fraction is shown in the top half of
Figure 4 and that of the second fraction is shown in bottom


Figure 4. EPR spectra of the first HPLC fraction (top) and the second
HPLC fraction (bottom) of Figure 1. The six widely separated lines are due
to the standard.


half. We could see the triplet from 14N in Figure 4 (top), but
could not see any peak from the nitrogen atom in Figure 4
(bottom). These results indicate that the first peak in HPLC is
due to N@C60 (in which one nitrogen atom is intercalated the
cage of C60) and the second peak is due to N2@C60 (in which
two nitrogen atoms form a dinitrogen molecule), as could be
expected from the influence of mass of the endohedrals on the
HPLC separation. The absorption spectra for these samples
seems to be identical; because of the very low concentration
of the N@C60 and N2@C60 an accurate comparison of their
UV-visible spectra could not be made.


To study the HPLC separation of N@C60 and N2@C60, we
performed analytical HPLC on two Buckyprep columns
(4.6� 250 mm) using a toluene/hexane mixture as eluent,
and checked the separation factor for each run. The ratio of
hexane in the mixture ranged from 50 to 80%. The results are
summarised in Figure 5. Although the separation factors were
very small (N@C60: 1.06 ± 1.08, N2@C60: 1.10 ± 1.13), hexane
had a positive effect on the separation ability. We can
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Figure 5. Separation factors for N@C60 and N2@C60 from C60 as a function
of the ratio of hexane in the eluent (%).


conclude that the two species, assigned to N@C60 and N2@C60,
are both indeed endohedral complexes, because the separa-
tion factors of the two species to C60 were very small and
depended similarly on the mixture ratio, considering the
possibility that the endohedrally intercalated N atom and N2


molecule may have little affect the C60 cage. If they were
exohedrally bound to C60 cage, then chemically they should
behave very differently. On the other hand, the separation
factor of N2@C60 was a little higher than that of N@C60. Hence
one can suggest that the larger separation factor of N2@C60


than N@C60 resulted from the larger size of the intercalated
atom (or molecule) rather than the electronic reactivity. The
addition of hexane to the eluent in fact improves the
separation in terms of peak separation. However, this
improvement includes longer retention times and much less
solubility of the sample (2.8 mgmL�1 in toluene and
0.043 mgmL�1 in hexane).[21] These results suggest that while
the use of a hexane/toluene mixture is a good choice for the
analytical HPLC, the use of pure toluene is a better choice for
large-scale separation/purification purposes.


In conclusion, from three grams of starting material we
obtained about 70 micrograms of sample containing 0.7% of
N@C60 and 0.6% of N2@C60. The measurements of the mass
and EPR spectra in combination with HPLC data have
provided evidence for the existence of N2@C60 as well as of
N@C60 in the endohedral forms. It has also been shown that
the isolation of these two species in their pure forms is
possible.
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Hydrogen-Bonded Networks through Second-Sphere Coordination


Derek A. Beauchamp and Stephen J. Loeb*[a]


Abstract: The reaction of 4,7-phenan-
throline (1) with aqueous transition-
metal complexes [Mn(H2O)6][NO3]2,
[Co(H2O)6][NO3]2, [Ni(H2O)6][NO3]2,
[Mn(H2O)6][ClO4]2, and [Co(H2O)6]-
[ClO4]2 does not produce coordination
complexes between these metal cations
and the N-donor ligand as expected.
Instead, supramolecular hydrogen-
bonded networks are formed between
the nitrogen donor atoms of 4,7-phenan-
throline and the OH groups of coordi-
nated water molecules; M�O�H ¥¥¥ N
interactions. This motif of second-sphere
coordination for 1 can be exploited as a


tool for crystal engineering. As a dem-
onstration of the generality of this new
interaction as a supramolecular building
block, five X-ray crystal structures are
reported that utilise this hydrogen bond-
ing scheme; [Co(H2O)4(NO3)2] ¥ (1)2


(2a), [Co(MeCN)2(H2O)4][ClO4]2 ¥ (1)2


(2b), [Ni(H2O)4(NO3)2] ¥ (1)2 (3a),
[Mn(H2O)4(NO3)2] ¥ (1)2 (4a), and


[Mn(H2O)6][ClO4]2 ¥ (1)4 ¥ 4H2O (4b).
Each network involves complete satu-
ration of the hydrogen-bond donor sets
between the aqua complex and 1
using primarily M�O�H ¥¥¥N(1) and
M�O�H ¥¥¥ O(anion), interactions.
Thermogravimteric analysis shows these
materials to have stablilities similar to
coordination polymers involving met-
al ± ligand bonds; this demonstrates that
second-sphere hydrogen bonding has
potential for the construction of poly-
meric metal-containing materials.


Keywords: crystal engineering ¥
hydrogen bonds ¥ N ligands ¥
self-assembly ¥ supramolecular
chemistry


Introduction


The drive to produce new technologically relevant materials
and understand the intricate details of how molecules
assemble into such materials (crystal engineering) has result-
ed in extensive research into the nature of hydrogen-bonded
networks.[1] A synthetic strategy that has received little
attention is the systematic application of second-sphere
coordination[2] to build such hydrogen-bonded systems. This
should be of particular interest as a methodology for
incorporating and positioning metal sites and, therefore,
potential sources of magnetic and electronic phenomena.
Although a limited number of studies have been reported
which utilize hydrogen-bond donor ligands such as protonated
pyridines[3] or amidiniums[4] and anionic metal complexes as
hydrogen-bond acceptors the reverse is relatively unexplored
in any systematic fashion. In a proof-of-principle investiga-
tion, we report herein the utility of 4,7-phenanthroline (1) as
an exceptional hydrogen-bond acceptor ligand for assembling
three-dimensional hydrogen-bonded networks involving ex-
clusively second-sphere coordination to simple first-row transi-
tion metal aqua ions; MnII, CoII, and NiII (see Figure 1).[5]


There are very few, structurally characterized coordination
complexes of 1 in the literature and each of these contains 1
bridging two metal centers by direct, first-sphere coordination
to the metal ions.[6] The rigid 60� angle provided by 1 results in
two basic structural types; an equilateral triangular molecular
complex[6a,b] or an alternating wave-patterned one-dimen-
sional polymer (see Figure 2).[6c,d] There is no literature


Figure 1. A schematic depiction of the first (blue) and second spheres
(yellow) of coordination for an octahedral ML6 species.


precedence for the second-sphere coordination of 4,7-phe-
nanthroline. To put things in perspective, there are over 400
X-ray structures in the CCDC database containing the
ubiquitous rigid-rod, ligand 4,4�-bipyridine but none involves
an exclusively hydrogen-bonded network with a d-block
element.[7]
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Figure 2. Due to its rigidity and 60� angle 1 can form only two types of
metal ± ligand structures; a cyclic trimer (top) or a one-dimensional ™wave∫
polymer (bottom). These need not be planar as shown.


Results and Discussion


Mixing one equivalent of an aqua complex [M(H2O)6][X]2
(M�MnII, CoII, NiII and X�NO3, ClO4) with two equivalents
of 4,7-phenanthroline (1) in MeCN at room temperature
resulted in the formation of X-ray quality crystals for five of
the six possibilities: M/X� 2a (Co/NO3); 2b (Co/ClO4); 3a
(Ni/NO3); 4a (Mn/NO3); 4b (Mn/ClO4) (see Tables 1 and 2).
None of the compounds contains a 4,7-phenanthroline ligand
coordinated directly (M�L) to the metal center. In each case,


the N-donor ligand acts as a hydrogen-bond acceptor to metal-
bound water ligands yielding a three-dimensional hydrogen-
bonded network created by second-sphere coordination.


The nitrate networks 2a (Co/NO3), 3a (Ni/NO3), and 4a
(Mn/NO3) form an isomorphous series with simplest formula
[M(H2O)4(NO3)2] ¥ (1)2. Figure 3 (top) shows the two-dimen-
sional array formed by hydrogen bonding between the first-
sphere water ligands and the second-sphere 4,7-phenanthro-
line ligands. Figure 3 (bottom) shows how these two-dimen-
sional networks are further linked through hydrogen bonding
into a three-dimensional assembly. Formally, these materials
could be considered as co-crystals consisting of two neutral
components, [M(H2O)4(NO3)2] and 1, in a 1:2 ratio. These
molecular units are held together by six hydrogen bonds per
formula unit, four O�H ¥¥¥ N bonds between coordinated
water molecules and 1 and two O�H ¥¥¥ O bonds between
coordinated water molecules and coordinated nitrate ions.
The remaining two O�H groups from coordinated waters are
involved in intramolecular chelate-like hydrogen bonds to
adjacent nitrate ions. Thus all eight of the hydrogen atoms of
the four metal-bound water molecules, all four N atoms from
the two molecules of 1, and all available O atoms of bound
nitrate ions are involved in hydrogen bonding. The hydrogen
bonding system is totally complimentary and completely
saturated.


Figure 4 (top) shows the two-dimensional hydrogen-bond-
ing network formed by the first- and second-sphere coordi-
nation spheres of 2b (Co/ClO4), which has simplest formula
[Co(MeCN)2(H2O)4][ClO4]2 ¥ (1)2. Figure 4 (bottom) shows
how these arrays are linked together through bridging of
metal centers and anions. The difference between 2b (Co/
ClO4) and 2a (Co/NO3) is that two molecules of MeCN now
occupy trans positions on the metal ion and the non-
coordinating perchlorate anions are part of the second sphere


Table 1. Crystal data and details of structure solution and refinement for
compounds 2a, 3a and 4a.[a]


2a 3a 4a


formula C24H24CoN6O10 C24H24NiN6O10 C24H24MnN6O10


Mr 615.42 615.20 611.43
crystal system monoclinic monoclinic monoclinic
space group P21/n P21/n P21/n
a [ä] 7.115(2) 7.1057(14) 7.180(2)
b [ä] 14.316(4) 14.245(3) 14.420(5)
c [ä] 12.587(4) 12.599(3) 12.609(4)
� [�] 96.696(6) 96.878(3) 96.184(3)
V [ä3] 1273.3(7) 1266.1(4) 1297.9(7)
Z 2 2 2
�calcd [gcm�1] 1.605 1.614 1.564
�(MoK�) [mm�1] 0.745 0.838 0.578
min/max transmission 0.0130/0.0584 0.1132/0.1451 0.0827/0.1451
unique data 5494 5434 5592
R(int) 0.0618 0.0166 0.0394
R1 [I� 2�(I)] 0.0556 0.0311 0.0498
wR2 [I� 2�(I)] 0.1435 0.0331 0.0575
R1 (all data) 0.0680 0.0828 0.1269
wR2 (all data) 0.1518 0.0844 0.1326
data/variables 1817/203 1805/203 1857/203
goodness-of-fit 1.061 1.049 1.008


[a] T� 298(2) K for all data collections.


Table 2. Crystal data and details of structure solution and refinement for
compounds 2b and 4b.[a]


2b 4b


formula C28H30Cl2CoN6O12 C48H52Cl2MnN8O18


Mr 772.41 1154.82
crystal system monoclinic triclinic
space group P21/c P1≈


a [ä] 8.2998(3) 13.579(5)
b [ä] 13.9644(5) 14.218(5)
c [ä] 15.0389(5) 15.899(6)
� [�] 94.582(7)
� [�] 96.181(1) 114.058(7)
� [�] 106.126(7)
V [ä3] 1732.9(1) 2626.6(16)
Z 2 2
�calcd [gcm�1] 1.480 1.460
�(MoK�) [mm�1] 0.717 0.434
min/max transmission 0.0870/0.1525 0.0941/0.1450
unique data 8362 11504
R(int) 0.0311 0.0385
R1 [I� 2�(I)] 0.0643 0.0861
wR2 [I� 2�(I)] 0.0680 0.1006
R1 (all data) 0.2003 0.2141
wR2 (all data) 0.2148 0.2213
data/variables 3029/240 7391/754
goodness-of-fit 1.022 1.008


[a] T� 298(2) K for all data collections.
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Figure 3. Ball-and-stick representations of the hydrogen-bonding network
in 2a. Top: a two-dimensional network built through second-sphere
hydrogen bonding between the first-sphere water ligands and the second-
sphere ligands 1 (Co ¥¥ ¥ Co 9.9, 13.7 ä). Bottom: the metal centers of these
two-dimensional sheets are hydrogen bonded to produce a three-dimen-
sional network (Co ¥¥¥ Co 7.1 ä); (color key for all figures: yellow�metal,
red� first-sphere ligands, purple� lattice water, green� anions, blue� 4,7-
phenanthroline, 1).


of coordination. In 2b, the metal cations, perchlorate anions,
and 1 are held together in a three-dimensional network by
eight hydrogen bonds per formula unit, four O�H ¥¥¥ N bonds
between coordinated water molecules and 1 and four O�H¥¥¥O
bonds between coordinated waters molecules and non-
coordinated perchlorate ions. The coordinated MeCN mole-
cules do not participate in any secondary interactions. As in
2a, 3a, and 4a (M/NO3) all the hydrogen atoms of the bound
water molecules and all the nitrogen atoms from 1 are
involved in the hydrogen-bonded network.


Figure 5 (top) shows how the first- and second spheres of
coordination for 4b (Mn/ClO4), which has simplest formula
[Mn(H2O)6][(ClO4)]2 ¥ (1)4 ¥ 4H2O, are employed to create a
two-dimensional hydrogen bonding array. Figure 5 (bottom)
shows how further hydrogen bonding between metal centers
and solvent water molecules creates a three-dimensional
network comprised of [Mn(H2O)6]2� cations, four molecules
of solvent water, two non-coordinating perchlorate anions,
and four molecules of 1. This material is knitted together by
twelve primary hydrogen bonds per formula unit (not count-
ing those involving solvent water), eight O�H ¥¥¥ N bonds
between coordinated water molecules and 1 and four O�H¥¥¥O


Figure 4. Ball-and-stick representations of the hydrogen-bonding network
in 2b. Top: a two-dimensional network built with second-sphere hydrogen
bonding between the first-sphere water ligands and the second-sphere
ligands 1 (Co ¥¥¥ Co 10.3, 12.7 ä). Bottom: the metal centers of these two-
dimensional sheets are hydrogen bonded to produce a three-dimensional
network (Co ¥¥¥ Co 8.3 ä); for color scheme see Figure 1.


Figure 5. Ball-and-stick representations of the hydrogen-bonding network
in 4b. Top: a two-dimensional network built through second-sphere
hydrogen bonding between the first-sphere water ligands and the second-
sphere ligands 1 (Mn ¥¥¥ Mn 13.3, 15.9 ä). Bottom: the metal centers of
these two-dimensional sheets are hydrogen bonded to produce a three-
dimensioanl network (Mn ¥¥¥ Mn 8.3 ä); for color scheme see Figure 1.
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bonds between coordinated water molecules and non-coordi-
nated perchlorate ions. Four of the coordinated waters in a
square plane are hydrogen bonded to four independent
molecules of 1, which in turn bridge to further [Mn(H2O)6]2�


ions. The two coordinated water molecules in positions axial
to this square plane are hydrogen bonded to the non-
coordinated ClO4


� anions.
All five of the solid-state structures presented herein are


held together by a network of second-sphere hydrogen bonds
(see Table 3). Although for each metal the first-sphere of
coordination is occupied by a slightly different set of ligands,
the number of 4,7-phenanthroline ligands involved in forma-
tion of the second-sphere coordination network is consistent.
In each case, the number of hydrogen-bond donors is matched
by an equivalent number of hydrogen-bond acceptors, result-
ing in saturation of the total hydrogen-bonding complement.


Although these materials contain different arrangements of
metal ions, anions, and ligands, the phenomenon of forming
purely second-sphere hydrogen-bonded networks results in
tightly packed systems with good stability. Thermal gravimet-
ric analyses (TGA) showed coordinated water molecules
were lost at typical temperatures (125 ± 140 �C). This is
comparable to most coordination compounds; there is no
added stability to coordinated ligands as a result of the
second-sphere interactions.[8] Lattice water molecules from 4b
are the most easily lost entities (70 ± 100 �C), while coordi-
nated MeCN molecules in 2b and the molecules of 1 in all
compounds were not lost until elevated temperatures (180 ±
200 and 240 ± 270 �C, respectively). Therefore, although these


materials are constructed primarily with formally ™weak∫
second-sphere hydrogen bonds, there is nothing inherently
unstable about these materials.


Conclusion


This work is relatively preliminary; however, it clearly
demonstrates that the concept of second-sphere coordination
can be employed successfully as a synthetic strategy for
building hydrogen-bonded materials. Each network involves
complete saturation of the hydrogen-bond donor sets between
the aqua complex and 4,7-phenanthroline by using primarily
M�O�H ¥¥¥ N(1) and M�O�H ¥¥¥ O(anion) interactions. These
materials have stablilities similar to coordination polymers
that involve metal ± ligand bonds; this demonstrates that
second-sphere hydrogen bonding has potential for the con-
struction of polymeric materials that contain dispersed metal
centers and, therefore, potential materials with tailored
metal-based properties.


Experimental Section


General methods : All transition metal starting materials, 4,7-phenanthro-
line and all solvents were purchased from Aldrich Chemicals and used as
received. Thermogravimetric analysis were performed on a Netzsch
STA449C Instrument under N2(g) atmosphere at a scan rate of 5 �C min�1.


Materials syntheses : In a typical preparation, two eqivalents of 1 (10.0 mg,
5.55� 10�2 mmol) and one equivalent of [Co(H2O)6][NO3]2 (5.3 mg, 2.78�
10�2 mmol) were added to a 10 mL vial and dissolved in MeCN (2 mL). The
vial was fitted with a plastic cap into which a glass capillary (�5 cm in
length) had been inserted through a small hole. The resulting clear solution
was allowed to stand at room temperature while the solvent slowly
evaporated. Crystalline material formed within a few days and was isolated
by decantation. Yields depended upon the stage at which the crystallization
process was interupted; usually when sufficiently sized X-ray quality
crystals could be isolated. For one case in which crystal growth was allowed
to continue until only the last traces of solvent remained (Co/NO3), the
yield was essentially quantitative.


The Ni/ClO4 combination produced microcrystalline solid, but not of
sufficient quality or size for X-ray diffraction studies. A preliminary X-ray
study has shown that if the Ni/NO3 system is heated to reflux in MeCN, 4,7-
phenanthroline will form a Ni�N bond to one end of the ligand, while the
other participates in hydrogen bonding. This result will be reported
elswhere


Crystallographic studies : Data crystals were mounted on a glass fiber.
Reflection data were integrated from frame data obtained from hemi-
sphere scans on a Siemens SMART or Bruker APEX diffractometer with
CCD detector. Decay (�1%) was monitored by 50 standard data frames
measured at the beginning and end of data collection. Diffraction data and
unit-cell parameters were consistent with assigned space groups. Lorent-
zian polarization corrections and empirical absorption corrections, based
on redundant data at varying effective azimuthal angles, were applied to
the data sets. The structures were solved by direct methods, completed by
subsequent Fourier syntheses and refined with full-matrix least-squares
methods against �F 2 � data. All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms not involved in hydrogen bonding
were treated as idealized contributions. All hydrogen atoms involved in
hydrogen bonding were refined isotropically. Scattering factors and
anomalous dispersion coefficients are contained in the SHELXTL 5.03
program library (Sheldrick, G. M., Madison, WI). CCDC-186387 (2a),
CCDC-186388 (3a), CCDC-186389 (4a), CCDC-186390 (2b), and CCDC-
186391 (4b) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12


Table 3. Hydrogen-bond lengths for 2a, 2b, 3a, 4a,[a] and 4b[b].


Interactions Hydrogen-bond lengths [ä]
2a 2b 3a 4a 4b


O(M�H2O) ¥¥¥ N(4,7�phen)
O(1)�N(1) 2.74 2.73 2.75 2.75 2.74
O(2)��N(2)[c] 2.74 2.71 2.74 2.73 2.78
O(3)�N(5) 2.72
O(4)�N(7) 2.81
O(M�H2O) ¥¥¥ O(anion)
O(1)�O(4)�[d] 3.16 3.12 3.12 3.19 2.92
O(2)�O(5)[e] 2.71 2.79 2.70 2.74 2.87
O(6)�O(11) 2.97
N(4,7�phen) ¥¥ ¥ O(solvent�H2O)
N(2)��O(4W) 2.81
N(4)��O(2W) 2.78
N(6)��O(1W) 2.84
N(8)��O(1W) 2.86
O(M�H2O) ¥¥¥ O(solvent�H2O)
O(1)�O(3W)� 2.77
O(2)�O(1W)� 2.77
O(4)�O(2W) 2.76
O(5)�O(4W) 2.70
O(6)�O(1W) 2.76
O(solvent�H2O) ¥¥¥ O(solvent�H2O)
O(2W)�O(3W) 2.94
O(3W)�O(4W) 2.84


[a] For 2a, 3a, 4a, 2b, O(1) and O(2) are bound water molecules and O(4)
and O(5) are nitrate or perchlorate O-atoms. [b] For 4a, O(1) ± O(6) are
bound water molecules O(7) ± O(14) are perchlorate O atoms and
O(1W) ±O(4W) are solvent molecules. Consecutive pairs of N atoms
belong to the same 4,7-phen ligand; N(1) and N(2), N(3) and N(4) etc.
[c] O(2) ¥¥ ¥ N(3) in 4a. [d] O(3) ¥¥ ¥ O(11)� in 4a. [e] O(5) ¥ ¥ ¥ O(7) in 4a.
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Abstract: 1-Azaspiro[2.4]hepta-1,4,6-
trienes 3a ± c have been prepared by
photolysis or thermolysis of 6-azidoful-
venes 5a ± c, which were accessible by
nucleophilic substitution reactions of the
precursors 4a,b or by nucleophilic addi-
tion of hydrazoic acid to ethenylidene-
cyclopentadiene (6c). The UV photo-
electron spectrum of 2-methyl-1-aza-
spiro[2.4]hepta-1,4,6-triene (3c) has
been recorded and analyzed by making


use of density functional theory (DFT)
B3LYP calculations. Substantial homo-
conjugative interactions have been de-
termined. The lone-pair orbital n(N) of
the 2H-azirine nitrogen atom interacts


with the �1 orbital of the cyclopenta-
diene ring. The energies of these orbitals
are lowered or increased by 0.95 or
0.91 eV with respect to the two parent
compounds cyclopentadiene (7) and
3-methyl-2H-azirine (9), respectively.
In addition, in compound 3c the
�(C�N) orbital of the three-membered
ring interacts with a � orbital of the
cyclopentadiene unit and is destabilized
by 0.47 eV by this effect.


Keywords: azirines ¥ density
functional calculations ¥ electronic
structure ¥ hyperconjugation ¥
photoelectron spectroscopy


Introduction


Spiro compounds which comprise of two orthogonal �


electron systems (™spiro polyenes∫) exhibit a special form of
homoconjugation, called spiroconjugation.[1, 2] This effect can
be investigated by UV photoelectron (PE) spectroscopy as
was shown for the first time by Schweig et al.[3±6] A showpiece
for demonstrating the importance of spiroconjugation for
spectroscopic properties is spiro[4.4]nonatetraene (1), for
which UV and PE spectroscopic investigations have revealed
the same splitting (1.23 eV) for the first two ionic states and
the first two excited states resulting from homoconjugative
spirointeraction between the two semilocalized � MOs 1a2 of
the two cyclopentadiene rings.[7]


Spiro interaction between the two halves of a spiro
compound is sizeable in symmetric compounds (D2d symme-
try). For other compounds, spiroconjugation is small and can
be obscured by other effects. This has been shown for
spiro[2.4]hepta-1,4,6-trienes 2 by the groups of Gleiter[8] and
Billups.[9] Since 1-azaspiro[2.4]hepta-1,4,6-triene (3a) is �-
isoelectronic with 2, one might expect that also in this
compound spiroconjugation can be neglected. However, in
addition to the �(C�N) orbital of the three-membered ring,
there is a high-lying n(N) orbital of the azirine nitrogen atom
that might interact with the � electron system of the cyclo-
pentadiene ring, although it is geometrically orthogonal to the
�(C�N) orbital. In order to evaluate this effect, we have
investigated derivatives of 3a by PE spectroscopy and
quantum-chemical calculations.


Results and Discussion


Treatment of compound 4b (X�Cl)[10] with lithium azide in
DMSO leads to 6-azidofulvene 5b in 76% yield (Scheme 1).
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Scheme 1.


The parent compound 5a has already been prepared by
Hafner and co-workers[11] in an analogous way starting with
4a (X�OTs). The azide 5c is accessible by the reaction of the
hydrocarbon 6c[12] with lithium azide in methanol at low
temperature. Even in solution at room temperature, 5c tends
towards cleavage of nitrogen, and photolysis at �50 �C or
thermolysis completes these nearly quantitative transforma-
tions 5c� 3c. Since 2H-azirines that are unsubstituted in
position 3 are notoriously reactive and unstable,[13] 3a,b
cannot be generated in acceptable yields by thermolysis in
solution. However, irradiation of solutions of 5a,b at low
temperature (�40 to �60 �C) affords the spiro compounds
3a,b in high yields (80 ± 100%). The structures of the title
compounds 3a ± c were verified by their usual spectroscopic
data (Figure 1), and, in the case of 3a,b, the coupling constants
1J(13C,1H) for the 13C NMR signals of HC�N (245 ± 250 Hz)
give a further argument that supports the azirine structure.


Figure 1. 1H NMR spectrum (300 MHz) of compound 3a in CDCl3.


The PE spectrum of 3c, the most stable spiro compound of
type 3, is depicted in Figure 2. The measured vertical
ionization energies are summarized in Table 1 together with
the relevant results of quantum-chemical calculations. The
spectrum is characterized by four well-separated ionization
bands of comparable intensity below 12 eV. In the remaining
part of the spectrum (�12 eV), superposition of several
ionizations contributes to the bands. Since the compound was
measured starting with a solution in dichloromethane, the IPs
at 11.67 and 12.2 eV may be disturbed by signals from the
solvent, which exhibits strong peaks at 11.40 and 12.22 eV.[14]


Figure 2. Photoelectron spectrum of compound 3c.


Assignment of the IPs can be achieved by using the
Koopmans theorem,[15] IPi���i , by which vertical ionization
energies andMO energies are related. Although Kohn ± Sham
orbitals obtained by DFT methods[15] are not molecular
orbitals and their physical meaning is still debated, it has been
shown that they can be used with high confidence for the
interpretation of PE spectra.[17, 18] Much better agreement
between experimental and theoretical values can be expected
for the first vertical IP (IP1v) when the energies of the
molecule and the radical cation are calculated by the B3LYP
method. For IP1v, a single-point calculation is performed for
the radical cation (M .�) by using the molecule×s (M)
geometry. The corresponding energy values are included in
Table 1. We can now correct the other �B3LYP values by the
difference �� 2.09 eV between ��(HOMO) and the calcu-
lated IP1v in order to obtain higher IPv values.[18] Whereas
typical energy differences between IPi and ��B3LYP


i values are
about 2 eV, experimental and calculated IPi values differ only
by 0.1 ± 0.3 eV for the first three IPs. Furthermore, both
��B3LYP


i and calculated IPi(calcd) values are linearly corre-
lated with the experimental IPi(exp) values with correlation
coefficients very close to 1.00. The correlation equation
obtained for IPi values is IPi(calcd)� 1.0681 IPi(exp)� 0.8460
[eV] with R� 0.999. Also the orbital energies �i obtained by
the semiempirical methods AM1 and PM3 (Table 1) correlate
well with the experimental IPi values (R� 0.991 for both
methods).


Compound 3c belongs to the symmetry point group Cs. The
only symmetry element is a symmetry plane lying in the three-


Table 1. Ionization potentials IP [eV], orbital energies � [eV] and total
energies E [a.u.] of molecule M and radical cation M .� for 2-methyl-1-
azaspiro[2.4]hepta-1,4,6-triene (3c).


IP � �PM3 � �AM1 � �B3LYP IPB3LYP[a] MO


8.51 9.39 9.18 6.08 8.17 7a�� �2(diene)
9.31 10.25 10.15 7.08 9.17 13a� n(N), �1(diene)


10.61 11.07 10.95 8.31 10.40 6a�� �(C�N)
11.67 12.27 12.53 9.52 11.61 12a� �1(diene), n(N)
12.2 13.11 12.81 10.12 12.21 11a� �


13.64 13.66 10.34 10a� �


13.74 13.51 10.99 5a�� �


[a] Calculation of first vertical IP : energy difference of molecule M
(�325.635187 a.u.) and radical cation M .� (�325.334788 a.u.) with iden-
tical geometry. Higher IPs: IPi���i � 2.09 eV (see text).
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membered ring and bisecting the cyclopentadiene ring.
Accordingly, the molecular orbitals factorize as symmetric
(a�) or antisymmetric (a��) to this plane. In the numbering of
the corresponding MOs (Table 1) the core orbitals (1s) of C
and N atoms have been omitted.


In order to evaluate orbital interactions in 3c, a correlation
diagram of its IP values with those of related compounds is
most useful. Such a diagram is displayed in Figure 3. The IPs
related to the occupied � MOs (�1 and �2) of cyclopentadiene


Figure 3. Correlation diagram for IP values of compounds 3c and 7 ± 9.
Symmetry properties (a�, a��) relate to the mirror plane of compound 3c.


(7) are reported as 8.566 and 10.724 eV.[19] The PE spectrum of
the highly unstable 2H-azirine (8) has been measured by Bock
and Dammel,[20] and IP values of 10.58 and 11.56 eV were
determined for the n(N) and �(C�N) ionizations, respectively.
Experimental IP values for 3-methyl-2H-azirine (9) are not
known, but the corresponding values can be estimated from
those of the parent compound 8 with the aid of quantum-
chemical calculations. By the B3LYP/6-31�G**/method it is
found that the n(N) and �(C�N) orbitals of 8 are destabilized
by 0.36 and 0.48 eV, respectively. With these values the IPs of
9 are estimated as 10.58� 0.36� 10.22 eV (n(N)) and 11.56�


0.48� 11.08 eV (�(C�N)). In
the same way, the first two
IPs of 2,2,3-trimethyl-2H-azir-
ine (10) are estimated as
9.66 eV (n(N)) and 10.86 eV
(�(C�N)).


The most significant information to be obtained from
Figure 3 is that the orbital �2 (1a2) of cyclopentadiene (7) is
only very slightly destabilized in the spiro compound 3c (7a��,
�IP� 0.06 eV); this indicates that it does not interact with
orbitals of the 2H-arizine ring. (Alternatively, such interac-
tions exactly compensate for each other.) On the other hand,
�1 (2b1) of 7 is stabilized considerably in 3c (12a�, �IP�
0.95 eV) by interaction with n(N) of the 2H-arizine ring,
which is simultaneously destabilized relative to that of 9
(�IP� 0.91 eV). We can thus assign an energy value of 0.91 ±
0.95 eV to azaspiroconjugation in compound 3c. If only the
two orbitals n(N) and �1 interact with each other, one would


expect that the antisymmetric combination is raised in energy
more than the symmetric combination is lowered. Since
actually the opposite is observed, it has to be concluded that
interactions with other orbitals also contribute. In particular,
interaction of n(N) with the lowest unoccupied molecular
orbital �3 (3b1) has to be considered.


A substantial destabilization (�IP� 0.47 eV) is also found
for the �(C�N) (6a��) orbital of 3c. The last observation has to
be explained by interaction of �(C�N) with �(C3-C4-C7) of the
same symmetry. According to quantum-chemical calculations,
the corresponding orbitals are 5a�� in 3c and 4b2 in 7, which
show an energy difference of 0.8 (PM3) or 1.1 eV (B3LYP/6-
31�G**). In the hydrocarbon analogue 2b, the correspond-
ing interaction is much smaller due to the fact that �(C�C) of
the cyclopropene ring has a higher energy (�8.63 eV[8]).


A qualitative explanation of the observed orbital interac-
tions[21] is possible with first-order perturbation theory, as
indicated in Figure 4. Spiroconjugation is shown for three
cases, including the two mentioned in the preceding sections.
Only symmetric (stabilizing) interactions are shown, by which
the lower of the interacting orbitals is lowered in energy. The
corresponding antisymmetric (destabilizing) interactions, by
which the energy of the higher orbital is increased, are
obtained by inverting the phases of the orbitals in one of the
two rings.


Figure 4. Three examples of spiroconjugation in compound 3c. Atom
numbering and relative phases of orbitals are indicated for atoms 1, 2, 4,
and 7 in Newman projections. Only stabilizing interactions are shown.


As is evident from comparison of Figures 3 and 4, the first
type of homoconjugation, termed azaspiroconjugation, is the
most important case. It can be quantitatively determined by
PE spectroscopy provided that the energies of the undis-
turbed partial orbital systems (7 and 9) have been estimated
correctly. The second case illustrates the destabilizing inter-
action of �(C�N) with �(C3-C4-C7), and the third case shows
stabilization of �2 of 3c, which is only of minor importance.


Conclusion


The results of this work can be summarized as follows.
Spiroconjugation is an important feature in the electronic
structure of 1-azaspiro[2.4]hepta-1,4,6-trienes 3. By this effect,
the nitrogen lone-pair orbital n(N) and the �1 orbital of the
diene system are substantially increased and lowered, respec-
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tively. These findings are in contrast to those for the
isoelectronic hydrocarbons 2, for which spiroconjugation is
negligible.


Experimental Section


General: 1H NMR and 13C NMR spectra were recorded on a Varian
Gemini2000 spectrometer operating at 300 and 75 MHz, respectively.
NMR signals were referenced to TMS (�� 0) or solvent signals recalcu-
lated relative to TMS. The multiplicities of 13C NMR signals were
determined with the aid of gated spectra and/or DEPT135 experiments.
IR and UV spectra were measured on Bruker IFS28 and Zeiss MCS400,
respectively. Hewlett ± Packard hp5890II and hp Engine 5989A with
helium as the carrier gas and HP5 capillary column (5% phenylmethyl-
silicone gum) were used for GC-MS (EI). HR-MS (ESI) spectra were
recorded on a Mariner5229 from Applied Biosystems. Flash column
chromatography was performed with 32 ± 63 �m silica gel. Irradiation was
conducted at �40 to �60 �C by using a high-pressure mercury lamp
(TQ150, Quarzlampengesellschaft Hanau) supplied with glass or quartz
equipment and an ethanol cryostat. Most of these photolyses were
monitored by NMR spectroscopy. Elemental analyses of potentially
explosive azides and highly unstable azirines were not performed.


The PE spectrum was recorded on a UPG200 spectrometer from
Leybold ±Heraeus equipped with a He(I) radiation source (21.21 eV).
The sample of the unstable compound 3c was obtained as a solution in
dichloromethane. The solvent was removed under reduced pressure prior
to measurement, and the residue was evaporated directly into the target
chamber at ambient temperature. The spectrum was recorded repeatedly,
and in the beginning there were strong signals from the solvent in the
spectrum, which diminished slowly. The energy scale was calibrated with
the xenon lines at 12.130 and 13.436 and argon lines at 15.759 and 15.937 eV.
The accuracy of the measurements was approximately �0.03 eV for
ionization energies, for broad and overlapping signals it was only �0.1 eV.


Semiempirical AM1[22] and PM3[23] calculations were performed with the
MOPAC93[24] program package, and ab initio B3LYP[25, 26] calculations
were performed with the program GAUSSIAN 98.[27] For the latter
methods, the basis set 6 ± 31�G** was used, if not stated otherwise.
Geometries were fully optimized at the respective levels of theory. Prior to
quantum-chemical calculations, molecular geometries were preoptimized
by molecular-mechanics calculations with the MMX[28] force field by using
the program PCMODEL.[29]


1-Azaspiro[2.4]hepta-1,4,6-triene (3a): Solutions of 5a[11] in CDCl3,
CD2Cl2, or [D6]acetone at �60 �C or in CCl4 or CD3CN at �40 �C were
irradiated until the evolution of nitrogen stopped. When these photolyses
were performed with strict exclusion of air by dry argon, the reaction
mixture changed from yellow ± orange to light yellow, and the yields of 3a
measured by 1H NMR spectroscopy with the aid of an internal standard
reached 100%. Otherwise, degradation of 3a was observed, with the
reaction mixture turning red-brown. 1H NMR (300 MHz, CDCl3, 25 �C,
TMS): �� 5.96 (m, 2H; H-4/H-7), 6.64 (m, 2H; H-5/H-6), 10.70 (s, 1H;
H-2), assignments based on 1H NMR data of 3b ; 13C NMR (75 MHz,
CDCl3, �20 �C, TMS): �� 47.15 (s, C-3), 134.6 (d, 1J� 168 Hz), 136.0 (d,
1J� 174 Hz), 171.1 (d, 1J� 250 Hz, C-2); IR (CCl4): �� � 1676 cm�1 (C�N);
UV/Vis (CD3CN): �max� 229, 264 nm; GC-MS (70 eV) m/z (%): 91 (100)
[M�], 64 (88), 63 (25), 39 (31), 38 (28).


4,6-Di-tert-butyl-1-azaspiro[2.4]hepta-1,4,6-triene (3b): A solution of 5b in
CDCl3 was irradiated at �50 �C as described for the analogous reaction of
5a. Yield (1H NMR): 80%; 1H NMR (300 MHz, CDCl3, 25 �C, TMS): ��
1.03 (s, 9H; tBu at C-4), 1.14 (s, 9H; tBu at C-6), 5.23 (d, 4J� 2.2 Hz, 1H;
H-7), 6.32 (d, 4J� 2.2 Hz, 1H; H-5), 10.52 (s, 1H; H-2), assignments based
on NOE difference spectra; 13C NMR (75 MHz, CDCl3, 25 �C, TMS): ��
29.22 (q), 30.22 (q), 32.37 (s), 32.51 (s), 46.41 (s, C-3), 124.57 (d, 1J�
167 Hz), 127.80 (d, 1J� 171 Hz), 156.84 (s), 157.13 (s), 170.73 (d, 1J�
245 Hz, C-2); IR (CDCl3): �� � 1670 cm�1 (C�N); GC-MS (70 eV) m/z
(%): 203 (11) [M�], 147 (16), 146 (10), 132 (77), 57 (100), 41 (48), 39 (18);
HR-MS (ESI): m/z (%): 204.1755 (100) [M��H] (calcd for C14H22N:
204.1747), 407.3389 (25) [2M��H] (calcd for C28H43N2: 407.3421).


2-Methyl-1-azaspiro[2.4]hepta-1,4,6-triene (3c): Solutions of 5c in CDCl3
or CH2Cl2 (ca. 0.07 molar) were stored at room temperature for 40 h,
heated at 40 �C for 3 h, or heated at 60 �C for 30 min to give a quantitative
yield (1H NMR) of 3c. When CH2Cl2 was used, most of the solvent could be
removed by distillation; however, there was a great loss of the product due
to its volatility. All attempts to isolate 3c by gas or liquid chromatography
were unsuccessful. As described for the irradiation of 5b, the quantitative
transformation 5c� 3c was also possible by photolysis. 1H NMR
(300 MHz, CDCl3, 25 �C, TMS): �� 2.66 (s, 3H; Me), 5.98 (m, 2H; H-4/
H-7), 6.62 (m, 2H; H-5/H-6), assignments based on 1H NMR data of 3b ;
13C NMR (75 MHz, CDCl3, 25 �C, TMS): �� 15.21 (q, Me), 51.79 (s, C-3),
133.71 (d), 135.74 (d), 175.30 (s, C-2); IR (CDCl3): �� � 1630 cm�1 (C�N);
GC-MS (70 eV) m/z (%): 105 (66) [M�], 63 (100), 38 (60); HR-MS (ESI):
m/z : 211.1220 [2M��H] (calcd for C14H15N2: 211.1230].


(E)-5-Azidomethylene-1,3-di-tert-butylcyclopenta-1,3-diene (5b): A solu-
tion of LiN3 (0.13 g, 2.7 mmol) in DMSO (5 mL) was added to a solution of
4b[10] (X�Cl, 0.50 g, 2.2 mmol) in DMSO (40 mL), and the resulting
mixture was stirred at room temperature for 20 h. Thereafter, the reaction
mixture was diluted with water (ca. 50 mL) and extracted with Et2O (3�
100 mL). The combined organic layers were washed with water (4�
100 mL) and dried with MgSO4. After removal of the solvent in vacuo,
the residue was purified by flash chromatography (SiO2, hexane) to give 5b
(0.39 g, 76%) as an orange oil. 1H NMR (300 MHz, CDCl3, 25 �C, TMS):
�� 1.14 (s, 9H; tBu), 1.27 (s, 9H; tBu), 5.97 (d, 4J� 2.2 Hz, 1H; H-2 or
H-4), 6.12 (d, 4J� 2.2 Hz, 1H; H-2 or H-4), 7.08 (s, 1H; C�CHN3);
13C NMR (75 MHz, CDCl3, 25 �C, TMS): �� 29.31 (q), 32.26 (s), 32.32 (q),
32.96 (s), 109.07 (d), 126.77 (d), 129.72 (d), 134.22 (s), 146.66 (s), 155.79 (s);
IR (CDCl3): �� � 2107 cm�1 (N3).


5-(1-Azidoethylidene)cyclopenta-1,3-diene (5c): A solution of 6c[12]


(1.22 g, 13.5 mmol) in CH2Cl2 (20 mL) was added to a solution of LiN3


(2.00 g, 40.8 mmol) in MeOH (100 mL), and the resulting mixture was
stirred at �70 �C. The temperature of the reaction mixture was allowed to
rise to �10 �C within 2 h. The subsequent workup had to be performed
rapidly and at a temperature as low as possible since 5c tended to cleave off
nitrogen to produce 3c, even at room temperature. The reaction mixture
was poured into ice/water and extracted with Et2O (3� 150 mL). The
combined organic layers were washed twice with cold water and dried with
MgSO4 at 0 �C. After removal of the solvent in vacuo, analysis of the crude
product by 1H NMR spectroscopy including an internal standard indicated
that 5c was formed with a yield of 81% along with 5-(1-methoxyethyli-
dene)cyclopenta-1,3-diene[12] (6%) and small amounts of benzaldehyde
resulting from the synthesis[12] of 6c. The product could be purified by flash
chromatography (SiO2, CH2Cl2/hexane 1:3) to give 5c as a yellow solid.
M.p.� 30 �C; 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 2.40 (s, 3H;
Me), 6.39 (m, 2H), 6.46 (m, 1H), 6.52 (m, 1H); 13C NMR (75 MHz, CDCl3,
25 �C, TMS): �� 16.72 (q, Me), 118.25 (d), 120.75 (d), 130.27 (d), 131.45 (d),
133.39 (s), 142.69 (s); IR (CDCl3): �� � 2101 cm�1 (N3).
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An Efficient Synthesis of Liquid Crystalline Gigantocycles Combining
Banana-Shaped and Rod-Like Mesogenic Units


Adelheid Godt,*[a] Stefan Duda,[a] ÷mer ‹nsal,[a] J¸rgen Thiel,[a] Alice H‰rter,[a]
Mark Roos,[a] Carsten Tschierske,[b] and Siegmar Diele[c]


Abstract: The synthesis of monodisperse gigantocycles with 63, 87, and 147 ring
atoms on the gram scale is described. These molecules were assembled from
terphenylene derivatives and long, flexible chains which were mainly aliphatic, with
terminal alkyne groups. The latter allowed for ring formation through oxidative
alkyne dimerization in high yield (80 ± 87%). The combination of a rod-like and a
banana-shaped mesogen connected by flexible chains within the backbone of a ring
gives rise to nematic and smectic mesophases.


Keywords: Glaser coupling ¥
liquid crystals ¥ macrocycles


Introduction


Cyclic molecules play an important role as components of
supramolecular systems such as rotaxanes and catenanes,[1]


and as hosts for ions and molecules in host ± guest com-
plexes.[2] They are also examples of materials that undergo
self-organisation and thus exhibit mesophases.[3±7] Further-
more, huge cycles are of interest because they are macro-
molecules with a special topology.[8±10] Efficient syntheses
allowing for easy variation of ring size and addition of
different functionalities, and thus having a broad sphere of
application are therefore highly desirable. Herein we describe
a versatile synthesis for functionalized, monodisperse, huge
cyclic molecules on the gram scale. Our synthetic strategy is
exemplified by the synthesis of the gigantocycles 9 and 17
containing up to 147 ring atoms.
Characteristic features of the cycles 9 and 17 are a banana-


shaped moiety carrying inward and outward oriented func-
tionalities. These are a 4-hydroxybenzoate substituted with
two tolane moieties, and the rod-like unit 1,4-bis(4-ethynyl-


phenyl)butadiyne. These units are linked through chains
which are long, flexible, and mainly aliphatic with a different
length in each of the three cycles 9a, b, and 17. The tail-to-tail
attachment of rod-like mesogens through flexible chains
within a ring can result in mesomorphic cyclic compounds.[4±7]


Indeed, the cycles 9a, b, and 17were found to be thermotropic
liquid crystalline compounds showing nematic and smectic
phases. The cycles 9 and 17 are unique in so far as they
combine mesogenic units of very different shape, that is a
banana-shaped[11] and a rod-like mesogen.


Results and Discussion


Synthesis


The main criterions for the design of the synthesis were the
feasibility of preparing the building blocks on a multi-gram
scale and a cyclization reaction giving high yields. The latter is
imperative for a reaction sequence of broader relevance.
These considerations resulted in the design of the ring
precursors 8a, b, and 16 and the choice of the oxidative
alkyne dimerization as the cyclization reaction.


Synthesis of the ring precursors 8a, b and 16 : The ring
precursors 8a, b and 16 were assembled from terphenylene
6[12] and the long, flexible chains 5a, b and 14 (Schemes 1 and
2). For the preparation of the chains 5 and 14 the long �-
alkynols 3 and 11 were required as the key building blocks.
Convenient starting compounds for such alkynols are either
�-bromoalkanols or 1-bromoalkanes.
For the shortest alkynol 11 we used 11-bromoundecanol


which was silylated to give 10 and subsequently converted into
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O-silylated 12-tridecynol 11. For the substitution, we em-
ployed ethynyllithium in 1,3-dimethyl-1,3-diazacyclohexan-2-
on (N,N�-dimethyl-N,N�-propylene urea, DMPU),[13, 14] there-
by avoiding toxic HMPAwhich is still most often used as a co-
solvent.[15, 16] The rather low yield (57%) of 11 is attributed to
the formation of silylated tetracos-12-yn-1,24-diol which
resulted from disubstitution of the ethyne with the bromoal-
kane.[17]


The corresponding longer alkynol, pentacos-24-ynol (3),
was obtained from 1-bromodocosane. Reaction with the
lithium salt of THP-protected propargyl alcohol gave com-
pound 1 which was deprotected to give pentacos-2-ynol (2).
Isomerization of 2 in a suspension of the lithium salt of 1,3-
diaminopropane and KOtBu in 1,3-diaminopropane[18] gave


alkynol 3. This alkyne isomer-
ization reaction (Zipper reac-
tion) yielded the alkynol 3 and
about 30% of alkanes[19] carry-
ing neither a hydroxyl nor an
alkyne functionality. Most of
these alkanes were removed
by column chromatography
and subsequent recrystalliza-
tion. When NaH/diaminopro-
pane[20, 21] was used as the iso-
merization agent, about 50% of
non-functionalized alkanes
were formed besides the in-
tended product 3. Other condi-
tions such as KH/diaminopro-
pane[22] and NaNH2/diamino-
propane[23] were tested only
once and gave incomplete con-
versions. Experiments to im-
prove the workup procedure
revealed the sensitivity of the
product towards transforma-
tion into an enyne with charac-
teristic signals in the 1H NMR
spectrum at �� 5.08, 4.63, and
1.77.[24] Although this by-prod-
uct was formed only in small
amounts (1 ± 3%, estimated by
1H NMR spectroscopy), we
were not successful in removing
it by chromatography and re-
crystallization from hexane.
This structural impurity was
retained in the products during
the following synthetic steps. To
avoid the formation of this
enyne, careful control of the
temperature during aqueous
workup turned out to be the
crucial factor.
Pd/Cu-catalyzed coupling of


the alkynol 3 or the silylated
alkynol 11 with 1-iodo-4-(trii-
sopropylsilylethynyl)benzene


(19a) and, in the case of 11, subsequent O-desilylation, gave
the long chains 4a, b with a protected, terminal arylalkyne
moiety. Finally derivatization of 4a, b with 4-iodophenol
using the Mitsunobu reaction[25] gave the chains 5a, b.
For the synthesis of the longest chain 14 we used the


synthetic transformations of the preparation of 5b starting
from 3 in a repeated sequence (Scheme 2). Intermediate 4b
was attached to 2,6-dimethyl-4-iodophenol. The iodo func-
tionality of product 12 was used to extend the molecule with
alkynol 3. Subsequent Mitsunobu reaction with 4-iodophenol
gave 14. 2,6-Dimethyl-4-iodophenol was chosen instead of
4-iodophenol as the link between the two alkynols in order to
increase the solubility of the final long chain. Additionally, the
signal of the aromatic protons of the dimethylphenol moiety


Scheme 1. a) 1,3-Dimethyl-1,3-diazacyclohexan-2-on, THF; b) TsOH, MeOH, THF; c) Li, 1,3-diaminopropane,
KOtBu; d) [Pd(PPh3)2Cl2], CuI, piperidine; e) 1) [Pd(PPh3)2Cl2], CuI, piperidine, 2) HCl, MeOH, diethyl ether;
f) diisopropyl azodicarboxylate, PPh3, THF; g) nBu4NF, THF; h) CuCl, CuCl2, pyridine.
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appears well separated from others in the 1H NMR spectra
and hence offers the advantage of having an additional NMR
probe within the molecule. We expect to be able to extend the
reaction sequence for even larger chains by repeating alter-
nately the two synthetic steps, Mitsunobu and alkynyl-aryl
coupling. Alternatively, this should be possible using a
divergent-convergent approach comprising of desilylation of
the compounds with terminal hydroxyl functionalities, such as
4b and 13, and subsequent coupling of the products with
compounds carrying an iodo substituent and a silylated
terminal alkyne moiety, such as 12 and 14.
The long chains 5 and 14 were coupled with the terpheny-


lene 6 in the presence of Pd/Cu salts to obtain, after
desilylation, the ring precursors 8a, b and 16. Despite the
great number of synthetic transformations, several grams of


the cycle precursors were obtained in one batch, for example,
8 ± 9 g of 8.
Originally, the synthesis was pursued using trimethylsilyl


(TMS) instead of triisopropylsilyl (TIPS) as the protecting
group for the terminal alkyne moiety of 4, 5, and 7. However,
with this much cheaper protecting group two distinct side
reactions were noted. One side reaction occurred during the
synthesis of compound 19, which is the coupling partner of the
alkynols 3 and 11 in the reaction to obtain 4. Compound 19
was prepared in a two-step process from 1-bromo-4-iodoben-
zene (Scheme 3): First, coupling of 1-bromo-4-iodobenzene
with trialkylsilylethyne gave 18.[26] Secondly, exchange of the
bromo substituent of 18 for an iodo substituent by halogen
metal exchange gave 19. The coupling of 1-bromo-4-iodoben-
zene with trimethylsilylethyne gave 18b contaminated with


Scheme 2. a) Diisopropyl azodicarboxylate, PPh3, THF; b) [Pd(PPh3)2Cl2], CuI, piperidine; c) nBu4NF, THF; d) CuCl, CuCl2, pyridine, 1,2-dichloroben-
zene.
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Scheme 3. a) [Pd(PPh3)2Cl2], CuI, piperidine (for 18a) or diethylamine
(for 18b, c); b) 1) BuLi, THF, 2) 1,2-diodoethane or iodine.


4-bromo-4�-(trimethylsilylethynyl)tolane (20b) in amounts of
usually 0.5 ± 3 mol%.[27a] Because 20b has the same reactive
groups as 18b, all compounds derived from 18b, such as 19b,
or 4(TMS) (4 carrying TMS instead of TIPS groups),
contained small amounts of molecules which are extended
by an ethynylenephenylene moiety, as proven by NMR
spectroscopy and field desorption mass spectrometry (FD-
MS).[27b] Exchanging the base and solvent piperidine for
triethylamine in the preparation of 18b did not improve the
situation. All solvents had been dried prior to use. The
amount of this kind of side reaction could be significantly
reduced when triethylsilyl (TES) was used instead of TMS.
Only occasionally traces of chain-extended products (�1%
according to 1H NMR and FD-MS spectra) were found. With
TIPS as the protecting group the by-product 20a was avoided.


The second side reaction when using TMS as the protecting
group for the terminal alkyne moiety occurred upon attach-
ment of the chains 5(TMS) to terphenylene 6. This gave
compound 22 with chains approximately twice as long as the
intended product 7. The presence of 22 and of corresponding
compounds derived from 22 upon further transformations
according to Scheme 1 was proven through FD-MS spectra
which show in addition to a dominant signal of the [M]� signal
of 7b(TMS), 8b and 9b, a signal of low intensity at [M�539]� .
Corresponding 1H NMR spectra reveal an additional signal at
6.84 ppm which is assigned to the two protons ortho to the
oxygen atom of the phenol ring of the chain-extending moiety.
From this signal×s intensity, the amount of the by-product was
estimated to be 3 ± 6 mol%. For the formation of 22 we


assume that piperidine partially deprotonates the phenolic
compounds 6 and 7. The resulting phenolates desilylate the
compound 7(TMS) and the released terminal alkyne moiety
couples with the iodo component 5(TMS) giving 22. Careful
chromatography permitted removal of this by-product, un-
fortunately at the expense of a substantial amount of product.
Although the desilylation that causes the side products is a
rather slow process and can be reduced by short reaction
times (90 min) to an extent that the by-product is not detected
anymore by 1H NMR spectroscopy or FD-MS, the possibility
of desilylation and subsequent chain extension renders this
step unreliable. Through the use of the more stable alkyne
protecting groups TES or TIPS, the ™long chain extension∫
could be completely avoided.


Cyclization : The cyclization is most often the bottleneck in
the synthesis of cyclic molecules and, therefore, calls for
special attention. The oxidative alkyne dimerization (Glaser
coupling)[29] can be a very efficient reaction for the formation
of cyclic molecules. Most often it is employed in the formation
of rather stiff rings.[30] However, a few remarkable results have
been reported on very large cycles,[31, 32] also named giganto-
cycles,[7, 31] that are conformationally flexible. Several different
reaction conditions for cyclization through alkyne dimeriza-
tion can be found in the literature.[29±37] However, very little
systematic or comparative work has been done.[36, 37] A
comparison of the reaction conditions described for different
kinds of alkynes made us assume that Cu�/Cu2� in pyridine is
well suited for arylethynes, while Cu� in the presence of


TMEDA and oxygen is well
suited for aliphatic alkynes.
The same conclusion is suggest-
ed by the kinetic studies of
Hay[36] and Bohlmann.[37] A
comparison of the cyclization
of 23 and 25 in pyridine with
Cu�/Cu2� as catalyst and
agent[35] (Scheme 4) showed a
dramatic influence of the sub-
stituent at the terminal ethyne
groups. A solution of com-
pound 23 or 25 dissolved in
pyridine was slowly added to a
suspension of the copper salts
in pyridine. After complete ad-


dition the reaction mixture was stirred for 1 ± 4 d. In the case
of 23, which has two aryl substituted terminal ethyne groups,
the cyclic monomer 24 was formed almost exclusively as can
be deduced from the size-exclusion chromatogram (Fig-
ure 1a). Cyclic compounds have a smaller hydrodynamic
volume than the corresponding ring precursors. Therefore, the
elution time of the cyclic compound is longer than that of the
corresponding acyclic starting material. Cyclic and non-cyclic
oligomers are expected at shorter elution times due to their
larger hydrodynamic volume. The reaction of 23 was quanti-
tative. The 1H NMR spectrum shows no signal for an alkyne
proton. However, applying the same conditions to the
reaction of 25–which has two alkyl substituted terminal
ethyne groups–gave mostly oligomers and polymers (Fig-
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Scheme 4. a) CuCl, CuCl2, pyridine.


Figure 1. Size exclusion chromatograms of the starting materials 23 (a) or
25 (b) (±±±) and the crude products of cyclization (––). * denotes the
signal arising from 26.


ure 1b) besides some cyclic monomer 26. A substantial part of
the material was insoluble, probably due to its high molecular
weight. On top of this, the reaction was incomplete as shown
by 1H NMR spectroscopy. The spectra show the characteristic
signals of the CH2�C�C�Hmoiety, a triplet at 1.93 ppm and a
doublet of a triplets at 2.18 ppm. From this comparative study
it is concluded that under the chosen conditions aryl
substituted alkynes react faster than alkyl subsituted ones.
Due to a fast reaction, the concentration of the aryl alkyne 23
is always kept below the critical concentration for intermo-
lecular reactions. The alkyl alkyne 25, however, accumulates
over the course of the addition due to a comparatively slow
reaction, finally allowing for competing intermolecular reac-
tions.
The efficient cyclization of 23 was very promising for the


preparation of our cyclic target molecules 9a, b and 17.
Indeed, slow addition of the ring precursors 8a, b and 16 to a
suspension of CuCl and CuCl2 in pyridine gave predominantly
the cyclic monomers 9a, b and 17, respectively. The success of
this procedure can be clearly seen from the size-exclusion
chromatograms of the crude products (Figure 2). The giganto-


Figure 2. Representative size exclusion chromatograms of the starting
materials 8a (a) and 16 (b) (±±±), the crude product of cyclization (––),
and the purified products 9a (a) and 17 (b) (�±�±�), respectively.


cycles 9a, b and 17 consisting of 63, 87, or 147 ring atoms were
isolated by usual column chromatography in 80 ± 87% yield as
monodisperse compounds in amounts of 0.8 ± 2.6 g in one
batch. They are very soluble in THF, CH2Cl2, and CHCl3.


Thermal characterization of the cyclic molecules 9 and 17 and
of structurally related compounds : The cycles 9a, b and 17
and structurally related compounds were investigated using
polarizing microscopy and differential scanning calorimetry
(DSC). Microscopy of compound 9b revealed that in the first
heating scan 9b undergoes a crystal ± crystal transition at
143 ± 145 �C. At 151 �C it melts into a birefringent fluid phase
with a schlieren texture, as typical for nematic phases (Fig-
ure 3). The transition from the nematic phase to the isotropic


Figure 3. Optical photomicrograph (crossed polarizers) of the texture of
macrocycle 9b at 150 �C.


liquid takes place at 161 �C. This phase transition is com-
pletely reversible crystallization can be supercooled and
sets in at 115 �C. Second and further heating scans revealed
a crystal-crystal transition at 132 ± 134 �C and a crystal-
nematic transition at 142 �C. The DSC traces (Figure 4) are
in agreement with these observations. Remarkably, the
enthalpy of the nematic-isotropic transition is very small
(0.2 kJmol�1).
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Figure 4. DSC of macrocycle 9b with a scan rate of 10 Kmin�1: a) first
heating, b) cooling, c) second heating.


In contrast to 9b, the smaller cycle 9a has a very high
melting point (201 �C) and shows only a monotropic nematic
phase with a significantly lower clearing temperature (133 �C).
Surprisingly, the extension of the flexible aliphatic ring
segments of 9 enhances the stability of the nematic phase
(compare compounds 9a and b). The stability of nematic
phases is usually reduced or the nematic phase is replaced by
smectic phases with increasing length of terminal aliphatic
chains.[38]


The largest cycle 17 exhibits a richer polymorphism than
the macrocycles 9 (Figures 5 and 6). On slow cooling from the
isotropic liquid state a nematic phase occurs at 113 �C (�H�
4.1 kJmol�1; Figure 6a, b), followed by a phase transition at


Figure 5. DSC of macrocycle 17 with a scan rate of 10 Kmin�1: a) first
heating, b) cooling, c) second heating.


99 �C (�H� 3.4 kJmol�1). The latter phase transition is
characterized by the occurrence of a fan-like texture (Fig-
ure 6c, d), which can be aligned homeotropically by shearing.
These textural features indicate a smectic A-Phase (SmA) in
which the molecules are organized in layers and the meso-
genic units are aligned in average perpendicular to the smectic
layer planes. On further cooling, at 81 �C (not detected with
DSC), the fans become broken and birefringence occurs in the
homeotropically aligned regions (Figure 6e, f) before the
compound crystallizes at slightly lower temperatures. The
birefringence of this low-temperature phase indicates that this


mesophase is optically biaxial. It can only be observed in the
cooling cycle, thus being a monotropic mesophase occurring
below the melting point (81 �C). The other two mesophases
are enantiotropic.
Macrocycle 17 was investigated additionally by means of


X-ray diffraction. The nematic phase is characterised by two
diffuse scatterings, one in the wide-angle region and the other
in the small-angle region, as typical for nematic phases. In the
SmA phase a sharp reflection corresponding to a layer
thickness of d� 7.4 nm (T� 95 �C) is observed. The d value
increases slightly (up to 7.5 nm at T� 79 �C) with decreasing
temperature. The molecular length of L� 8.3 nm (measured
at CPK models in the most stretched form) is in good
agreement with the layer thickness d if the fluid state of the
alkyl chains is taken into account. Assuming a maximal
segregation of the aromatic and aliphatic building blocks in
this smectic phase, the arrangement shown in Figure 7 is
proposed. The banana-shaped units and the rod-like units lay
side by side forming aromatic-rich layers separated by layers
of the aliphatic parts of the macrocycles. The 4-ethynyl-2,6-
dimethylphenoxy units, which interrupt the aliphatic parts of
the macrocycle 17 are concentrated at the interfaces between
neighboring layers. It is possible that these units form distinct
sublayers that may additionally stabilise the smectic phase of
17.
The optical biaxiality of the low temperature mesophase


can result from a reduction of the rotational disorder of the
banana-shaped units around their long axes which would lead
to a biaxial SmA-phase (SmAb)[39] or, alternatively, from a
tilting of the banana-shaped and the rod-like units with
respect to the layer normal (SmC).[40] Moreover, both can
happen simultaneously with the additional possibility of a
polar order of the banana-shaped units, leading to polar
smectic phases (B2-type banana phases).[41] However, the
rapid crystallization of this material and the failure to get
sufficiently well oriented samples by alignment in a magnetic
field inhibited a more detailed investigation of this meso-
phase. Nevertheless, the textural features of this biaxial
mesophase are not typical for B2 phases or SmAb phases,
but more related to those of conventional SmC phases in
which the calamitic cores adapt an in average uniformly tilted
arrangement within the layers.
All three macrocyles 9a, b and 17 contain two shape-


persistent and therefore mesogenic units as part of the ring
backbone: a rod-like and an angular or so called banana-
shaped[11] moiety. At least one of these units must be essential
for the mesomorphic behaviour because the corresponding
hydrogenated (more flexible) macrocycle 28 is a compara-
tively low-melting (Tm� 107 �C) non-mesomorphic com-
pound. To get an idea which of these moieties is essential
for mesophase formation, we studied the thermal behaviour
of the non-cyclic compounds 27a, b as representatives
incorporating the rod-like moiety and that of the non-cyclic
compounds 7c, 8a, b and 16 as representatives containing a
banana-shaped moiety. None of these compounds exhibit a
liquid crystalline phase. Because the isotropization temper-
ature of the cycle 9b (TN�I� 161 �C) is higher than the melting
points of all non-cyclic compounds 27a (Tm� 145 �C), 27b
(Tm� 125 �C), 7c (Tm� 113 �C), 8a (Tm� 132 �C), 8b (Tm�
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Figure 7. Proposed arrangement of macrocycle 17 in the SmA phase.


120 �C) including the ring precursor 16 (Tm� 100 �C) and no
mesophase could be detected for any of these non-cyclic
compounds, the mesophases of the cycle 9b must be induced
or significantly stabilised by the macrocyclic molecular
structure. Accordingly, it is assumed that for the other cyclic
compounds 9a and 17 the cyclic molecular structure is
essential for the formation of the liquid crystalline phases,
too. The appearance of mesophases for the macrocycles but
not for the non-cyclic model compounds is probably largely
due to the reduced conformational flexibility of the rings in
comparison to related open-chain compounds. Furthermore,
the reduced difference in entropy between the isotropic and
the LC state when comparing cyclic with non-cyclic com-
pounds should additionally favor the formation of the liquid
crystalline phases.[7b] With the investigated macrocycles nem-
atic phases are predominant, even for macrocycles with very
long aliphatic segments. Obviously the different shapes of the
two mesogenic segments disturb the organisation of these
units into distinct sublayers and thus favor the nematic phase.
The macrocycle 24, incorporating as a banana-shaped unit


the significantly smaller bisphenol A, directly melts into an


Figure 6. Optical photomicrographs (crossed polarizers) of the textures of macrocycle 17: (a, b) nematic phase at 101 �C; (c, d) SmA-phase at 90 �C;
(e, f) optically biaxial smectic phase (most probably SmC) at 81 �C.
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isotropic liquid at 85 �C which rapidly crystallizes on cooling.
Only upon very rapid cooling from the isotropic liquid state a
rather fluid birefringent mesophase occurs at 43 �C, which
immediately crystallizes. The very rapid crystallization did not
allow for deciding unambiguously whether this is a true liquid
crystalline or a disordered crystalline phase and prevents any
further investigation of this phase. In the case of compound
24, the mesophase stabilization provided by macrocyclization
is obviously not sufficient to give rise to a stable liquid
crystalline phase. Hence, the appropriate choice of the
anisometric segments is also of great importance for the
successful design of liquid crystalline macrocycles.


Conclusion


We have developed an efficient synthesis for monodisperse
cyclic compounds with 63, 78, and 147 ring atoms. The final
key step is the cyclization through oxidative dimerization of
aryl ethyne groups. Although the gigantocycles 9a, b and 17
show some rather special structural features, the reported
synthetic strategy of these compounds gives a useful guideline
for the preparation of gigantocycles with variations in ring
size, building blocks and functional groups.


The unique combination of a banana-shaped and a rod-like
moiety within a ring gives rise to unexpectedly stable nematic
and smectic liquid crystalline phases. The cyclic molecular
structure thereby seems to be essential for the formation of
the liquid crystalline phases of the molecules under discus-
sion. The covalent fixation of rigid segments with different
shapes, which are highly incompatible with each other and
therefore would not mix as individual molecules, could in the
future lead to novel non-conventional mesophases. Addition-
ally, the reported gigantocycles open the way to the prepa-
ration of liquid crystalline catenanes, a new class of supra-
molecular mesomorphic compounds.[42]


Experimental Section


General methods : All reactions were carried out under an inert atmos-
phere in dried Schlenk flasks. In the case of CC-coupling reactions, the
solutions were degassed through several freeze-pump-thaw cycles prior to
the addition of the catalysts. THF was dried over sodium/benzophenone
and piperidine over CaH2. [Pd(PPh3)2Cl2] was synthesized according to the
literature,[43] however with 2.1 times the amount of methanol. For flash
chromatography, silica gel was used. TLC was carried out on silica gel-
coated aluminium foil (Merck 60F254). The petroleum ether used had a
boiling range of 30 ± 40 �C. The NMR spectra were recorded on a 300 MHz
instrument at room temperature in CDCl3 as solvent and internal standard.
The assignment of the 13C NMR signals is in accordance with Dept-135
measurements. The only exception is the signal of C�CH. This signal does
not appear in the DEPT spectrum, in common with our observations
of a variety of compounds of the type ArC�CH and AlkC�CH.[44] The
subscripts �, �, �, �, and � refer to the aromatic rings. The hydroxybenzoate
moiety is named �. The benzene unit closest to the hydroxybenzoate
moiety is named �, the benzene unit connected with Ar� by only one ethyne
moiety is named �, the benzene unit connected with Ar� by the alkane
chain is named �, and the residual benzene unit is named �. For the
numbering of the positions, the ethyl 4-hydroxybenzoate is considered
as the substituted parent compound. Accordingly, the aromatic rings
of the precursors 4, 5, 12 ± 14 are named and numbered as if these chains
were already attached to the core unit, ethyl 4-hydroxybenzoate. If not
otherwise mentioned, melting points were determined in open capillaries
and are not corrected. The temperatures for crystalline ± crystalline,
crystalline ± liquid crystalline, and liquid crystalline ± isotropic melt tran-
sitions were read at the maximum or minimum of the endothermic or
exothermic peaks of the DSC traces. Terphenylene 6[12] was obtained as
described in the literature.


Pentacos-2-yn-1-ol (2): nBuLi (1.6�, 102 mL, 163 mmol) in hexane was
added dropwise (30 min) to a solution of 3-tetrahydropyranyloxyprop-1-
yne (24.0 g, 171 mmol) in THF (230 mL) at �75 �C (bath temp). After
stirring the reaction mixture for 0.5 h at �73 �C, DMPU (100 mL) was
added dropwise (20 min), followed by the addition of solid, degassed
1-bromodocosane (50.10 g, 128.3 mmol). The cooling bath was removed
and the reaction mixture was stirred 17.5 h at room temperature. The
resulting suspension was cooled (ice bath) and quenched with water. The
aqueous phase was extracted with diethyl ether. The combined organic
phases were washed with 2� HCl, water and finally with brine, dried
(MgSO4), and concentrated in vacuo. The residue was dissolved in 1,4-
dioxane (400 mL) and methanol (200 mL), and toluenesulfonic acid
monohydrate (2.0 g, 11 mmol) was added. Slowly, a precipitate formed.
After stirring the reaction mixture for 4.5 h at room temperature, NaOH
(2�, 50 mL), and water (500 mL) were added, the precipitate was filtered
off using a B¸chner glass funnel, washed with water and methanol, and
dried (P4O10, 0.01 mbar) to give 2 (43.1 g, 92%). Recrystallization from
ethanol (300 mL) gave 2 (40.3 g, 86%) as a beige colored solid.[45] M.p.
77.0 ± 77.9 �C; 1H NMR: �� 4.24 (t, 5J� 2.2 Hz, 2H, H-1), 2.19 (tt, 5J�
2.2 Hz, 3J� 7.0 Hz, 2H, H-4), 1.56 (br s, 1H, OH), 1.49 (m, 2H, H-5), 1.4 ±
1.2 (m, 38H, CH2), 0.87 (t-shaped, 3H); 13C NMR: �� 86.7, 78.3 (C�C),
51.4 (CH2OH), 31.9 (CH2), 29.7 ± 28.6 (7 signals, CH2), 22.7, 18.7 (CH2), 14.1
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(CH3); elemental analysis calcd (%) for C25H48O (364.658): C 82.34, H
13.27; found: C 82.20, H 13.37.


Pentacos-24-yn-1-ol (3):[18] A mixture of lithium (2.90 g, 418 mmol) and 1,3-
diaminopropane (200 mL; distilled from CaH2) was heated to 70 �C until
the blue color had disappeared (ca. 1 h). The reaction mixture was cooled
to room temperature, KOtBu (27.30 g, 243 mmol), and 30 min later solid 2
(25.31 g, 69.41 mmol) was added. The brown reaction mixture was kept at
40 ± 45 �C for 24 h.[46] The reaction mixture was cooled (ice bath) and
poured onto 5� HCl (ca. 1 L) at such a rate that the temperature of the
acidic solution did not exceed 21 �C. The brown precipitate was filtered off
(B¸chner glass funnel), suspended in water, filtered off again, washed with
water, and dried (P4O10, 0.01 mbar). In most experiments filtering proceeds
rather slowly, therefore washing was kept to a minimum giving a crude
material full of salts. Column chromatography, first with petroleum ether to
elute the non-polar side products, then with petroleum ether/CH2Cl2 1:1 v/v
to elute undefined side products and finally with petroleum ether/diethyl
ether 1:1 v/v to elute the product 3 (16.8 g).[47] The latter was recrystallized
from hexane to give 3 (15.3 g, 61%) as a colorless solid. The compound was
made detectable by TLC with the aid of the ammonium salt of
8-anilinonaphthalin-1-sulfonic acid.[48] The isolated yields of other experi-
ments varied between 40 and 75%. M.p. 80.5 ± 81.9 �C (lit. :[49] 76 ± 78 �C);
1H NMR: �� 3.62 (t, J� 6.6 Hz, 2H, H-1), 2.16 (dt, 4J� 2.6 Hz, 3J� 7.0 Hz,
2H, H-23), 1.92 (t, J� 2.6 Hz, 1H, H-25), 1.53 (m, 4H, H-2, -22), 1.24 (m,
42H, CH2); 13C NMR: �� 84.8 (C-24), 68.0 (C-25),[50] 63.1 (C-1), 32.8,
29.7 ± 28.5 (7 signals), 25.7, and 18.4 (CH2); elemental analysis calcd (%) for
C25H48O (364.658): C 82.34, H 13.27; found: C 82.39, H 13.30.


1-Bromo-4-(triisopropylsilylethynyl)benzene (18a): For a better control of
the reaction the following procedure is recommended instead of the
published one.[12] [Pd(PPh3)2Cl2] (101 mg, 0.14 mmol) and CuI (537 mg,
2.82 mmol) were added to a degassed solution of 1-bromo-4-iodobenzene
(40.00 g, 141 mmol) in piperidine (100 mL) and THF (150 mL). The flask
was immersed in an ice bath and triisopropylsilylacetylene (35 mL,
156 mmol) was added within 30 min (the temperature of the reaction
mixture was kept at 10 ± 20 �C). The flask was left in the ice bath and the
reaction mixture and cooling bath were allowed to slowly reach room
temperature (ca. 3 h). The onset of the reaction can be seen due to the
formation of a precipitate. Removing the cooling bath too early results in a
sudden increase of the temperature. If the temperature of the reaction
mixture rises above 30 �C, a substantial amount of 1,4-bis(triisopropylsily-
lethynyl)benzene is formed. After stirring the reaction mixture overnight at
room temperature, diethyl ether and 2� HCl were added. This is an
exothermic reaction! The organic phase was washed twice with 2�HCl and
the combined aqueous phases were extracted with diethyl ether. The
combined organic phases were dried (MgSO4) and the solvent was removed
in vacuo. Distillation (140 ± 145 �C, 0.6 mbar) gave 18a (39 g, 82%) as a
slightly yellow liquid. The compound slowly decomposed with formation of
a precipitate, therefore storage under inert atmosphere in a freezer is
recommended. For analytical data see the reference.[12]


1-Iodo-4-(triisopropylsilylethynyl)benzene (19a): 1.6� nBuLi in hexane
(63 mL, 101 mmol) was added dropwise (ca. 30 min) to a solution of 18a
(30.0 g, 88.9 mmol) in THF (400 mL) at �78 �C. After stirring the solution
at �78 �C for 30 min, iodine (26.7 g, 105 mmol) was added as a solid. The
cooling bath was removed and the reaction mixture was allowed to come to
room temperature. Saturated aqueous Na2S2O3 was then added. The
aqueous phase was extracted with diethyl ether, the organic phase was
washed with saturated aqueous Na2S2O3 and dried (MgSO4). Distillation
(104 ± 108 �C, 0.01 mbar) gave iodo compound 19a (22 g, 64%) as a reddish
liquid. The product contained traces of the hydrolysis product (triisoprop-
ylsilylethynyl)benzene. 1H NMR: �� 7.62 (half of AA�XX�, 2H, H-2, -6),
7.18 (half of AA�XX�, 2H, H-3, -5), 1.11 (apparent s, 21H, CH(CH3)2);
13C NMR: �� 137.3 (CH), 133.5 (CH), 123.0 (C-4), 106.0 (C�CSi), 94.1 (C-
1), 92.4 (C�CSi), 18.6 (CH3), 11.3 (SiCH).


25-[4-(2-Triisopropylsilylethynyl)phenyl]pentacos-24-yn-1-ol (4b):
[Pd(PPh3)2Cl2] (270 mg, 0.38 mmol) and CuI (146 mg, 0.77 mmol) were
added to a solution of pentacos-24-yn-1-ol (3) (13.82 g, 37.90 mmol) and
iodo compound 19a (16.02 g, 41.68 mmol) in piperidine (200 mL). After
21 h at room temperature, the reaction mixture was cooled (ice bath) and
poured into cold (ice bath) 5� HCl (450 mL). The precipitate was filtered
off, washed with water and dried (P4O10, vacuum). Flash chromatography
(CH2Cl2, Rf� 0.5) gave 4b (15.5 g, 66%) as a colorless wax. M.p. 36.5 ±
37.0 �C; 1H NMR: �� 7.36, 7.29 (AA�XX�, 2H each, ArH), 3.61 (t, J�


6.6 Hz, 2H, CH2OH), 2.38 (t, J� 7.0 Hz, 2H, CH2C�C), 1.55 (m, 4H,
CH2CH2OH, CH2CH2C�C), 1.5 ± 1.2 (m, 38H, CH2), 1.10 (apparent s, 21H,
CH(CH3)2); 13C NMR: �� 131.8, 131.3 (CH�), 124.1, 122.5 (C�-4, C�-1),
106.8 (C�CSi), 92.5 (CH2C�C), 92.0 (C�CSi), 80.4 (CH2C�C), 63.1
(HOCH2), 32.8, 29.7 ± 28.7 (7 signals), 25.7, 19.5 (CH2), 18.6 (CH3), 11.3
(CH); elemental analysis calcd (%) for C42H72OSi (621.123): C 81.22, H
11.68; found: C 81.24, H 11.72.


4-{25-[4-(2-Triisopropylsilylethynyl)phenyl]pentacos-24-yn-1-yloxy}-1-io-
dobenzene (5b): Diisopropyl azodicarboxylate (5.3 mL, 26.9 mmol) was
added to a cooled (ice bath) solution of alkynol 4b (13.90 g, 22.37 mmol),
4-iodophenol (5.91 g, 26.9 mmol), and PPh3 (7.05 g, 26.9 mmol) in THF
(250 mL). The reaction is slightly exothermic. After 27 h (the reaction
needs less time for completion) at room temperature, the solvent was
removed in vacuo. Flash chromatography (petroleum ether/CH2Cl2 1:1 v/v,
Rf� 0.96) gave 5b (16.3 g). The product was dissolved in CH2Cl2 (40 mL)
and this solution was added to ethanol (300 mL). The precipitate which
formed was isolated and washed with ethanol to give 5b (15.6 g 85%) as a
colorless solid. M.p. 70.8 ± 72.0 �C; 1H NMR: �� 7.52 (half of AA�XX�, 2H,
H�-2, -6), 7.36, 7.29 (AA�XX�, 2H each, H�), 6.65 (half of AA�XX�, 2H, H�-3,
-5), 3.88 (t, J� 6.6 Hz, 2H, OCH2), 2.38 (t, J� 7.0 Hz, 2H, CH2C�C), 1.74
(m, 2H, OCH2CH2), 1.56 (m, 2H, CH2CH2C�C), 1.5 ± 1.2 (m, 38H, CH2),
1.10 (apparent s, 21H, CH(CH3)2); 13C NMR: �� 159.1 (C�-4), 138.2 (C�-2,
-6), 131.8, 131.3 (CH�), 124.1, 122.5 (C�-1, -4), 117.0 (C�-3, -5), 106.8
(C�CSi), 92.5 (CH2C�C), 92.0 (C�CSi), 82.4 (C�-1), 80.4 (CH2-C�C), 68.2
(OCH2), 29.7 ± 28.7 (7 signals), 26.0, 19.5 (CH2), 18.7 (CH3), 11.3 (CH);
elemental analysis calcd (%) for C48H75OISi (823.118): C 70.04, H 9.18;
found: C 70.06, H 9.06.


Additional note: Although the accompanying products of this reaction,
Ph3PO and diisopropyl hydrazodicarboxylate, can be removed by two
precipitations from a solution of the reaction product mixture in CH2Cl2 by
mixing with ethanol, column chromatography is necessary to remove a
product that is formed in small amounts and whose structure consists of the
alkynol and (part of) the azo/hydrazo reagent. This side product has a
comparatively small Rf value.


Ethyl 3,5-bis-{4-[2-(4-(25-(4-(2-triisopropylsilylethynyl)phenyl)pentacos-
24-yn-1-yloxy)phenyl)ethinyl]phenyl}-4-hydroxybenzoate (7b):
[Pd(PPh3)2Cl2] (60 mg, 0.085 mmol) and CuI (33 mg, 0.17 mmol) were
added to a solution of 6 (3.13 g, 8.54 mmol) and 5b (15.50 g, 18.83 mmol) in
piperidine (250 mL). The reaction mixture was stirred for 21 h at room
temperature. It was cooled (ice bath) and poured into cold (ice bath) 5�
HCl (600 mL). The precipitate was filtered off, washed well with water, and
dried (P4O10, vacuum). Flash chromatography [petroleum ether/CH2Cl2 3:1
v/v was used until the first fraction, the residual iodo compound, was eluted
Rf (5b)� 0.7. Then petroleum ether/CH2Cl2 1:1 v/v was used to elute the
product 7b ; Rf (7b)� 0.57] gave 5b (1.5 g, 10%) as a colorless solid and 7b
(11.0 g, 73%) as a slightly brown solid. M.p. 52.5 ± 54.0 �C; 1H NMR: ��
7.99 (s, 2H, H�), 7.61, 7.53 (AA�XX�, 4H each, H�), 7.46 (half of AA�XX�,
4H, H�-2, -6), 7.36, 7.29 (AA�XX�, 4H each, H�), 6.86 (half of AA�XX�, 4H,
H�-3, -5), 5.76 (s, 1H, OH), 4.36 (q, J� 7.1 Hz, 2H, CO2CH2), 3.96 (t, J�
6.6 Hz, 4H, ArOCH2), 2.38 (t, J� 7.0 Hz, 4H, CH2C�C), 1.77 (m, 4H,
OCH2CH2), 1.58 (m, 4H, CH2CH2C�C), 1.38 (t, J� 7.1 Hz, 3H, CH3), 1.5 ±
1.2 (m, 76H, CH2), 1.10 (apparent s, 42H, CH(CH3)2); 13C NMR: �� 166.1
(CO2), 159.4 (C�-4), 153.2 (C�-4), 135.9 (C�-1), 133.1 (C�-2, -6), 132.0 (C�-3, -5),
131.8 (C�-2, -6 or C�-3, -5), 131.6 (C�-2, -6), 131.3 (C�-3, -5 or C�-2, -6), 129.3
(C�-2, -6), 128.3 (C�-3, -5), 124.1 (C�-1 or C�-4), 123.7 (C�-4), 123.4 (C�-1),
122.5 (C�-4 or C�-1), 114.9 (C�-1), 114.6 (C�-3,-5), 106.8 (C�CSi), 92.5
(CH2C�C), 92.0 (C�CSi), 90.6 (C�CAr�), 87.6 (Ar�C�C), 80.4 (CH2C�C),
68.1 (ArOCH2), 60.9 (CO2CH2), 29.7 ± 28.7 (10 signals), 26.0, and 19.5
(CH2), 18.6 (CHCH32), 14.4 (CH2CH3), 11.3 (SiCH); elemental analysis
calcd (%) for C121H166O5Si2 (1756.826): C 82.72, H 9.52; found: C 82.71,
H 9.51.


Ethyl 3,5-bis-{4-[2-(4-(25-(4-ethynylphenyl)pentacos-24-yn-1-yloxy)pheny-
l)ethinyl]phenyl}-4-hydroxybenzoate (8b): 1� nBu4NF in THF (12.5 mL,
12.5 mmol) was added to a solution of 7b (10.89 g, 6.20 mmol) in THF
(110 mL) at room temperature. Immediately the solution showed a green
fluorescence. After 2 h of stirring, 2� HCl (13 mL) was added. The solution
turned colorless and a colorless precipitate formed. After addition of
ethanol (80 mL), the precipitate was isolated and washed well with water
and finally with ethanol, to give 8b (8.8 g, 99%) as a beige solid. Thermal
behavior determined by DSC (10 Kmin�1) and polarizing microscopy upon
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first (second) heating scan: endothermic transition at 116 (112) and 123
(121) �C; with the microscope crystal ripening is observed at 116 ± 118 �C.
Above 122 �C 8b forms an isotropic melt. 1H NMR: �� 7.98 (s, 2H, H�),
7.61, 7.51 (AA�XX�, 4H each, H�), 7.46 (half of AA�XX�, 4H, H�-2, -6), 7.38,
7.31 (AA�XX�, 4H each, H�), 6.86 (half of AA�XX�, 4H, H�-3, -5), 5.77 (s,
1H, OH), 4.36 (q, J� 7.1 Hz, 2H, CO2CH2), 3.96 (t, J� 6.5 Hz, 4H,
ArOCH2), 3.10 (s, 2H, C�CH), 2.38 (t, J� 7.0 Hz, 4H, CH2C�C), 1.77 (m,
4H, OCH2CH2), 1.56 (m, 4H, CH2CH2C�C), 1.38 (t, J� 7.1 Hz, 3H, CH3),
1.5 ± 1.2 (m, 76H, CH2); 13C NMR: �� 166.1 (CO2), 159.4 (C�-4), 153.2 (C�-
4), 135.9 (C�-1), 133.1 (C�-2, -6), 132.0 (C�-3, -5), 131.9 (C�-2, -6 or C�-3, -5),
131.6 (C�-2, -6), 131.4 (C�-3, -5 or C�-2, -6), 129.3 (C�-2, -6), 128.3 (C�-3, -5),
124.7 (C�-1 or C�-4), 123.6, 123.4 (C�-1, C�-4), 121.1 (C�-4 or C�-1), 114.9
(C�-1), 114.6 (C�-3, -5), 92.8 (CH2C�C), 90.6 (C�CAr�), 87.6 (Ar�C�C), 83.4
(C�CH), 80.2 (CH2C�C), 78.3 (C�CH), 68.1 (ArOCH2), 60.9 (CO2CH2),
29.7 ± 28.7 (10 signals), 26.0, and 19.5 (CH2), 14.4 (CH3); elemental analysis
calcd (%) for C103H126O5 (1444.136): C 85.67, H 8.79; found: C 85.31, H 8.95.


Gigantocycle 9b : A mixture of CuCl2 (1.20 g, 8.30 mmol) and CuCl (6.90 g,
69.7 mmol) was dried by gently heating (ca. 60 �C) it under a stream of
argon. After cooling to room temperature, pyridine (1 L) was added. The
suspension was heated to 50 �C for ca. 30 min to dissolve most of the copper
salts. After cooling to room temperature, solution of 8b (3.00 g, 2.07 mmol)
in pyridine (300 mL) was added to the resulting suspension within 240 h
using a syringe pump. It was necessary to gently heat the solution of 8b to
dissolve all of the starting material. Once in solution, 8b stays dissolved for
a sufficient time. After the addition was complete, the reaction mixture was
stirred for additional 24 h. Most of the solvent was removed (50 �C bath
temp., 10 mbar) and the residue was dissolved in CH2Cl2 and 2� HCl. The
organic phase was washed with 2� HCl until the aqueous phase stayed
acidic and the color of the organic phase had changed to yellow. The
combined aqueous phases were extracted with CH2Cl2 and the combined
organic phases were dried (MgSO4). The solvent was removed in vacuo.
Flash chromatography (petroleum ether/CH2Cl2 3:2� 1:1 v/v) gave macro-
cycle 9b (2.6 g, 87%) as a yellow solid.


The addition time can be significantly reduced. The addition of a solution of
8b (1.40g, 0.97 mmol) in pyridine (200 mL) to a suspension of CuCl2 (1.11 g,
8.23 mmol) and CuCl (6.44 g, 65.1 mmol) in pyridine (500 mL) within 56 h
gave macrocycle 9b (1.2 g, 83%). Thermal behavior determined by DSC
(10 Kmin�1) and polarizing microscopy upon first (second and third)
heating scan: Tcr-cr� 147 (133) �C, Tcr-n� 151 (142) �C, Tn-i� 161 �C;
1H NMR: �� 7.99 (s, 2H, H�), 7.61, 7.52 (AA�XX�, 4H each, H�), 7.46
(half of AA�XX�, 4H, H�-2, -6), 7.39, 7.30 (AA�XX�, 4H each, H�), 6.86 (half
of AA�XX�, 4H, H�-3, -5), 5.72 (s, 1H, OH), 4.36 (q, J� 7.1 Hz, 2H,
CO2CH2), 3.97 (t, J� 6.5 Hz, 4H, ArOCH2), 2.38 (t, J� 7.0 Hz, 4H,
CH2C�C), 1.77 (m, 4H, OCH2CH2), 1.57 (m, 4H, CH2CH2C�C), 1.38 (t,
J� 7.1 Hz, 3H, CH3), 1.5 ± 1.2 (m, 76H, CH2); 13C NMR: �� 166.1 (CO2),
159.4 (C�-4), 153.2 (C�-4), 135.9 (C�-1), 133.1 (C�-2, -6), 132.3 (C�-2, -6 or
C�-3, -5), 132.0 (C�-3, -5), 131.6 (C�-3, -5 or C�-2, -6), 131.5 (C�-2, -6), 129.3
(C�-2, -6), 128.3 (C�-3, -5), 125.2 (C�-1 or C�-4), 123.6, 123.4 (C�-1, C�-4),
120.6 (C�-4 or C�-1), 115.0 (C�-1), 114.7 (C�-3, -5), 93.6 (CH2C�C), 90.6
(C�CAr�), 87.6 (Ar�C�C), 82.0 (C�C-C�C), 80.2 (CH2C�C), 75.2 (C�C-
C�C), 68.1 (ArOCH2), 61.0 (CO2CH2), 29.6 ± 28.7 (9 signals), 25.9, and 19.5
(CH2), 14.4 (CH3); UV/Vis: � (� [106 cm2mol�1])� 265 (496), 281 (582), 297
(790), 312 (1020), 333 (919), 359 nm (4271 106cm2mol�1); emission
(�excitation� 310 nm) �� 367, 397 nm; elemental analysis calcd (%) for
C103H124O5 (1442.120): C 85.79, H 8.67; found: C 85.86, H 8.68.


Hydrogenated gigantocycle 28 : Pd/C (10%; 3 mg, 3� 10�4 mmol) was
added to a solution of macrocycle 9b (324 mg, 0.22 mmol) in THF (20 mL).
Hydrogen was introduced from a balloon by means of a glass tube which
dipped into the suspension. After 3 d at room temperature a second portion
of Pd/C (10%; 3 mg, 3� 10�4 mmol) was added and the reaction mixture
was stirred for another 2 d under a layer of hydrogen. The catalyst was
removed by filtration. The solvent was removed and the residue purified by
chromatography (petroleum ether/CH2Cl2 1:1� 1:2 v/v) to yield 28
(263 mg, 80%) as a colorless solid. Due to a proton signal at 5.5 ppm the
reaction was believed to be incomplete after 3 d therefore more Pd/C was
added. However, the intensity of this signal increased upon further
reaction. To avoid this side reaction, a shorter reaction time is recom-
mended. Thermal behavior determined by DSC (10 Kmin�1) and polariz-
ing microscopy upon first (second and third) heating scan: melting at 78
(79), crystallization at 80 (86), melting at 106 and 110 (107) �C; upon
cooling: crystallization at 71 �C; 1H NMR: �� 7.97 (s, 2H, H�), 7.45, 7.25


(AA�XX�, 4H each, H�), 7.06 (half of AA�XX�, 4H, H�-2, -6), 7.06
(apparent s, 8H, H�), 6.81 (half of AA�XX�, 4H, H�-3, -5), 5.78 (s, OH), 4.36
(q, J� 7.1 Hz, 2H, CO2CH2), 3.93 (t, J� 6.6 Hz, 4H, ArOCH2), 2.93 (m,
8H, Ar�(CH2)2Ar�), 2.61 ± 2.52 (m, 8H, CH2Ar�CH2), 1.76 (m, 4H,
OCH2CH2), 1.38 (t, J� 7.1 Hz, 3H, CH3), 1.7 ± 1.2 (m, 92H, CH2);
13C NMR: �� 166.4 (CO2), 157.5 (C�-4), 153.4 (C�-4), 141.8, 140.1, 139.7,
134.1, 133.3 (C�-1, C�-4, C�-1, C�-1, C�-4), 131.3 (C�-2, -6), 129.4, 129.20 (C�-
2, -6, C�-2, -6), 129.17 (C�-3, -5), 128.6 (C�-3, -5), 128.2 (CH�), 123.0 (C�-1),
114.5 (C�-3, -5), 68.0 (ArOCH2), 60.7 (CO2CH2), 37.8, 36.7, 35.5, 35.4, 31.5,
31.0 (ArCH2CH2), 29.6 ± 29.3 (4 signals, CH2), 26.0 (CH2), 14.4 (CH2CH3);
elemental analysis calcd (%) for C103H148O5 (1466.312): C 84.37, H 10.17;
found: C 84.41, H 10.29.


Tridec-12-inyltrimethylsilyl ether (11): Lithium acetylide ethylenediamine
complex (15.7 g, 171 mmol) was added portionwise at �30 �C to THF
(50 mL). The suspension was cooled to �20 �C and 1,3-dimethyl-1,3-
diazacyclohexan-2-on (125 mL) was added. At a temperature of �20 to
�10 �C 11-bromoundecyltrimethylsilyl ether (10) (50.0 g, 155 mmol) was
added dropwise. When the addition was complete, the cooling bath was
removed and the reaction mixture stirred for 24 h at room temperature. To
the cooled (ice bath) reaction mixture saturated aqueous NH4Cl and water
were added and the mixture extracted with diethyl ether. The combined
organic phases were washed with water and dried (MgSO4). Fractional
distillation (90 ± 105 �C, 10�2 mbar) using a Bˆsherz distillation column
gave 11 (23.7 g, 57%) as a colorless liquid containing ca. 5% of tridec-12-
yn-1-ol [determined by 1H NMR spectroscopy; characteristic signal: ��
3.58 (t, J� 6 Hz, 2H, HOCH2)]. The distillation fractions at lower
temperature contained olefinic material, most probably
H2C�CH(CH2)9OTMS. 1H NMR: �� 3.46 (t, J� 6.7 Hz, 2H, OCH2),
2.06 (d t, 3J� 6.9 Hz, 4J� 2.6 Hz, 2H, CH2C�C), 1.81 (t, J� 2.6 Hz, 1H,
C�CH), 1.42 (m, 4H, OCH2CH2 , CH2CH2C�C), 1.4 ± 1.1 (m, 14H, CH2),
0.00 (s, 9H, SiCH3); 13C NMR: �� 84.3, 68.0 (C�C), 62.5 (OCH2), 32.7,
29.5 ± 28.4 (7 signals), 25.7, 18.2 (CH2), �0.6 (SiCH3); elemental analysis
calcd (%) for C16H32OSi (268.517): C 71.56, H 12.01; found: C 71.13, H
11.90.


Additional note: Occasionally the amount of tridec-12-yn-1-ol was much
larger. In these cases, the product was silylated in a manner analogous to
the procedure given for the preparation of 10. The use of tridec-12-yn-1-ol
for coupling with 19a results in a distinctly larger amount of by-products
such as butadiynes (alkyne dimerization product) being produced. This is in
contrast to the smooth reaction of 3 that yielded only traces of butadiyne as
side product.


13-[4-(2-Triisopropylsilylethynyl)phenyl]tridec-12-yn-1-ol (4a): CuI
(145 mg, 0.76 mmol) and [PdCl2(PPh3)2] (266 mg, 0.38 mmol) were added
to a solution of 11 (10.19 g, 37.94 mmol) and 19a (17.50 g, 45.53 mmol) in
piperidine (133 mL). After stirring the reaction mixture for 2.5 h at room
temperature, the solvent was removed in vacuo and the residue was
dissolved in diethyl ether (100 mL). 2� HCl (100 mL) was added and the
reaction mixture was stirred overnight. The organic phase was washed with
2� HCl. The combined aqueous phases were extracted with diethyl ether
and the combined organic phases were dried (Na2SO4). The solvent was
removed in vacuo. Flash chromatography (petroleum ether/CH2Cl2 1:1 v/v ;
Rf� 0.12) gave alkynol 4a (14.5 g, 85%) as a yellow oil. 1H NMR: �� 7.36,
7.28 (AA�XX�, 2H each, ArH), 3.56 (t, J� 6.6 Hz, 2H, CH2OH), 2.56 (s,
1H, OH), 2.37 (t, J� 7.0 Hz, 2H, CH2C�C), 1.54 (m, 4H, CH2CH2OH,
CH2CH2C�C), 1.5 ± 1.2 (m, 14H, CH2), 1.10 (apparent s, 21H, CH(CH3)2);
13C NMR: �� 131.6, 131.2 (CH�), 124.1, 122.4 (C�-4, C�-1), 106.8 (C�CSi),
92.3 (CH2C�C), 91.8 (C�CSi), 80.3 (CH2C�C), 62.6 (HOCH2), 32.6, 29.5 ±
28.6 (7 signals), 25.7,/19.4 (CH2), 18.5 (CH3), 11.2 (CH); elemental analysis
calcd (%) for C30H48OSi (452.799): C 79.58, H 10.68; found: C 79.59, H
10.60.


4-{13-[4-(2-Triisopropylsilylethynyl)phenyl]tridec-12-yn-1-yloxy}-1-iodo-
benzene (5a): Diisopropyl azodicarboxylate (15.9 mL, 80.7 mmol) was
added to a solution of alkynol 4a (27.62 g, 61.00 mmol), 4-iodophenol
(17.76 g, 80.70 mmol), and PPh3 (21.17 g, 80.70 mmol) in THF (400 mL).
This is an exothermic reaction. After stirring the reaction mixture for 3 h at
room temperature, the solvent was removed in vacuo. Flash chromatog-
raphy (petroleum ether/CH2Cl2 1:1 v/v ; Rf� 0.89) gave 5a as a brown oil
which slowly solidified. Recrystallization from ethanol (ca. 400 mL) gave
5a (29.4 g, 73%) as a colorless solid. M.p. 39.1 ± 39.9 �C; 1H NMR: �� 7.52
(half of AA�XX�, 2H, H�-2, -6), 7.37, 7.30 (AA�XX�, 2H each, H�), 6.65 (half
of AA�XX�, 2H, H�-3, -5), 3.88 (t, J� 6.6 Hz, 2H, OCH2), 2.39 (t, J� 7.0 Hz,
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2H, CH2C�C), 1.74 (m, 2H, OCH2CH2), 1.59 (m, 2H, CH2CH2C�C), 1.5 ±
1.2 (m, 14H, CH2), 1.12 (apparent s, 21H, CH(CH3)2); 13C NMR: �� 159.0
(C�-4), 138.1 (C�-2, -6), 131.8, 131.3 (CH�), 124.1, 122.5 (C�-1, -4), 117.0 (C�-
3, -5), 106.8 (C�CSi), 92.5 (CH2C�C), 92.0 (C�CSi), 82.4 (C�-1), 80.4
(CH2C�C), 68.1 (OCH2), 29.5 ± 28.7 (7 signals), 26.0, 19.5 (CH2), 18.6
(CH3), 11.3 (CH); elemental analysis calcd (%) for C36H51IOSi (654.794): C
66.04, H 7.85; found: C 66.113, H 7.88.


Ethyl 3,5-bis-{4-[2-(4-(13-(4-(2-triisopropylsilylethynyl)phenyl)tridec-12-
yn-1-yloxy)phenyl)ethinyl]phenyl}-4-hydroxybenzoate (7a): CuI (30 mg,
0.16 mmol) and [PdCl2(PPh3)2] (57 mg, 0.08 mmol) were added to a
degassed solution of terphenylene 6 (3.00 g, 8.19 mmol) and iodo com-
pound 5a (11.79 g, 18.01 mmol) in piperidine (150 mL). After stirring the
reaction mixture for 3 h at room temperature the piperidine was removed
in vacuo and the residue was dissolved in CH2Cl2 and 2� HCl. The organic
phase was washed with 2� HCl and the combined aqueous phases were
extracted with CH2Cl2. The combined organic phases were dried (Na2SO4).
The solvent was removed in vacuo. Flash chromatography (petroleum
ether/CH2Cl2 1:1 v/v ; Rf (5a)� 0.92, Rf (7a)� 0.70) gave 7a (9.7 g, 83%) as
a highly viscous, slightly brown oil. 1H NMR: �� 7.99 (s, 2H, H�), 7.62, 7.53
(AA�XX�, 4H each, H�), 7.47 (half of AA�XX�, 4H, H�-2, -6), 7.38, 7.31
(AA�XX�, 4H each, H�), 6.87 (half of AA�XX�, 4H, H�-3, -5), 5.82 (s, 1H,
OH), 4.37 (q, J� 7.1 Hz, 2H, CO2CH2), 3.95 (t, J� 6.5 Hz, 4H, ArOCH2),
2.4 (t, J� 7.0 Hz, 4H, CH2C�C), 1.78 (m, 4H, OCH2CH2), 1.57 (m, 4H,
C�CCH2CH2), 1.5 ± 1.2 (m, 28H, CH2), 1.12 (apparent s, 42H, CH(CH3)2);
13C NMR: �� 166.1 (CO2), 159.4 (C�-4), 153.2 (C�-4), 135.9 (C�-1), 133.1
(C�-2, -6), 131.9 (C�-3, -5), 131.8 (C�-2, -6 or C�-3, -5), 131.5 (C�-2, -6), 131.3
(C�-3, -5 or C�-2, -6), 129.2 (C�-2, -6), 128.3 (C�-3, -5), 124.1 (C�-1 or C�-4),
123.6 (C�-4), 123.3 (C�-1), 122.5 (C�-4 or C�-1), 114.9 (C�-1), 114.6 (C�-3,-5),
106.8 (C�CSi), 92.5 (CH2C�C), 92.0 (C�CSi), 90.6 (C�CAr�), 87.6
(Ar�C�C), 80.4 (CH2C�C), 68.1 (ArOCH2), 60.9 (CO2CH2), 29.5 ± 28.7
(7 signals, CH2), 26.0 (CH2CH2C�C), 19.5 (CH2C�C), 18.6 (CHCH3), 14.4
(CH3), 11.3 (SiCH); elemental analysis calcd (%) for C97H118O5Si2
(1420.167): C 82.04, H 8.37; found: C 81.99, H 8.29.


Ethyl 3,5-bis-{4-[2-(4-(13-(4-ethynylphenyl)tridec-12-yn-1-yloxy)phenyl)-
ethinyl]phenyl}-4-hydroxybenzoate (8a): 1� nBu4NF in THF (17.3 mL,
17.3 mmol) was added to a solution of 7a (11.18 g, 7.87 mmol) in THF
(100 mL). After stirring for 2 h, 2� HCL (11.8 mL) was added. After the
addition of ethanol (200 mL) 8a (8.4 g, 96%) was obtained as a colorless
solid. M.p. 132.0 ± 133.7 �C; 1H NMR: �� 7.99 (s, 2H, H�), 7.61, 7.53
(AA�XX�, 4H each, H�), 7.48 (half of AA�XX�, 4H, H�-2, -6), 7.40, 7.33
(AA�XX�, 4H each, H�), 6.87 (half of AA�XX�, 4H, H�-3, -5), 5.85 (s, 1H,
OH), 4.36 (q, J� 7.1 Hz, 2H, CO2CH2), 3.94 (t, J� 6.5 Hz, 4H, ArOCH2),
3.13 (s, 2H, C�CH), 2.40 (t, J� 7.0 Hz, 4H, CH2C�C), 1.77 (m, 4H,
OCH2CH2), 1.60 (m, 4H, CH2CH2C�C), 1.38 (t, J� 7.1 Hz, 3H, CH3), 1.5 ±
1.2 (m, 28H, CH2); 13C NMR: �� 166.0 (CO2), 159.3 (C�-4), 153.2 (C�-4),
135.9 (C�-1), 133.0 (C�-2, -6), 131.9 (C�-3, -5), 131.8 (C�-2, -6 or C�-3, -5),
131.5 (C�-2, -6), 131.4 (C�-3, -5 or C�-2, -6), 129.2 (C�-2, -6), 128.3 (C�-3, -5),
124.7 (C�-1 or C�-4), 123.5, 123.3 (C�-1, C�-4), 121.0 (C�-4 or C�-1), 114.9
(C�-1), 114.5 (C�-3, -5), 92.7 (CH2C�C), 90.6 (C�CAr�), 87.6 (Ar�C�C), 83.3
(C�CH), 80.2 (CH2C�C), 78.4 (C�CH), 68.0 (ArOCH2), 60.9 (CO2CH2),
29.5 ± 28.6 (7 signals), 26.0, 19.4 (CH2), 14.4 (CH3); FD-MS: m/z (%):
1106.9 (100) [M]� , 553.4 (66) [M]2�. A correct elemental analysis was not
obtained.


Gigantocycle 9a : A suspension of CuCl (8.94 g, 90.3 mmol) and CuCl2
(1.46 g, 10.8 mmol) in pyridine (1.5 L) was prepared as described for the
preparation of 9b. To this suspension was added a solution of 8a (1.00 g,
0.90 mmol) in pyridine (100 mL) at room temperature within 70 h by
means of a syringe pump. When the addition was complete the reaction
mixture was stirred for an additional 24 h. Workup as described for 9b
followed by flash chromatography (petroleum ether/CH2Cl2 1:1 v/v ; Rf�
0.47) gave 9a (813 mg, 82%). M.p. 201 �C; 1H NMR: �� 8.00 (s, 2H, H�),
7.61, 7.51 (AA�XX�, 4H each, H�), 7.47 (half of AA�XX�, 4H, H�-2, -6), 7.39,
7.31 (AA�XX�, 4H each, H�), 6.87 (half of AA�XX�, 4H, H�-3, -5), 5.72 (s,
1H, OH), 4.37 (q, J� 7.1 Hz, 2H, CO2CH2), 4.01 (t, J� 6.3 Hz, 4H,
ArOCH2), 2.38 (t, J� 7.0 Hz, 4H, CH2C�C), 1.76 (m, 4H, OCH2CH2), 1.58
(m, 4H, CH2CH2C�C), 1.38 (t, J� 7.1 Hz, 3H, CH3), 1.50 ± 1.20 (m, 28H,
CH2); 13C NMR: �� 166.2 (CO2), 159.3 (C�-4), 153.3 (C�-4), 135.8 (C�-1),
133.1 (C�-2, -6), 132.2 (C�-2, -6 or C�-3, -5), 132.0 (C�-3, -5), 131.5 (C�-3, -5 or
C�-2, -6), 131.3 (C�-2, -6), 129.3 (C�-2, -6), 128.3 (C�-3 -5), 125.2 (C�-1 or C�-
4), 123.6, 123.3 (C�-1, C�-4), 120.6 (C�-4 or C�-1), 115.0 (C�-1), 114.8 (C�-3, -
5), 93.6 (CH2C�C), 90.7 (C�CAr�), 87.7 (Ar�C�C), 82.0 (C�C-C�C), 80.2


(CH2C�C), 75.2 (C�C-C�C), 67.9 (ArOCH2), 61.0 (CO2CH2), 29.2 ± 28.6
(7 signals), 25.6, and 19.5 (CH2), 14.4 (CH3); elemental analysis calcd (%)
for C79H76O5 (1105.472): C 85.83, H 6.93; found: C 85.47, H 6.76; FD-MS:
m/z (%): 2210.0 (24) [2M]� , 1105.3 (100) [M]� , 552.9 (8)[M]2�.


3,5-Dimethyl-4-{25-[4-(2-triisopropylsilylethynyl)phenyl]pentacos-24-yn-1-
yloxy}-1-iodobenzene (12): Following the procedure given for the prepa-
ration of 5b, compound 12 was prepared, starting from 4b (10.08 g,
16.2 mmol), 2,6-dimethyl-4-iodophenol (4.80 g, 19.3 mmol), PPh3 (5.10 g,
19.4 mmol), and diisopropyl azodicarboxylate (3.84 mL, 19.5 mmol) in
THF (175 mL). Flash chromatography (petroleum ether/CH2Cl2 1:1 v/v ;
Rf� 0.95) gave slightly impure 12 (13 g). This material was dissolved in
CH2Cl2 (30 mL) and the solution was added to ethanol (200 mL). The
resulting precipitate was isolated to give 12 (11.4 g, 82%) as a colorless
solid. M.p. 46.2 ± 46.8 �C; 1H NMR: �� 7.37, 7.30 (AA�XX�, 2H each, H�),
7.32 (s, 2H, H�-2, -6), 3.70 (t, J� 6.6 Hz, 2H, OCH2), 2.39 (t, J� 7.0 Hz, 2H,
CH2C�C), 2.21 (s, 6H, ArCH3), 1.77 (m, 2H, OCH2CH2), 1.57 (m, 2H,
CH2CH2C�C), 1.5 ± 1.2 (m, 38H, CH2), 1.12 (apparent s, 21H, CH(CH3)2);
13C NMR �� 156.1 (C�-4), 137.4 (C�-2, -6), 133.6 (C�-3, -5), 131.8, 131.3
(CH�), 124.1, 122.5 (C�-1, C�-4), 106.8 (C�CSi), 92.5 (CH2C�C), 92.0
(C�CSi), 87.3 (C�-1), 80.3 (CH2C�C), 72.5 (OCH2), 30.3 ± 28.7 (8 signals),
26.1, 19.5 (CH2), 18.6 (CHCH3), 15.9 (ArCH3), 11.3 (SiCH); elemental
analysis calcd (%) for C50H79OISi (851.172): C 70.56, H 9.36; found: C
70.56, H 9.41.


25-{3,5-Dimethyl-4-[25-(4-(2-triisopropylsilylethynyl)phenyl)pentacos-24-
yn-1-yloxy]-1-iodophenyl}pentacos-24-yn-1-ol (13): [Pd(PPh3)2Cl2] (17 mg,
0.02 mmol) and CuI (9 mg, 0.05 mmol) were added to a solution of iodo
compound 12 (2.22 g, 2.60 mmol) and alkynol 3 (0.86 g, 2.36 mmol) in
piperidine (40 mL) at room temperature. After stirring the reaction
mixture at 50 �C for 19 h, the reaction mixture was cooled (ice bath) and
poured into cold (ice bath) 5� HCl (200 mL). The brown colored
precipitate was filtered off, washed with water and dried (P4O10, vacuum).
Flash chromatography (petroleum ether/CH2Cl2 1:2 v/v ; Rf (12)� 0.96, Rf


(13)� 0.51) gave 13 (1.75 g, 68%) as a brownish solid. M.p. 76.5 ± 77.0 �C;
1H NMR: �� 7.37, 7.30 (AA�XX�, 2H each, H�), 7.04 (s, 2H, H�-2, -6), 3.71
(t, J� 6.6 Hz, 2H, ArOCH2), 3.63 (t, J� 6.6 Hz, 2H, HOCH2), 2.39, 2.35 (2
t, J� 7.0 Hz, 2H each, CH2C�C), 2.21 (s, 6H, ArCH3), 1.77 (m, 2H,
ArOCH2CH2), 1.57 (m, 6H, CH2CH2C�C, HOCH2CH2), 1.5 ± 1.2 (m, 76H,
CH2), 1.11 (apparent s, 21H, CH(CH3)2); 13C NMR �� 155.8 (C�-4), 131.9
(CH�), 131.8, 131.3 (CH�), 130.9 (C�-3,-5), 124.1, 122.5 (C�-1, C�-4), 119.0
(C�-1), 106.8(C�CSi), 92.5 (CH2C�CAr�), 92.0 (C�CSi), 89.0 (CH2C�CAr�),
80.33, 80.32 (CH2C�C), 72.4 (ArOCH2), 63.1 (HOCH2), 32.8 ± 28.7
(12 signals), 26.1, 25.7, 19.5, 19.4 (CH2), 18.6 (CHCH3), 16.1 (ArCH3),
11.3 (SiCH); elemental analysis calcd (%) for C75H126O2Si (1087.917): C
82.80, H 11.67; found: C 82.64, H 11.73.


4-{25-[3,5-Dimethyl-4-(25-(4-(2-triisopropylsilylethynyl)phenyl)pentacos-
24-yn-1-yloxy)phenyl]pentacos-24-yn-1-yloxy}-1-iodobenzene (14): Fol-
lowing the procedure given for the preparation of 5b, compound 14 was
obtained starting from 13 (7.18 g, 6.60 mmol), 4-iodophenol (1.75 g,
7.95 mmol), PPh3 (2.10 g, 8.01 mmol), and diisopropyl azodicarboxylate
(1.58 mL, 8.02 mmol) in THF (300 mL). Flash chromatography (petroleum
ether/CH2Cl2 1:2 v/v ; Rf� 0.97) gave slightly impure 14. This product was
dissolved in warm CH2Cl2 (30 mL) and the solution was added to ethanol
(250 mL) to precipitate 14 (6.6 g, 78%) as a colorless solid. M.p. 63.9 ±
64.7 �C; 1H NMR: �� 7.53 (half of AA�XX�, 2H, H�-2, -6), 7.37, 7.30
(AA�XX�, 2H each, H�), 7.05 (s, 2H, ArH�), 6.66 (half of AA�XX�, 2H, H�-
3, -5), 3.89 (t, J� 6.6 Hz, 2H, Ar�OCH2), 3.71 (t, J� 6.6 Hz, 2H, Ar�OCH2),
2.39, 2.36 (2 t, J� 7.0 Hz, 2H each, CH2C�C), 2.21 (s, 6H, ArCH3), 1.75 (m,
4H, OCH2CH2), 1.56 (m, 4H, CH2CH2C�C), 1.5 ± 1.2 (m, 76H, CH2), 1.12
(apparent s, 21H, CH(CH3)2); 13C NMR �� 159.0 (C�-4), 155.8 (C�-4),
138.1 (C�-2, -6), 132.0 (CH�), 131.8, 131.3 (CH�), 130.9 (C�-3, -5), 124.1,
122.5 (C�-1, -4), 119.1 (C�-1), 117.0 (C�-3, -5), 106.8 (C�CSi), 92.5
(CH2C�CAr�), 92.0 (C�CSi), 89.0 (CH2C�CAr�), 82.4 (C�-1), 80.4, 80.3
(CH2C�C), 72.4 (Ar�OCH2), 68.1 (Ar�OCH2), 30.4 ± 28.7 (12 signals), 26.1,
26.0, 19.5, and 19.4 (CH2), 18.7 (CHCH3), 16.1 (ArCH3), 11.3 (SiCH);
elemental analysis calcd (%) for C81H129O2ISi (1289.912): C 75.42, H 10.08;
found: C 75.49, H 10.05.


Ethyl 3,5-bis-{4-[25-(3,5-dimethyl-4-(25-(4-(2-triisopropylsilylethynyl)phe-
nyl)pentacos-24-yn-1-yloxy)phenyl)pentacos-24-yn-1-yloxy]phenyl}-4-hy-
droxybenzoate (15): [Pd(PPh3)2Cl2] (37 mg, 0.05 mmol) and CuI (20 mg,
0.11 mmol) were added to a solution of terphenylene 6 (0.833 g, 2.27 mmol)
and iodo compound 14 (6.45 g, 5.00 mmol) in piperidine (120 mL). The
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reaction mixture was stirred for 19 h at room temperature. It was cooled
(ice bath) and poured into cold (ice bath) 5� HCl (600 mL). The
precipitate was filtered off, washed with water, and dried (P4O10, vaccum).
Flash chromatography [Petroleum ether/CH2Cl2 2:1 v/v was used until the
first fraction, residual iodo compound 14, was eluted Rf (14)� 0.87, then
petroleum ether/CH2Cl2 1:1 v/v was used to elute the product 15 ; Rf (15)�
0.63.] gave 15 (4.7 g, 76%) as a brownish solid. M.p. 66.2 ± 66.8 �C;
1H NMR: �� 8.01 (s, 2H, H�), 7.63, 7.55 (AA�XX�, 4H each, H�), 7.48 (half
of AA�XX�, 4H, H�-2, -6), 7.38, 7.31 (AA�XX�, 4H each, CH�), 7.06 (s, 4H,
ArH�), 6.88 (half of AA�XX�, 4H, H�-3, -5), 5.82 (br s, 1H, OH), 4.38 (q, J�
7.1 Hz, 2H, CO2CH2), 3.96 (t, J� 6.6 Hz, 4H, Ar�OCH2), 3.72 (t, J� 6.6 Hz,
4H, Ar�OCH2), 2.40, 2.37 (2 t, J� 7.0 Hz, 4H each, CH2C�C), 2.22 (s, 12H,
ArCH3), 1.78 (m, 8H, OCH2CH2), 1.59 (m, 8H, CH2CH2C�C), 1.39 (t, J�
7.1 Hz, 3H, CH2CH3), 1.5 ± 1.2 (m, 152H, CH2), 1.13(apparent s, 21H,
CH(CH3)2); 13C NMR: �� 166.1 (CO2), 159.4 (C�-4), 155.8 (C�-4), 153.2
(C�-4), 135.9 (C�-1), 133.1 (C�-2, -6), 131.9 (C�-3, -5, CH�), 131.8 (CH�),
131.5 (C�-2, -6), 131.3 (CH�), 130.9 (C�-3, -5), 129.2 (C�-2, -6), 128.3 (C�-3, -
5), 124.1 (C�-1 or C�-4), 123.6 (C�-4), 123.3 (C�-1), 122.5 (C�-4 or C�-1), 119.1
(C�-1), 115.0 (C�-1), 114.5 (C�-3, -5), 106.8 (C�CSi), 92.5 (CH2C�CAr�),
92.0 (C�CSi), 90.6 (C�CAr�), 89.0 (CH2C�CAr�), 87.6 (Ar�C�C), 80.4, 80.3
(CH2C�C), 72.4 (Ar�OCH2), 68.1 (Ar�OCH2), 60.9 (CO2CH2), 30.4 ± 28.7
(12 signals), 26.1, 26.0, 19.5, 19.4 (CH2), 18.6 (CHCH3), 16.1 (ArCH3), 14.4
(CH2CH3), 11.3 (SiCH); elemental analysis calcd (%) for C187H274O7Si2
(2690.414): C 83.48, H 10.27; found: C 83.28, H 10.33.


Ethyl 3,5-bis-{4-[25-(3,5-dimethyl-4-(25-(4-(ethynylphenyl)pentacos-24-
yn-1-yloxy)-phenyl)pentacos-24-yn-1-yloxy]phenyl}-4-hydroxybenzoate (16):
Following the procedure given for the preparation of 8b, ring precursor 16
(3.7 g, 95%) was obtained as a very pale beige colored solid from treatment
of 15 (4.45 g, 1.65 mmol) in THF (60 mL) with 1� nBu4NF in THF (3.3 mL,
3.3 mmol) and workup with 2� HCl (5 mL) and ethanol (120 mL). M.p.
100 �C; 1H NMR: �� 8.00 (s, 2H, H�), 7.62, 7.54 (AA�XX�, 4H each, H�),
7.47 (half of AA�XX�, 4H, H�-2, -6), 7.39, 7.32 (AA�XX�, 4H each, CH�), 7.05
(s, 4H, ArH�), 6.87 (half of AA�XX�, 4H, H�-3, -5), 5.77 (s, 1H, OH), 4.38
(q, J� 7.1 Hz, 2H, CO2CH2), 3.97 (t, J� 6.6 Hz, 4H, Ar�OCH2), 3.71 (t, J�
6.6 Hz, 4H, Ar�OCH2), 3.12 (s, 2H, C�CH), 2.39, 2.36 (2 t, J� 7.0 Hz, 4H
each, CH2C�C), 2.21 (s, 12H, ArCH3), 1.78 (m, 8H, OCH2CH2), 1.57 (m,
8H, CH2CH2C�C), 1.39 (t, J� 7.1 Hz, 3H, CH2CH3), 1.5 ± 1.2 (m, 152H,
CH2); 13C NMR: �� 166.1 (CO2), 159.4 (C�-4), 155.8 (C�-4), 153.2 (C�-4),
135.9 (C�-1), 133.1 (C�-2, -6), 132.0 (C�-3, -5, CH�), 131.9 (CH�), 131.6 (C�-
2,-6), 131.4 (CH�), 130.9 (C�-3, -5), 129.3 (C�-2, -6), 128.3 (C�-3, -5), 124.7
(C�-1 or C�-4), 123.7 (C�-4), 123.4 (C�-1), 121.1 (C�-4 or C�-1), 119.1 (C�-1),
115.0 (C�-1), 114.6 (C�-3, -5), 92.8 (CH2C�CAr�), 90.6 (C�CAr�), 89.0
(CH2C�CAr�), 87.6 (Ar�C�C), 83.4 (C�CH), 80.4, 80.2 (CH2C�C), 78.4
(C�CH), 72.4 (Ar�OCH2), 68.1 (Ar�OCH2), 60.9 (CO2CH2), 30.4 ± 28.7
(11 signals), 26.1, 26.0, 19.5, 19.4 (CH2), 16.1 (ArCH3), 14.4 (CH2CH3);
elemental analysis calcd (%) for C169H234O7 (2377.724): C 85.37, H 9.92;
found: C 85.26, H 9.92.


Gigantocycle 17: A suspension of CuCl (5.00 g, 50.5 mmol) and CuCl2
(678 mg, 5.00 mmol) in pyridine (500 mL) was prepared as described for
the preparation of 9b. To this suspension, a solution of ring precursor 16
(1.20 g, 0.50 mmol) in 1,2-dichlorobenzene (120 mL) was added within
62.4 h by means of a syringe pump. It was necessary to gently heat the
solution of 16 to dissolve all of the starting material. Once in solution, 16
stays dissolved for at least 20 h. After the addition was complete, the
reaction mixture was stirred for additional 3 d. Workup as described for 9b
gave a solution of 16 in 1,2-dichlorobenzene. Most of the 1,2-dichloroben-
zene was distilled off (50 �C bath temp, 0.05 mbar) and the residue was
dissolved in CH2Cl2 (30 mL). This solution was added dropwise to ethanol
(130 mL). The colorless precipitate was isolated and washed with ethanol.
Flash chromatography (petroleum ether/CH2Cl2 1:1 v/v ; Rf� 0.37) gave 16
(961 mg, 80%) as a pale yellow solid. Thermal characterization: see text;
1H NMR �� 8.00 (s, 2H, H�), 7.62, 7.54 (AA�XX�, 4H each, H�), 7.47 (half
of AA�XX�, 4H, H�-2, -6), 7.41, 7.32 (AA�XX�, 4H each, CH�), 7.05 (s, 4H,
ArH�), 6.87 (half of AA�XX�, 4H, H�-3, -5), 5.75 (s, 1H, OH), 4.38 (q, J�
7.1 Hz, 2H, CO2CH2), 3.97 (t, J� 6.5 Hz, 4H, Ar�OCH2), 3.71 (t, J� 6.6 Hz,
4H, Ar�OCH2), 3.12 (s, 2H,C�CH), 2.40, 2.36 (2 t, J� 7.0 Hz, 4H each,
CH2C�C), 2.21 (s, 12H, ArCH3), 1.76 (m, 8H, OCH2CH2), 1.56 (m, 8H,
CH2CH2C�C), 1.39 (t, J� 7.1 Hz, 3H, CH2CH3), 1.5 ± 1.2 (m, 152H, CH2);
13C NMR: �� 166.1 (CO2), 159.4 (C�-4), 155.8 (C�-4), 153.2 (C�-4), 135.9
(C�-1), 133.1 (C�-2, -6), 132.3 (CH�), 132.0 (C�-3, -5, CH�), 131.6 (C�-2, -6),
131.4 (CH�), 130.9 (C�-3, -5), 129.3 (C�-2, -6), 128.3 (C�-3, -5), 125.2 (C�-1 or


C�-4), 123.6 (C�-4), 123.4 (C�-1), 120.6 (C�-4 or C�-1), 119.1 (C�-1), 115.0
(C�-1), 114.6 (C�-3, -5), 93.6 (CH2C�CAr�), 90.6 (C�CAr�), 89.0
(CH2C�CAr�), 87.6 (Ar�C�C), 82.0 (C�C-C�C), 80.4, 80.3 (CH2C�C),
75.2 (C�C-C�C), 72.4 (Ar�OCH2), 68.1 (Ar�OCH2), 60.9 (CO2CH2), 30.4 ±
28.6 (7 signals), 26.1, 26.0, 19.5, 19.4 (CH2), 16.1 (ArCH3), 14.4 (CH2CH3);
elemental analysis calcd (%) for C169H232O7 (2375.708): C 85.44, H 9.84;
found: C 85.29, H 9.82.
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WhyDo Co-solvents Enhance the Solubility of Solutes in Supercritical Fluids?
New Evidence and Opinion


Xiaogang Zhang, Buxing Han,* Zhenshan Hou, Jianling Zhang, Zhimin Liu, Tao Jiang,
Jun He, and Hongping Li[a]


Abstract: The effects of two polar co-
solvents, chlorodifluoromethane and
acetone, on the solubility and enthalpy
of a solution of 1,4-naphthoquinone in
supercritical (SC) CO2 were studied. We
found that the dissolution process be-
comes less exothermic in the presence of
the co-solvents relative to that in pure
CO2, although the solubility is enhanced
significantly by the co-solvents. This
indicates that the increase in the solu-


bility by adding co-solvents results from
the increase of the entropy of solution.
On the basis of the unexpected results
we propose a new mechanism for the
solubility enhancement of the solute by
the co-solvents in supercritical fluids
(SCF); this should be applicable to cases


in which the local density of the SC
solvent around the solute and the co-
solvent is larger, and the co-solvent
associates preferentially with the solute.
The results are also very important for
the understanding of other fundamental
questions of SCF science, such as the
effect of co-solvents on the thermody-
namic and kinetic properties of the
reactions in SCFs.


Keywords: calorimetry ¥ co-solvent
¥ solution enthalpy ¥ solvent effects
¥ supercritical fluids


Introduction


Supercritical fluid (SCF) science and technology has rapidly
developed in the past decade and will be one of the most
important topics in the coming decades with respect to clean
and environmentally benign chemistry and technology.[1]


Utilization of supercritical (SC) CO2, which is non-toxic,
non-flammable, and environmentally benign, is most attrac-
tive because it can provide the opportunity for replacing
conventional organic solvents and solving some challenging
technique problems in a variety of applications; [2] it also has a
relatively mild critical temperature and pressure (31.1�C and
7.38 MPa). However, CO2 is a poor solvent for high molecular-
weight or hydrophilic molecules because of its very low
dielectric constant and polarizability per volume; this limits
wider application. It is well known that small amount of polar
co-solvent can enhance the solubility of a polar solute in SC
CO2 significantly.[3] A general explanation is that the inter-
action between the co-solvent and solute is very strong; this
explanation is based on the results of spectroscopic studies,[4]


integral equation methods,[5] and molecular simulation.[6]


However, the mechanism for the solubility enhancement by


co-solvents is still unclear. It is no doubt that an insight into
the mechanism would be of great importance to the develop-
ment of SC science and technology.


The effect of co-solvents on the thermodynamic properties
of a solute in solution is a key for understanding the
mechanism of the solubility enhancement by co-solvents. In
this work, we conduct the first direct measurement for the
solution enthalpy of solute in SCFs in the presence of co-
solvents. The effects of two polar co-solvents, chlorodifluoro-
methane and acetone, on the solubility and enthalpy of
solution of 1,4-naphthoquinone in SC CO2 are studied. We
find that the enthalpy of solution increases significantly by the
addition of co-solvents, that is, the dissolution process
becomes less exothermic in the presence of the co-solvents,
although the solubility is enhanced significantly. Detailed
analysis allows us to get the real mechanism of the solubility
enhancement by the co-solvents.


Experimental Section


Materials: CO2 (99.995%) and chlorodifluoromethane (99.9%) were
supplied by the Beijing Analytical Instrument Factory. Acetone (99.5%)
was produced by the Beijing Chemical Reagent Factory. 1,4-Naphthoqui-
none (99%) was purchased from Aldrich. The chemicals were used as
received.


Apparatus and procedures: The calorimeter was a constant temperature
environment type, which was recently constructed in our laboratory. It can
be used to determine the enthalpy of solution and the solubility of solute in
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SCFs. The principle of the calorimeter is simple. At constant pressure, SC
solvent that contains the co-solvent of interest flows through a calorimeter
vessel, which contains a solid solute that is then dissolves. The temperature
of the calorimeter vessel changes if the dissolution process absorbs or
releases heat. The enthalpy of solution is obtained by the mass of the solute
dissolved, the energy equivalent, and the temperature change of calorim-
eter vessel after correction by using graphical extrapolation based on
Dickinson×s method.[7] The schematic diagram of the calorimeter is shown
in Figure 1. It consists mainly of a calorimeter vessel, an equilibrium cell


Figure 1. Schematic representation of calorimeter for measuring solution
enthalpy of solids in supercritical fluids: 1 and 3: constant-temperature
bath, 2: gas cylinder, 4: preheating coil, 5: calorimeter vessel, 6: outer can,
7: equilibrium cell, 8: temperature controller, 9: sample trap, 10: flow gas
meter.


(for the measuring of solubility), a sample collector, a gas cylinder
containing a pure or mixed solvent, thermostats, an electric calibrator, a
precision thermistor thermometer, and a data collection and processing
system. The accuracy of the pressure gauge, which was composed of a
transducer (FOXBORO/ICT) and an indicator, was � 0.025 MPa in the
pressure range of 0 ± 20 MPa. Temperature fluctuation of the water bath
was less than � 0.001 K in 24 h, and the sensitivity of the temperature
measurement was � 0.00005 K. The stability of pressure during the
experiments was very important. To do this, we used an 8 L gas cylinder
submerged into a constant temperature water bath (shown in Figure 1).
The pressure of the gas in the cylinder was easily controlled by the
temperature of the water bath. Experiments showed that this method was
very effective because the pressure change was less than � 0.01 MPa
during an experiment. A detailed description of the calorimeter and
experimental procedure used to determine the enthalpy of solution
naphthalene in SC CO2 was reported previously.[8] The main difference in
the set up was that the gas cylinder in Figure 1 contained a SC CO2/co-


solvent mixture, as the enthalpy and solubility of the solute in a SC CO2/co-
solvent was under investigation in this work, while that used in the previous
work[8] contained pure CO2, because the enthalpy and solubility of
naphthalene in pure SC CO2 was studied.


All the experiments were performed at 308.15 K. The calorimeter vessel
and equilibrium cell were thoroughly cleaned before experiment and then
tightly packed with mixtures of solid solute and copper scraps, which
enhanced the heat conduction, reduced the possibility of the solvent
channeling, and prevented the solute material from lump formation under
pressure. Before each experiment, the system was stabilized for at least 8 h
to reach thermal equilibrium. The solubility was determined by opening the
needle valve slightly to allow SC fluid to pass through the equilibrium cell.
The solubility of the solute could be easily calculated by the masses of the
solute collected and solvent passing through the flow meter. These data
were used to calculate the mole fraction of the solute in the vapor phase at
the specified temperature and pressure. At each condition, the experiment
was repeated at least three times and the reproducibility was better than �
2.5%.


The procedure for the enthalpy measurement was similar to that of the
solubility measurement. SC fluid was allowed to pass through the
calorimeter vessel, and the temperature change was monitored by using a
computer. Themass of the solute dissolved in this process was known by the
solubility at the experimental conditions and the mass of the fluid passing
through the calorimeter vessel. The energy equivalent was measured by an
electric calibrator under the experimental conditions; the repeatability of
the measurement was better than � 0.2%.


Results and Discussion


The solubility and solution enthalpy of 1,4-naphthoquinone in
pure CO2, CO2/CHClF2 (1.1 mol%), CO2/acetone
(0.5 mol%), and CO2/acetone (1.1 mol%) were measured at
308.15 K and different pressures. To confirm that the mixed
solvents are in the single-phase region, we first determined the
phase behavior of the CO2/co-solvent mixtures at 308.15 K by
using the optical cell reported previously.[9] The results show
that CO2/acetone (0.5 mol%) and CO2/acetone (1.1 mol%)
mixture are a single phase when the pressure is higher than
7.30 MPa, and CO2/CHClF2 (1.1 mol%) mixture is homoge-
neous at any pressure. All the experiments to determine the
solubility and enthalpy of solution were conducted at
pressures higher than 7.3 MPa. The results are listed in
Table 1. The densities of the mixed solvents were also


Table 1. Solubility and enthalpy of solution of1,4-naphthoquinone in pure CO2, CO2-CHClF2 (R22) and CO2-acetone at 308.15 K and different pressures.


1,4-naphthoquinone in pure CO2 1,4-naphthoquinone in
CO2-CHClF2 (1.1 mol%)


1,4-naphthoquinone in
CO2-acetone (1.1 mol%


1,4-naphthoquinone in
CO2-acetone (0.5 mol%)


Density Solubility Solution Density Solubility Solution Density Solubility Solution Density Solubility Solution
(� 103) enthalpy (� 103) enthalpy (� 103) enthalpy (� 103) enthalpy


mol L�1 mole frac kJ mol�1 mo L�1 mole frac kJ mol�1 mol L�1 mole frac kJ mol�1 mol L�1 mole frac kJ mol�1


8.76 0.173 1018.50 8.18 0.516 237.94 10.18 4.601 0.53 6.80 0.564 233.22
9.06 0.193 1173.25 8.55 0.566 415.02 11.29 5.150 2.74 7.21 0.607 239.42
9.95 0.266 695.40 9.41 0.676 576.16 12.99 5.992 20.92 7.67 0.679 236.69


10.33 0.306 430.23 10.40 0.824 260.32 13.71 6.222 22.08 8.20 0.776 277.51
12.48 0.661 156.38 11.21 0.978 224.60 14.17 6.581 38.73 9.24 0.910 327.18
13.25 0.872 86.05 12.28 1.230 72.84 14.75 6.740 15.99 9.75 0.985 257.67
14.41 1.310 83.81 13.74 1.810 40.84 15.15 7.209 13.51 10.66 1.180 227.19
15.00 1.680 74.34 14.22 2.060 31.94 15.41 7.578 11.96 11.55 1.310 181.87


14.65 2.180 18.21 15.61 7.602 8.61 12.21 1.470 151.57
13.05 1.600 76.36
13.54 1.740 54.68
14.20 1.860 39.39
15.04 2.090 17.74







Solutes in Supercritical Fluids 5107±5111


Chem. Eur. J. 2002, 8, No. 22 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0822-5109 $ 20.00+.50/0 5109


Figure 2. Densities of pure CO2 and co-solvent/CO2 mixtures at 308.15 K
as a function of pressure.


determined by a gravimetric method[10] and the results are
presented in Figure 2 and Table 2.


Figures 3 and 4 show the dependence of the solubility and
enthalpy of solution on the density of the solvents modified by
co-solvents. The negative enthalpy means that the dissolution


Figure 3. Solubility of 1,4-naphthoquinone in CO2, CO2/CHClF2 (R22)
and CO2/acetone at 308.15 K and different pressures.


process is exothermic. The corresponding pressure can be
taken from the data in Table 2. Like many other systems
studied, the co-solvents enhance the solubility considerably,
especially in the lower density (pressure) region, at which the
compressibility is high. Usually, this phenomenon is explained
by the fact that the polarity of the solvent is increased and/or


Figure 4. Enthalpy of solution of 1,4-naphthoquinone in CO2, CO2/
CHClF2 (R22) and CO2/acetone at 308.15 K and different pressures.


the interaction between the co-solvents and the solute is
stronger than that between the solvent and the solute.[3i, 4f, 11]


It is very interesting, and also unexpected, that the absolute
value of the negative enthalpy of solution decreases signifi-
cantly on addition of the co-solvents, especially in the lower
density region. It means that the dissolution process becomes
less exothermic as a polar co-solvent is added. In conventional
solvents, strong intermolecular interaction between the sol-
vents and solutes generally results in the dissolution process
being more exothermic.[12]


It is known that solubility is related with the Gibbs free
energy (�G), and the higher the solubility is, the lower the
value of �G is. The free energy �G is related with enthalpy
(�H) and entropy (�S) of solution by the following well-
known equations [Eq. (1) or (2)], in which T is the absolute
temperature.


�G��H�T�S (1)


�S� (�H��G)/T (2)


The solubility increases as the co-solvents are added as
shown in Figure 3, indicating that �G decreases with the
addition of the co-solvents. The absolute value of �H is
decreased by the addition of the co-solvents; this is not


Table 2. Apparent densities of pure CO2, CO2-CHClF2 (R22) and CO2-acetone at 308.15 K and different pressures.


Pure CO2 CO2-CHClF2 (1.1 mol%) CO2-acetone (1.1 mol%) CO2-acetone (0.5 mol%)


Pressure Density Pressure Density Pressure Density Pressure Density
MPa mol L�1 MPa mol L�1 MPa mol L�1 MPa mol L�1


7.36 5.97 7.32 6.00 7.61 10.18 7.30 6.20
7.49 6.35 7.60 6.96 7.69 11.49 7.40 6.50
7.57 6.63 7.78 7.93 7.75 12.56 7.49 6.72
7.69 7.10 7.89 8.99 7.84 13.43 7.59 7.13
7.84 8.05 7.92 9.52 7.97 14.05 7.68 7.61
7.91 8.62 7.97 10.18 8.25 14.89 7.79 8.54
7.98 9.50 8.00 10.65 8.45 15.27 7.90 10.00
8.08 11.06 8.04 11.21 8.71 15.51 8.00 11.61
8.17 12.32 8.12 12.10 9.02 15.75 8.10 12.44
8.27 13.05 8.19 12.68 8.20 12.97
8.49 13.98 8.30 13.26 8.30 13.43
8.92 14.92 8.45 13.82 8.40 13.80


8.65 14.39 8.50 14.15
8.95 14.97 8.60 14.40


8.70 14.62
8.80 14.79
8.90 14.91
9.00 15.01
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favorable to the increase of the solubility as can be seen from
Equation (1). Thus, on the basis of the results in Figures 3 and
4 and Equations (1) or (2), we can obtain a new and
unexpected conclusion: the significant solubility enhance-
ment by the co-solvents results from the increase in �S. This is
qualitatively discussed below.


Many studies indicate that the local density of the SC
solvent around a solute molecule can be higher than that in
the bulk, especially in the highly compressible region. This is
often referred to as local density and/or local composition
enhancement or ™clustering∫.[13] It should be emphasized that
the term ™clustering∫ is only used to define a situation in
which the local density of the solvent about the solute exceeds,
on average, that of the bulk. The term ™cluster∫ does not
imply the existence of a stable physical aggregation. Both of
the co-solvents used in this work are polar compounds. It can
be expected that the local density of CO2 around the solute
and the co-solvents is larger than that in the bulk, and that the
co-solvents associate preferentially with the solute.


As discussed above, in our experiments CO2 and the desired
co-solvent are mixed first outside of the calorimeter, and then
the enthalpy of solution in the mixed solvent is determined.
Thus, the dissolution process of the solute in a CO2 and co-
solvent mixture can be expressed as Equation (3):


CO2� co-solvent (solvated)� solute (solid)� solute (in mixed solvent) (3)


It is known that thermodynamic functions are independent
of the processes. The dissolution of the solute in a solvent/co-
solvent mixture can be divided into two steps: 1) the solute is
solvated by the solvent (CO2) as in pure CO2; 2) the solvated
co-solvent and solvated solute interact and form the final
solution. This is expressed schematically in Scheme 1.


Scheme 1.


The overall �H or �S values obtained from the sum of the
two steps [Eqs. (4) and (5), respectively].


�H��H1 � �H2 (4)


�S��S1 � �S2 (5)


Here �H1, �H2, �S1, and �S2 are the enthalpy change and
entropy change of the corresponding steps. �H1 or �S1 is
equal to the enthalpy or entropy of solution of the solute in
pure CO2. Thus the effect of a co-solvent on �H and �S


depends on the second step. The enthalpy change of the
second step, �H2, consists of two parts. The first part is the
enthalpy of the direct interaction of the solute and the co-
solvent, which should be negative (exothermic), as in vacuum
or in conventional liquid solutions. The second part of �H2


results from the fact that some of the CO2 molecules around
the co-solvent and the solute are removed during the process
as qualitatively shown in Scheme 1; this gives a positive
contribution to �H2. The second part is dominant, and,
therefore, �H2 is positive. Thus, the absolute value of �H is
less than that of �H1 (solution enthalpy in pure CO2), that is,
the dissolution process is less exothermic in the presence of
the co-solvents relative to that in pure CO2, which is not
favorable to increase the solubility. On the other hand, a large
number of CO2 molecules enter into the bulk from CO2/co-
solvent and CO2/solute clusters in the second step, and �S2 is
increased by the addition of the co-solvents; this is favorable
for the increase of the solubility. So, the enthalpy and entropy
changes resulting from the addition of the co-solvents affect
the solubility in opposite ways, and solubility enhancement on
addition of co-solvents indicates that the entropy effect is
dominant.


Figures 2 ± 4 show that at the lower density or in the highly
compressible region the reduction of �H is more significant.
The main reason is that the local density augmentation or
local composition enhancement are more pronounced, and
more CO2 molecules are removed during the association
process of the co-solvents and the solute. Thus, the �H is
affected more significantly by the addition of the co-solvents
in the highly compressible region. At the same time, �S
increases more significantly because larger number of CO2


molecules enter the bulk from the solvated shells.
The effect of acetone on the solubility and the enthalpy of


solution is more pronounced than CHClF2, as can be seen
from Figures 3 and 4. The main reason is that the polarity of
acetone (dipole moment m� 2.89 D) is stronger than that of
CHClF2 (m� 1.42 D). Thus, the local density and local
composition enhancement is more remarkable, and the
entropy effect is more pronounced.


Conclusion


On the basis of the experimental data and the analysis above,
we can propose the new mechanism for the solubility
enhancement by the co-solvents in SC CO2. In the presence
of the co-solvents the enthalpy change is not favorable for the
solubility enhancement although the interaction between the
co-solvents and the solute is stronger; however, the entropy
change favors an increase in the solubility and this effect is
dominant. This unusual phenomenon is related to the special
solvation in SC solutions. It should be emphasized that this
conclusion is only applicable in cases in which the local
density of the SC solvent around the solute and the co-solvent
is larger, and the co-solvent associates preferentially with the
solute, that is, the local density and local composition
enhancement is significant. Nevertheless, the results offer
new insights into competitive enthalpy and entropy effects in
dissolution processes of solutes in SC solvent near the critical
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condition; this is helpful for the understanding of some
fundamental questions of SCF science, such as the effect of
co-solvents on the thermodynamic and kinetic properties of
the reactions in SCFs.
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Temperature Dependence of Helical Structures of Poly(phenylacetylene)
Derivatives Bearing an Optically Active Substituent


Kazuhide Morino,[a] Katsuhiro Maeda,[a] Yoshio Okamoto,[b] Eiji Yashima,*[a] and
Takahiro Sato*[c]


Abstract: The temperature dependence
of the helical conformations for the
homopolymers of phenylacetylene de-
rivatives bearing an optically active
substituent, such as the (R)-((1-phenyl-
ethyl)carbamoyl)oxy and (R)-((1-(1-
naphthyl)ethyl)carbamoyl)oxy groups
at the phenyl group, and their copoly-
mers with achiral phenylacetylenes were
investigated in solution using circular
dichroism (CD) and absorption spec-
troscopies. The magnitude of the in-
duced CD (ICD) of the optically active
homopolymers increased with decreas-
ing temperature and was accompanied
by a blueshift in their absorption max-
ima. On the other hand, the copolymers


with achiral phenylacetylenes exhibited
interesting ICD changes with temper-
ature, depending on the bulkiness of the
achiral comonomers. The copolymers
with a less bulky phenylacetylene had a
very intense ICD at low temperatures,
the ICD pattern was almost opposite to
those of the chiral homopolymers, while
the copolymers with the most bulky
phenylacetylene bearing a tert-butyldi-
phenylsiloxy group at the para position
showed an ICD change similar to that of


the optically active homopolymers.
However, the copolymers with the phen-
ylacetylene bearing a tert-butyldimethyl-
siloxy group with intermediate bulkiness
at the para position showed no ICD
change with temperature. These results
indicate that the prevailing helix-sense
of the chiral-achiral random copolymers
of the phenylacetylenes is determined
by a delicate interaction between the
chiral and achiral side chains. The ther-
modynamic stability parameters for the
helical conformations of the homopol-
ymers and copolymers of the phenyl-
acetylenes were estimated from the
temperature dependence of the ICDs.


Keywords: chirality ¥ circular di-
chroism ¥ helical structures ¥ poly-
merization ¥ poly(phenylacetylene)


Introduction


Optically active helical polymers with an excess single-screw
sense have drawn much attention not only because of their
interesting structures as observed in various biopolymers, but
also as a result of their possible applications to novel
functional chiral materials in various fields, such as analytical
chemistry and materials science.[1] Two types of helical


polymers have so far been prepared. These can be classified
based on the nature of their helical conformation; one is a
stable (or static) helical polymer and the other is a dynamic
helical polymer. Poly(triphenylmethyl methacrylate)
(PTrMA) is an example of the former and one-handed,
helical PTrMA has been prepared by asymmetric polymer-
ization with optically active initiators (or catalysts).[1a,g] It is
noteworthy that such a helical PTrMA with perfect one-
handedness provides excellent optical resolution of many
racemates when it is used as a chiral stationary phase (CSP) in
high performance liquid chromatography (HPLC).[2] The
latter group of helical polymers is exemplified by polyisocya-
nates[3] and polysilanes.[1e,f] Polyisocyanates are composed of
long, alternating sequences of right- and left-handed helices
separated by the helix reversal points that move along the
polymer backbone, so that helix inversion readily occurs in
solution; this indicates that the barriers for the helix inversion
are very low. Therefore, the optically active polyisocyanates
with a predominantly one-handed screw sense can be
prepared by introducing a tiny amount of chiral bias to the
polymer; for instance, the copolymer of an achiral isocyanate
with a small amount of chiral isocyanate exhibits as high an
optical activity as that of the chiral homopolymer.[3]
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Polyacetylenes are typical �-conjugated polymers consist-
ing of conjugated double bonds in the main chain and they
have been studied for use as novel polymeric materials, such
as conducting materials, nonlinear optical materials, and gas-
permeable membranes.[4] Furthermore, a helical conforma-
tion with a predominant helix-sense has been proposed as a
possible conformation for the polyacetylenes obtained by the
polymerization of acetylenes bearing an optically active side
group by transition-metal catalysts, because they exhibit a
characteristic induced circular dichroism (ICD) in the ab-
sorption region, which is attributed to the conjugated double
bonds in the main chain (UV/Vis region).[5]


We previously reported that cis ± transoidal poly(phenyl-
acetylene) derivatives bearing an optically active carbamoy-
loxy group at the para position have an intense ICD in the
UV/Vis region,[6a] and exhibit a high chiral recognition ability
as a CSP in HPLC for various racemates, such as Trˆger×s base
and spiropyran derivatives.[6b,c] In this case, the one-handed
helical conformation of the polyacetylene appears to play an
important role in the chiral recognition, since a stereo-
irregular polyacetylene bearing the same chiral unit shows
poor chiral recognition.[6b] We have also found that optically
inactive, cis ± transoidal poly(phenylacetylene)s bearing vari-
ous functional groups, for instance, a carboxy group, an amino
group, and a boronic acid residue, form a dynamic, predom-
inantly one-handed helix upon complexation with optically
active compounds capable of interacting with the functional
groups. The complexes exhibit a characteristic ICD in the UV/
Vis region, which reflects the stereochemistry, including the
absolute configurations, of the chiral compounds.[7] These
polymers can be used as a novel chiral sensory system.
Moreover, we found that the induced helical chirality on a
stereoregular poly((4-carboxyphenyl)acetylene) with optical-
ly active amines can be memorized by replacing the chiral
amines with achiral amines.[8] Similar helicity induction could
be possible for aliphatic polyacetylenes.[9] Recently, a detailed
conformational study on optically active helical poly(propiol-
ic ester)s was reported by Nomura and co-workers.[10] They
demonstrated that the helical conformation of poly(propiolic
ester)s was dynamic, similar to those of the polyisocyanates
and polysilanes. They then experimentally estimated the
energy barrier for the helix ± helix interconversion (�G�) and
the free energy difference between the helical and the reversal
states (�Gr) by means of the variable-temperature NMR
measurements. The �Gr values for the poly(propiolic ester)s
are about only half as large as those of the polyisocyanates;
this indicates that the helix reversals occur very often in
poly(propiolic ester)s relative to polyisocyanates.


In a previous study, we investigated the effect of the
bulkiness of the substituents on the phenyl groups of the
achiral comonomers on the formation of the helical con-
formations derived from copolymers with optically active
bulky phenylacetylenes in solution and found that the optical
activity (CD intensity and specific rotation) of the copolymers
at room temperature increased with increasing bulkiness of
the achiral comonomers.[6a] However, helical conformations
are often strongly dependent on temperature, and the
dependence can give us important information on the
cooperativity of the helical conformations, which has not yet


been studied for poly(phenylacetylene)s.[5±8] In the present
study, we investigated the temperature dependence of the CD
and absorption spectra for the homopolymers of optically
active phenylacetylene derivatives (1, 2, 3, 7, and 8) and the
copolymers of optically active monomers (1, 2, and 3) with
achiral comonomers (4, 5, and 6). The data were analyzed in
order to estimate the thermodynamic parameters character-
izing the stability of the helical conformations of the poly-
(phenylacetylene)s (Scheme 1).
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Scheme 1. Structures of poly(phenylacetylene)s, chiral (1 ± 3, 7, 8), and
achiral (4 ± 6) phenylacetylene derivatives.


Results


Except for poly-8 and poly(14-co-46), we used optically active
homopolymers and copolymers with achiral comonomers
previously prepared by polymerization with [Rh(nbd)Cl]2
(nbd: norbornadiene) according to Scheme 1.[6a, 11] The poly-
merization of a new chiral phenylacetylene derivative (8),
bearing an amide group, was carried out with [Rh(nbd)Cl]2 in
tetrahydrofuran (THF) containing a small amount of triethyl-
amine to give an orange, powdery polymer in moderate yield
(60%). The 1H NMR spectrum of poly-8 in [D6]dimethylsulf-
oxide (DMSO) had a sharp singlet centered at �� 5.75 due to
the main chain protons, indicating that the polymer has a
highly cis-transoidal stereoregular structure, based on the
literature.[12] All other homopolymers and copolymers also
have a highly cis-transoid structure, as previously reporte-
d.[6a, 11] The characteristics of the polymers employed in this
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study, including molecular weight, content of the optically
active monomer units, and the UV/Vis and CD data, are
summarized in Table 1.


In order to investigate the ability of the chiral monomer
units to control the overall main chain helical conformation (a
helix-sense bias) of the corresponding homopolymers and
copolymers with various achiral comonomers, we examined
the temperature-dependent chiroptical behaviors of the
homopolymers and copolymers. The temperature-dependent
changes in the CD and absorption spectra of the homopol-
ymer of 1, which has an optically active (R)-((1-phenyl-
ethyl)carbamoyl)oxy group at the para position, and the
copolymers with various achiral comonomers (4, 5, and 6) are
shown in Figure 1 and the ICD intensities of the second
Cotton are plotted versus temperature (Figure 2A).


Poly-1 showed an intense, split-type ICD in the UV/Vis
region due to a predominantly one-handed helical conforma-


tion in THF at room temperature as already reported
(Figure 1A).[6a] The magnitude of the poly-1 ICD increased
monotonically with decreasing temperature and almost
reached a plateau value at around �60 �C with a slight
blueshift in the �max of the second Cotton by 8 nm. The
absorption spectra of poly-1 exhibited a large blueshift; the
absorbance over 400 nm significantly diminished and a peak
at around 320 nm increased with decreasing temperature.
These CD and absorption spectral changes indicated that the
helical screw sense preference of poly-1 increased with a
decrease in temperature and poly-1 may have a rather tight
helical (or an off-planar) conformation at lower temperatures.
The third Cotton intensity at 310 nm of poly-1 also increased
with decreasing temperature, as shown in Figure 1A. Al-
though not shown in Figure 2, the ratio of the CD to UV peak
heights at this wavelength, which may be equated to the Kuhn
dissymmetric ratio, had the same temperature dependence as


Table 1. Characteristics of homopolymers of phenylacetylenes bearing an optically active substituent and copolymers with achiral comonomers.


Run Polymer[a] M1 M2 [M1] in polymer M�w,S
[c] N0,w


[f] UV/Vis [�]2nd� 10�4 Ref.
(mol%)[b] (�104) (�103) �/� (nm) /� (nm)


1 poly-1 1 ± 100 200 6.8 2990/391 � 2.18/365 [6a]


2 poly(11-co-49) 1 4 9.2 300 17 3200/388 0.14/374 [6a]


3 poly(14-co-46) 1 4 44.1 21 1.2 3530/389 � 0.24/367 this work
4 poly(11-co-59) 1 5 8.2 270 9.3 3140/407 � 0.58/373 [6a]


5 poly(13-co-67) 1 6 29.7 730 26 3180/400 � 2.63/371 [6a]


6 poly-2 2 - 100 18 0.62 3060/395 � 1.48/369 [6a]


7 poly(21-co-49) 2 4 13.7 130 7.2 3300/393 0.03/382 [6a]


8 poly(21-co-59) 2 5 11.2 270 9.5 3290/408 � 0.82/371 [6a]


9 poly(23-co-67) 2 6 28.2 660 23 3690/400 � 2.73/371 [6a]


10 poly-3 3 ± 100 310 11 3880/405 � 0.01/357 [6a]


11 poly(31-co-49) 3 4 13.5 130 7.3 3470/393 0.03/370 [6a]


12 poly(31-co-59) 3 5 11.8 230 8.1 3500/413 ± [6a]


13 poly(32-co-68) 3 6 20.4 630 22 3700/400 0.82/373 [6a]


14 poly-7 7 ± 100 (10[d]) 3510/409 0.33/372 [11]


15 poly-8 8 ± 100 27[e] 1.5 2820/400 � 1.49/377 this work


[a] The subscript numbers represent the molar ratio of monomer units in copolymers. [b] Estimated by 1H NMR. [c] Apparent weight-average molecular
weight determined by SEC (polystyrene standard) with THF as the eluent. [d] Apparent number-average molecular weight determined by SEC (pullulan
standard) with DMSO as the eluent. [e] Determined by SEC (poly(ethylene oxide) and poly(ethylene glycol) standard) with DMF containing LiCl (10 m�)
as the eluent. [f] Weight-average degree of polymerization estimated from M�w,S (see text).


Figure 1. CD and absorption spectral changes of poly-1 (A), poly(11-co-49) (B), poly(11-co-59) (C), and poly(13-co-67) (D) in THF at various temperatures.
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that of the second Cotton peak. A very weak Cotton effect
was observed at wavelengths longer than 400 nm. The reason
for this effect is not clear at present.


The changes in the CD and absorption spectra of the
copolymers of 1 with achiral comonomers (4, 5, and 6) with
temperature were also investigated in THF, in order to
explore the effect of the bulkiness of the substituents on the
helical conformation of the poly(phenylacetylene)s. Previous
results have shown that at room temperature the ICD
intensities for the copolymers of 1 increased with an increase
in the bulkiness of the substituents of the achiral comono-
mers.[6a] In fact, as shown in Figure 1B ±D, while the copoly-
mer with the less bulky phenylacetylene, poly(11-co-49),
showed a very weak CD with opposite Cotton effects at
14 �C, the more bulky phenylacetylenes, poly(11-co-59) and
poly(13-co-67), exhibit a stronger CD at room temperature.
However, remarkable changes in the ICD intensity were
observed for the copolymers of 1 with 4 at temperatures lower
than �40 �C, and the ICD intensity at �87 �C was about 20
times greater than that at room temperature (Figures 1B and
2A). The sudden onset and rapid increase in the optical
activity of the copolymer are indicative of cooperative
interactions among the side chains, which appear to be
important for understanding the nature of the conformation
of the polyacetylenes (for detailed discussion, see below).
Moreover, the ICD pattern of poly(11-co-49) was almost a
mirror image of that of poly-1, indicating that the predom-
inant helix-sense of poly(11-co-49) is opposite to that of poly-1.
The absorption spectra of poly(11-co-49) also showed a slight
blueshift with decreasing temperature similar to poly-1. On
the other hand, poly(11-co-59), prepared by the copolymer-
ization with the bulky comonomer 5, was insensitive to any
temperature change and the CD and absorption spectra
hardly changed from 19 to �96 �C (Figure 1C), while the
copolymer of 1 with the bulkiest 6 (poly(13-co-67)) exhibited
an intense ICD, comparable to that of poly-1, in spite of the


small content of the chiral monomer unit (29.7%) at room
temperature (Figure 1D). Similar to poly-1, the magnitude of
the ICD of poly(13-co-67) monotonically increased as the
temperature was lowered. However, in contrast with poly-1
and poly(11-co-49), the absorption spectra of poly(13-co-67) did
not show any appreciable change with temperature. This
implies that the helix-sense excess of poly(13-co-67) became
greater at lower temperatures, but the helical structure,
including the helical pitch, remained intact regardless of the
temperature changes.


A similar temperature-dependent change in the Cotton
effect was also observed for the homopolymer (poly-2)
bearing an (R)-((1-(1-naphthyl)ethyl)carbamoyl)oxy group
and a series of copolymers with achiral 4, 5, and 6 (Figure 2B).
Poly-2 and the copolymer with 6 bearing the bulkiest
substituent (poly(23-co-67)) showed intense ICDs, even at
about 20 �C, and the magnitude gradually increased with
decreasing temperature. The ICD of the latter seems to be
saturated at the same level as those of poly-1 and (poly(13-co-
67)) at low temperatures. Poly(21-co-49) showed almost no
ICD in the range over 300 nm at about 20 �C, but below
�60 �C, the ICD magnitude rapidly increased in a sigmoidal
fashion with almost a mirror image in shape to those of poly-2,
poly(21-co-59), and poly(23-co-67). Poly(21-co-59) did not
exhibit any apparent temperature dependence of the CD
and absorption spectra. These results indicate that the
predominant helix-sense is controlled by a delicate interaction
between the chiral and achiral side chains.


To explore the effect of the position of an optically active
substituent on the helical conformation of poly(phenylacet-
ylene)s, the temperature dependence of the CD and absorp-
tion spectra of the homopolymer and copolymers of 3 bearing
an (R)-((1-phenylethyl)carbamoyl)oxy group at the meta
position was investigated (Figure 2C). The homopolymer,
poly-3, showed almost no ICD over 300 nm from approx-
imately 20 to 0 �C, but as the temperature decreased further,


Figure 2. Temperature dependence of the molar ellipticity [�]2nd at the 2nd Cotton peak of the homopolymers (�) and the copolymers of 1 (A), 2 (B), and 3
(C) with 4 (�, �), 5 (�), and 6 (�) in THF.
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an apparent ICD appeared and the ICD signal continued to
increase in a sigmoidal fashion. These significant ICD changes
were accompanied by a gradual blueshift in the absorption, as
seen in poly-1. The Cotton effect signs of poly-3 are the same
as those of poly-1 and poly-2, which indicates that the
predominant helix-sense is the same for all of the homopol-
ymers, and the substitution position of the optically active
groups only slightly influences the helix-sense. Both of the
copolymers with 4 and 5 showed negligibly weak ICD at about
20 �C, but a different temperature dependence was observed.
Although a plot of the second Cotton intensity of poly(31-co-
49) versus temperature indicates a sigmoidal curvature with a
positive sign, like the copolymers of 1 and 2 with achiral 4,
poly(31-co-59) did not have any detectable ICD even at
�92 �C. The copolymer of 3 with the most bulky 6 showed a
relatively large ICD at about 20 �C, whose intensity increased
with decreasing temperature, while its absorption spectra did
not show a significant change. It is noteworthy that the Cotton
effect signs of poly(32-co-68) and poly(31-co-49), being closely
related to the helix-sense of the copolymers, were opposite to
that of the homopolymer (poly-3). The copolymers with 4 and
6 possess a reversed helical structure compared with that of
the poly-3. Based on these results, the introduction of an
optically active substituent at the para position rather than the
meta position may be effective in biasing the screw sense.


Comparison of these temperature-dependent changes in
the ICDs as well as in the handedness of all the homopoly-
mers, show a marked tendency in their behavior. Except
for the copolymers with 5, all of the homopolymers and
copolymers showed an increase in the magnitude of the ICD
with decreasing temperature. In particular, a dramatic in-
crease of the Cotton effect in a sigmoidal fashion was
observed for the copolymers with 4 and the homopolymer
of 3 at lower temperatures. These temperature-dependent
ICD changes occurred rapidly and were reversible. Similar
and strong temperature-dependent changes in optical activity
have been reported for typical dynamic helical polymers, such
as polyisocyanates[3a±c, 13, 14] and polysilanes.[15] Therefore,
these results strongly indicate that poly(phenylacetylene)s
may also be classified into this category (dynamic helical
polymer)s.


Moreover, the copolymers with 4 examined in this study
showed an opposite Cotton effect sign as compared with those
of the corresponding homopolymers (poly-1 ± poly-3) regard-
less of the position of the optically active substituents (meta-
and para positions). The inversion of the Cotton effect
indicates that there is a diastereomerically opposite chiral
interaction between the side chains, which biases the reversed
helix-sense. There could be another possibile explantation for
such dramatic ICD changes with a reversed Cotton effect; it is
the formation of aggregates, as previously reported for
polyisocyanates, polysilanes, and other chiral �-conjugated
polymers and oligomers.[3b, 16] However, we were able to
exclude this possibility, since the CD and absorption spectral
changes of poly(11-co-49) were independent of the copolymer
concentration (0.01 ± 0.1 mgmL�1). In order to obtain further
information on the reason for the reversed Cotton effect of
poly(11-co-49), we prepared a poly(1-co-4) with 44 mol% of 1
units (poly(14-co-46)) (run 3 in Table 1) and measured the


temperature-dependent ICD changes (Figure 2A). In con-
trast to poly(11-co-49), poly(14-co-46) exhibited a weak, but
negative second Cotton effect; the sign is the same as poly-1,
but opposite to that of poly(11-co-49) and the magnitude of the
ICD increases slightly with decreasing temperature (Fig-
ure 2A). These results indicate that not only chiral monomers,
but also the monomer sequences composed of chiral and
achiral monomer units have a helix-sense bias to the overall
polymer chain conformations. This composition-driven helix-
sense inversion of copolymers consisting of chiral and achiral
monomer units has already been observed for poly(phenyl
isocyanate)s[14] and poly(dialkylsilane)s.[17] However, this is
the first example of this phenomenon for polyacetylenes.


As can be seen in Figure 2, the copolymers with 5 (poly(11-
co-59), poly(21-co-59), and poly(31-co-59)) scarcely exhibited
any ICD change with temperature. This seems to be
associated with the moderate bulkiness of the substituent of
5 compared with those of 4 and 6. The monomer sequence
composed of achiral 5 and chiral 1 or 2 may not have a
sufficiently strong bias of the helix-sense to move a helical
conformation of the polymer backbone into a single screw
sense.


As described above, the homopolymers of the optically
active phenylacetylenes bearing a carbamoyloxy group (1 ± 3)
show a strong temperature dependence in their ICD inten-
sities, which significantly increased with decreasing temper-
ature. We then investigated if analogous optically active
poly(phenylacetylene)s having a different chiral residue on
the phenyl moiety would show similar ICD changes with
temperature. Poly-7 and poly-8 were prepared and their
temperature-dependent ICD changes were examined. As
shown in Figure 3, both homopolymers also showed an
increase in the ICD intensities when the temperature was
lowered. These ICD changes were accompanied by a blueshift
in the absorption similar to poly-1 ± poly-3. Based on these
results, it can be concluded that optically active poly(phenyl-
acetylene) derivatives have a dynamic helical conformation in
nature.


Figure 3. Temperature dependence of the molar ellipticity [�]2nd at the 2nd
Cotton peak of poly-7 (�) in THF and poly-8 (�) in DMSO/MeOH 1:9 v/v.
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Discussion


As shown in the previous section, homopolymers and
copolymers of the phenylacetylene derivatives have a strong
CD temperature dependence (except for the copolymers of
5). This indicates that the helical conformation of each
monomer unit in the polymers is determined by cooperative
interactions with neighboring monomer units. The coopera-
tive conformational transition of the helical polymers is
usually treated in terms of the Ising model,[3a,b, 18] where each
monomer unit in the helical polymer chains can take a right-
handed (P) helical state, left-handed (M) helical state, or helix
reversal state. In this section, we analyze the CD data
presented in the previous section using this model to estimate
the parameters determining the thermal stability of the helical
conformation for the homo- and copolymers of the phenyl-
acetylene derivatives.


According to Lifson and co-workers,[3a] the enantiomeric
excess 2fP� 1 of the P state in helical homopolymers can be
calculated as a function of the free energy difference 2�Gh,CC


between the M and P states, the excess free energy �Gr of the
helix reversal state, the degree of polymerization N0 , and the
absolute temperature T; �Gh,CC and �Gr are defined as the
quantities per mole of the monomer unit, and the meaning of
the subscript CC in �Gh,CC will be explained later. The molar
ellipticity [�]2nd can then be calculated from 2fP� 1 multiplied
by the maximum molar ellipticity [�]max of the intact P helix at
2fP� 1� 1. In the following discussion, we tentatively assume
that a positive [�]max corresponds to the P helix, although the
relationship between the CD sign and the handedness of the
helix has not yet been established for the poly(phenylacety-
lene) derivatives.


In a first approximation, we assume that �Gh,CC and �Gr


are independent of T. Furthermore, for poly-1 and poly-2, the
chemical structures of the substituents are similar and also
their CDs were measured in the same solvent, THF, so that we
can expect that [�]max and �Gr for the two polymers are
approximately the same. Under these conditions, we could
almost uniquely determine the parameters of poly-1 and poly-
2. In the calculation of 2fP� 1, we used the weight-average
degree of the polymerization listed in Table 1 as N0 , neglect-
ing the effect of the polydispersity in N0. The fitted results are
shown by the solid curves for the two polymers in Figure 4,
and the determined parameters are listed in Table 2. The
substituent of poly-8 is also not much different from those of
poly-1 and poly-2, and we can obtain a good fit for poly-8
using similar values of �Gh,CC, �Gr , and [�]max; see Figure 4
and Table 2. (We did not analyze the CD data of poly-7,
because we have no information about the weight-average
molecular weight of this sample.)


We could not fit CD data of poly-3 with a constant �Gh,CC,
but had to change it slightly with temperature.[13a] Although
the fitting result (the curve in Figure 4) implies a temperature-
driven helical screw-sense inversion at about 10 �C, which has
already been observed in some polyisocyanates[14] and poly-
silylenes,[1e, 19] the experimental data do not clearly indicate it.
The value of [�]max of this polymer is considerably smaller
than those of the other four homopolymers. The meta
substitution may change a local helical conformation, though


the change is not reflected on the UV/Vis spectrum, which
consists of multiple absorption bands.


The free energy difference,�Gh,CC, is much smaller than the
thermal energy for all the homopolymers listed in Table 2.
This may come from the fact that the chiral center on the
substituent of each of the homopolymers is remote from the
backbone polyacetylene chain. On the other hand, all the �Gr


values are much larger than the thermal energy, which
indicates that helix reversal seldom occurs and monomer
units tend to take a helical conformation of the same sense
within the polymer chain.


Since the chiral centers of poly-1, -2, and -3 are far from the
polyacetylene backbone chain, chiral interactions should
mainly be exerted between the side groups of the neighboring
monomer units. Thus for the chiral ± achiral random copoly-
mers of 1, 2, and 3, the free energy difference, 2�Gh, between
the P and M helical states of each monomer unit may depend
on the type of the interacting monomer unit.[20] We denote the
�Gh value of the chiral unit interacting with the chiral and


Table 2. Parameters determined by fitting CD data for poly(phenylacetylene)
derivatives to the Ising model theory.


Run Polymer [�]max
[a] �Gh,CC


[b] �Gh,CA
[b] �Gr


[b] Remarks


1 poly-1 4.6 � 2.4 15500
2 poly(11-co-49) 4.6 � 2.4 7.1 10500
3 poly(14-co-46) 4.6 � 2.4 0.21 15500
5 poly(13-co-67) 4.2 � 2.4 � 7.5 15500
6 poly-2 4.6 � 2.3 15500
7 poly(21-co-49) 4.6 � 2.3 4.2 10500
9 poly(23-co-67) 4.2 � 2.3 � 9.2 15500


10 poly-3 2.9 � 0.60[c] 16700 at �100 �C
2.9 0.05[c] 16700 at 20 �C


11 poly(31-co-49) 4.4 same as poly-3 2.3 10500
13 poly(32-co-68) 2.4 same as poly-3 5.4 15500
15 poly-8 3.9 � 2.5 15500


[a] In units of 104 degreecm2dmol�1. [b] In units of Jmol�1. [c] �Hh,CC (the
enthalpic component of �Gh,CC)��1.54 Jmol�1 ;�Sh,CC (the entropic component
of �Gh,CC)��0.00544 JK�1mol�1.


Figure 4. Comparison between experiment and theory of [�]2nd for the
homopolymers of phenylacetylene derivatives. Solid curves represent
theoretical values calculated by the Ising model theory with parameters
listed in Table 2.
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achiral units as �Gh,CC and �Gh,CA, respectively; �Gh of the
achiral unit interacting with the chiral unit may be identified
with �Gh,CA, and �Gh,AA should be zero from symmetry.


By generating many sequences of the chiral-achiral random
copolymer with a given N0 and mole fraction x of the chiral
unit on a computer, we calculated the average conformational
partition function to obtain fP in the routine procedure.[18a] For
such calculations, we have to choose the four parameters,
�Gh,CC, �Gh,CA, �Gr , and [�]max to fit the CD data of the
copolymers. The first of these should be identical with that for
the corresponding homopolymer, which has already been
determined. The other three parameters may depend on the
types of the chiral and achiral monomers; �Gr and [�]max may
also depend on x.


Since poly-1 and poly-2 have the same�Gr and [�]max values
(see Table 2), we may expect that these parameters for their
copolymers with the same achiral monomer at the same x are
also identical. Under this condition, we searched for the
parameters leading to the best fit of the CD data of poly(11-
co-49), poly(21-co-49), poly(13-co-67), and poly(23-co-67). The
results are shown by the solid curves in Figure 5, and the
parameters used are listed in Table 2. For the copolymers of 4,
�Gh,CA and �Gh,CC take the opposite sign, indicating that the
chiral interaction between the chiral and achiral monomer
units and between the chiral monomer units stabilizes the
opposite helical state. The value of �Gr for the copolymers of
4 is smaller than those for the copolymers of 6, while [�]max for
the latter is smaller than that for the former. The smaller �Gr


may be due to the lower bulkiness of the substituent of 4.
For poly(14-co-46), we had to choose �Gh,CA and �Gr values


different from those of poly(11-co-49) in order to obtain a good
fit of the CD data, as shown by the solid curve in Figure 5A
and Table 2. We can explain the increase in �Gr by increasing
the content of the more bulky chiral monomer, but we have no
suitable interpretation for the difference in �Gh,CA between
the same chiral and achiral pair.


For poly(31-co-49), the chiral monomer content is so low
that we may expect �Gr and [�]max to be similar to those for


poly(11-co-49) and poly(21-co-49). The fitting result for this
copolymer is in accord with this expectation, as shown in
Figure 5C and Table 2. On the other hand, we have to use a
considerably smaller [�]max for poly(32-co-68) than those for
poly(13-co-67) and poly(23-co-67) to obtain a good fit of the
CD data. The reduction in [�]max is, however, not reflected in
the UV/Vis spectrum, as in the case of the poly-3 homopol-
ymer as mentioned above. We need more detailed analyses of
the CD and UV/Vis spectra for the poly(phenylacetylene)
derivatives.


As shown in Figure 2, [�]2nd of all the copolymers containing
5 as the major component is essentially independent of
temperature. Although the CD of poly(31-co-59) may be
explained by a compensation of �Gh,CA and �Gh,CC, there is
no parameter set which maintains [�]2nd at a constant value
except at zero and � [�]max over a wide temperature range.
One might regard these copolymers as stable (or static) helical
polymers where the P and M helical states are not inter-
convertible, like the poly(triarylmethacrylate)s.[1a,g] However,
the temperature dependent CD for the copolymers containing
6 with a more bulky substituent is in disagreement with this
possibility. The constant CD values of poly(11-co-59) and
poly(21-co-59) may be reproduced by the theory if [�]max is as
low as 1� 104degreecm2dmol�1 for these copolymers, but
their UV-visible spectra are comparable to those for other
poly(phenylacetylene)s.


Conclusion


A series of optically active poly(phenylacetylene)s consisting
of chiral and achiral phenylacetylenes were prepared and
their chiroptical properties as well as thermodynamic stability
parameters for their helical conformations were investigated
by low temperature CD measurements. It was found that the
poly(phenylacetylene)s form a dynamic helical conformation
like polyisocyanates, and the predominant helix-sense is
governed by a delicate interaction between the chiral and


Figure 5. Comparison between experiment and theory of [�]2nd for the copolymers of phenylacetylene derivatives. Solid curves represent theoretical values
calculated by the Ising model theory with parameters listed in Table 2.







Helical Structures 5112±5120


Chem. Eur. J. 2002, 8, No. 22 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0822-5119 $ 20.00+.50/0 5119


achiral side chains. These results should provide useful
information for both understanding the mechanism of the
helicity induction on optically inactive poly(phenylacety-
lene)s in the presence of chiral compounds[7] and the memory
of the helical chirality,[8] as well as for designing novel helical
poly(phenylacetylene)s.


Experimental Section


Instrumentation : Melting points were measured on a B¸chi melting point
apparatus and are uncorrected. Optical rotation was measured in a 5 cm
quartz cell on a Jasco P-1030 polarimeter. NMR spectra were measured on
a Varian VXR-500 (500 MHz for 1H) or Varian Mercury 300 (300 MHz for
1H) spectrometer in CDCl3 or [D6]DMSO using tetramethylsilane (for
CDCl3) or a solvent residual peak (for [D6]DMSO) as the internal standard.
Absorption spectra were measured with a Jasco V-570 spectrophotometer
in a 0.1 cm quartz cell. The temperature was controlled in a homemade
Dewar vessel equipped with a quartz window using methanol/ or
acetonitrile/dry ice. CD spectra were measured on a Jasco J-725 spectro-
polarimeter with a liquid-nitrogen-controlled quartz cell (0.5 cm) in a
cryostat. The concentration of polymers at low temperatures in THF was
corrected by using the density of THF at the given temperature, but the
concentration in DMSO/MeOH 1:9 was uncorrected. Size-exclusion
chromatography (SEC) was performed with a Jasco PU-980 liquid
chromatograph equipped with a UV/Vis (254 nm, Jasco UV-970) detector
using Tosoh TSK-GEL �-3000 and �-5000 columns connected in series
[eluent: N,N-dimethylformamide (DMF) containing LiCl (10m�), stand-
ards: poly(ethylene oxide)s and poly(ethylene glycol)s].


Materials : THF was dried over sodium/benzophenone and distilled onto
calcium hydride, followed by vacuum distillation onto LiAlH4 under
nitrogen. Triethylamine was dried over KOH pellets and distilled onto
KOH under nitrogen. These solvents were distilled under high vacuum just
before use. DMSO and DMF were dried over calcium hydride and distilled
under reduced pressure. Methanol was dried over Mg and I2 and distilled
under nitrogen. 1-Hydroxybenzotriazole monohydrate (HOBt) was pur-
chased from Wako (Osaka, Japan).N,N�-Dicyclohexylcarbodiimide (DCC)
and N-methylmorpholine (NMM) were obtained from Kishida (Osaka,
Japan). Bis[(norbornadiene)rhodium(�) chloride] ([Rh(nbd)Cl]2) and (R)-
(�)-2-amino-1-propanol were purchased from Aldrich. The synthesis of
poly(phenylacetylene) derivatives, except for runs 3 and 15 in Table 1, have
been previously reported.[6a, 11]


(R)-(�)-4-[((2-Hydroxy-1-methyl)ethyl)carbamoyl]phenylacetylene (8):
HOBt (1.05 g, 6.86 mmol) and DCC (1.45 g, 7.03 mmol) at 0 �C were added
to a solution of 4-ethynylbenzoic acid (1.00 g, 6.84 mmol), which had been
prepared according to the previously reported method,[7d] in dry DMF
(50 mL). After the reaction mixture was stirred at 0 �C for 1 h and at room
temperature for 1 h under nitrogen, NMM (0.69 g, 6.8 mmol) and (R)-(�)-
2-amino-1-propanol (0.65 g, 8.7 mmol) were added. The dispersion solution
was stirred at room temperature for 20 h. After filtration, the solvent was
removed under reduced pressure. The crude product was purified by silica
gel chromatography with ethyl acetate as the eluent and then recrystallized
from hexane/ethanol 8:3 to give a white crystalline solid (0.66 g, 47%). M.p.
173.8 ± 174.8 �C; [�]25D ��5� (c� 0.5 in MeOH); 1H NMR (300 MHz,
[D6]DMSO): �� 1.13 (d, 3H; CH3), 3.31 ± 3.50 (m, 2H; CH2), 3.95 ± 4.06
(m, 1H; CH), 4.36 (s, 1H;�CH), 4.73 (t, 1H; OH), 7.56 (d, 2H; aromatic),
7.86 (d, 2H; aromatic), 8.18 (d, 1H; NH); 13C NMR (75 MHz, [D6]DMSO):
�� 17.1 (CH3), 47.4 (CH), 64.3 (CH2), 82.6, 82.9 (HC�C), 124.1, 127.4, 131.3,
134.7 (aromatic), 164.8 (C�O); IR (Nujol): �� � 3286 (�CH), 1634 (amide I),
1537 cm�1 (amide II); elemental analysis calcd (%) for C12H13NO2 (203.2):
C 70.94, H 6.40, N 6.90; found C 70.94, H 6.47, N 6.87.


Polymerization : Polymerization was carried out in a dry glass ampoule
under a dry nitrogen atmosphere with [Rh(nbd)Cl]2 as the catalyst. A
typical polymerization procedure is described below. Monomer 8 (0.20 g,
0.98 mmol) was placed in a dry ampoule, which was then evacuated on a
vacuum line flushed with dry nitrogen. After this evacuation-flush
procedure was repeated three times, a three-way stopcock was attached
to the ampoule, and THF and triethylamine were added with a syringe. A
solution of a rhodium catalyst in THF at 30 �C was then added. The


concentrations of the monomer and the rhodium catalyst were 0.2 and
0.002�, respectively. The polymerization proceeded rapidly and an orange
colored polymer precipitated within a few seconds. After 2 h, the resulting
polymer was poured into a large amount of THF, collected by centrifuga-
tion, and dried in vacuo at 50 �C for 2 h (0.12 g, 60%). 1H NMR (300 MHz,
[D6]DMSO, 60 �C): �� 1.11 (d, 3H; CH3), 3.41 (m, 2H; CH2), 3.99 (m, 1H;
CH), 4.64 (t, 1H; OH), 5.77 (s, 1H;�CH), 6.67 (singletlike, 2H; aromatic),
7.45 (singletlike, 2H; aromatic), 7.64 (singletlike, 1H; NH); IR (KBr): �� �
3300 (N�H), 1637 (amide I), 1543 cm�1 (amide II). Poly(14-co-46) (run 3 in
Table 1) was prepared in triethylamine according to the previously
reported method.[6a]


Determination of the weight-average degree of polymerization (N0,w):
Apparent weight- and number-average molecular weights (M�w,S and M�n,S)
of homo- and copolymer samples of 1, 2, and 3 were determined by SEC
with a calibration curve constructed by using polystyrene standard
samples.[6a] On the other hand, M�w,S and M�n,S of newly prepared poly-8
were estimated by SEC measurement calibrated with standard samples of
poly(ethylene oxide)s and poly(ethylene glycol)s. The apparent molecular
weight M�w,S may be related to the true weight-average degree of polymer-
ization N0,w by the equation [�]M0N0,w� [�]SM�w,S, in which [�] and M0 are
the intrinsic viscosity and monomer-unit molecular weight (the number-
averaged one for copolymers) of the sample, respectively, and [�]S is the
intrinsic viscosity of the standard sample withM�w,S, which is reported in the
literature.[21] For polymers of the same family with an identical backbone
conformation, [�]M0 is a unique function of N0,w, irrespective of M0 .
Therefore, if we know the function of [�]M0 vs N0,w for the poly(phenyl-
acetylene) family, we can estimate N0,w from M�w,S using the above
equation. Recently, we obtained this function for poly((4-carboxyphenyl)-
acetylene) (PCPA) and also its complex with 1-(1-naphthyl)ethylamine
(PCPA-Nap) in DMSO.[22] While the relation for PCPA in DMSO was
demonstrated to be identical to that of poly(1-phenyl-1-propyne) (PPP) in
toluene,[23] which is expected to have a similar backbone conformation to
that of PCPA, [�]M0 of the PCPA-Nap complex was larger than that of
PCPA with the same N0,w. This indicates that the complex becomes stiffer
than PCPA because of the bulkiness of Nap binding to the side chain of
PCPA. Since the bulkiness of side chains of all phenylacetylenes in the
present study (except for 4) is as large as that of the PCPA-Nap complex,
we have used the [�]M0�N0,w relation for the complex to estimate N0,w of
our polymer samples, except for the copolymers with 4. For copolymer
samples with 4, the relation for PCPA or PPP was used. (Since there is no
relation for the complex at high N0,w, we have extrapolated [�]M0 to higher
N0,w using the theory of Yamakawa and co-workers[24] of [�].)
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Zeolite GdNaY Nanoparticles with Very High Relaxivity for Application as
Contrast Agents in Magnetic Resonance Imaging


Carlos Platas-Iglesias,[a, b] Luce Vander Elst,[c] Wuzong Zhou,[d] Robert N. Muller,[c]
Carlos F. G. C. Geraldes,[e] Thomas Maschmeyer,[a] and Joop A. Peters*[a]


Abstract: In this paper we explore
Gd3�-doped zeolite NaY nanoparticles
for their potential application as a con-
trast agent in magnetic resonance imag-
ing (MRI). The nanoparticles have an
average size of 80 ± 100 nm, as deter-
mined by TEM and XRD. A powdered
sample loaded with La3� was character-
ised by means of multinuclear solid-state
NMR spectroscopy. The NMR disper-
sion (NMRD) profiles obtained from
aqueous suspensions of samples with
Gd3� doping ratios of 1.3 ± 5.4 wt% were
obtained at different temperatures. The


relaxivity increases drastically as the
Gd3� loading decreases, with values
ranging between 11.4 and 37.7 s�1m��1


at 60 MHz and 37 �C. EPR spectra of
aqueous suspensions of the samples
suggest that an interaction between
neighbouring Gd3� ions within the same
particle produces a significant increase
in the transversal electronic relaxation


rates in samples with a high Gd3� con-
tent. The experimental NMRD and
EPR data are explained with the use of
a model that considers the system as a
concentrated aqueous solution of Gd3�


in the interior of the zeolite that is in
exchange with the bulk water outside
the zeolite. The results obtained indicate
that the Gd3� ion is immobilised in the
interior of the zeolite and that the
relaxivity is mainly limited by the rela-
tively slow diffusion of water protons
from the pores of the zeolite channels
into the bulk water.


Keywords: contrast agents ¥
gadolinium ¥ lanthanides ¥ magnetic
resonance imaging ¥ zeolites


Introduction


The fast development of magnetic resonance imaging (MRI)
as a diagnosis procedure has provoked an enormous interest
in lanthanide complexes for application as contrast agents.[1±4]


To be effective, MRI contrast agents must have a strong local
effect on the proton relaxation rates (1/T1 and 1/T2) of water
(which determine the intensities of the MRI signal), have
adequate pharmacokinetic properties and, obviously, be non-


toxic. The ability to enhance proton relaxation rates in the
tissue in which they are distributed is usually evaluated ™in
vitro∫ by the determination of their relaxivity, which refers to
the relaxation enhancement of water protons promoted by a
given complex at a concentration of 1 m� of the paramagnetic
metal ion. Around a paramagnetic ion, the relaxation rates of
the bulk water protons are enhanced as a result of long-range
interactions (outer-sphere relaxation) and short-range inter-
actions (inner-sphere relaxation). According to the standard
Solomon ±Bloembergen ±Morgan model, the latter process is
governed by four correlation times: the rotational correlation
time of the complex (�R), the residence time of a water proton
in the inner coordination sphere (�m), and the electronic
longitudinal and transverse relaxation rates (1/T1e and 1/T2e)
of the metal centre. The theory predicts that high relaxivities
at the imaging fields (0.5 ± 1.5 T) may be observed for systems
with a long rotational correlation time and relatively fast
water exchange.[1±4] Several approaches have been used to
increase the �R values of paramagnetic complexes, including
covalent binding to slowly tumbling substrates, such as
dextran[5] or inulin,[6] formation of self-aggregates in solu-
tion[7, 8] and formation of noncovalent adducts with �-cyclo-
dextrin[9] or albumin.[10]


Among current commercially available MRI contrast
agents for clinical use are polyamino polycarboxylate com-
plexes of Gd3�, such as [Gd(dtpa)(H2O)]2� (dtpa� diethyle-
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netriamine-N,N,N�,N��,N��-pentaacetate), [Gd(dtpa-bma)(H2O)]
(dtpa-bma� dtpa-bis(methylamide), [Gd(dota)(H2O)]�


(dota� 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate)
and [Gd(hp-do3a)(H2O)] (hp-do3a� 10-(2-hydroxyprop-
yl)1,4,7,10-tetraazacyclododecane-1,4,7-triacetate). The Gd3�


ion is especially suitable because of its high electron spin (S�
7/2) and relatively slow electronic relaxation. The evolution of
the MRI technique has given rise to an increasing demand for
contrast agents that target specific organs, regions of the body
or diseased tissue. Examples of specific MRI contrast agents
that have been developed up to now are MS-325[11±13] for
cardiovascular imaging and Gadolite,[14±16] which is a Gd3�-
modified NaY zeolite for imaging of the gastrointestinal tract.
More recently, Reynolds et al.[17] have reported Gd3�-loaded
nanoparticles with a diameter of 120 nm to be of potential use
as a MRI contrast agent for both the gastrointestinal tract and
the intravascular system, since the particles are small enough
to pass through the vasculature. A new kind of fibrin-targeted,
nanosized contrast agent was recently reported for diagnosis
of human thrombus.[18] If one is to take a rational rather
than a trial-and-error approach to design new diagnostics,
a detailed knowledge of the mechanisms that produce
relaxivity is required along with an understanding of how
changes in the chemical structure of the drug interfere with
these mechanisms. Although these mechanisms are well
understood in the case of contrast agents in homogeneous
solution, the mechanisms governing the relaxivity in aqueous
suspensions of materials, such as zeolites, remain much less
explored.


In this work we present a study of very small Gd3�-loaded
zeolite NaY nanoparticles, which have a relaxivity that is
substantially higher than that of Gadolite, previously reported
by Balkus et al.[14±15] Zeolite NaY is a microporous alumino-
silicate based on sodalite cages (which can be seen as a
truncated octahedron) that are joined by O bridges between
the hexagonal faces. Eight such sodalite cages are linked
leaving a large central cavity or supercage, with a diameter of
12.5 ä (see Figure 1). The supercages share a 12-membered
ring with an open diameter of 7.4 ä. These nanosized Gd-NaY
systems are of potential use as MRI contrast agents for the
gastrointestinal tract and maybe even for the intravascular
system. The nanoparticles have been fully characterised in the
solid state and their relaxivity is described for samples with
different Gd3� loadings. A combination of two techniques,
NMR dispersion (NMRD) and EPR spectroscopy, is used to
determine the parameters that govern relaxivity in these


Figure 1. A representation of the framework of zeolite NaY.


systems, and a two-step model is presented to account for the
transmission of the relaxivity from the paramagnetic centers
in the zeolite cavities to the bulk water outside the zeolite.


Results and Discussion


Synthesis and characterisation of the exchanged zeolites :
Nanosized Ln3�-containing Y zeolites (Ln�La or Gd) were
prepared by the exchange of NaY (mean diameter 80 nm)
with LnCl3 in water at pH 5.5. The amount of Ln3� ions loaded
into the NaY zeolite can be easily controlled by changing the
NaY/Ln molar ratio during the synthesis (Table 1). From the
elemental analyses, it can be calculated that the exchanged
zeolites obtained contain 1.5 ± 7.4 Gd3� ions per unit cell,
which corresponds to 0.2 ± 0.9 Gd3� per supercage. It can also
be calculated that the charges of the aluminate units in these
materials are not fully compensated by Ln3� and Na�. Most
likely protons balance the remaining charge. The Si/Al ratio
did not change substantially upon Ln3� exchange (Table 1),
which indicates that no dealumination occurred during the
syntheses. High-resolution TEM (HRTEM) images of zeolite
LaNaY-9.3 demonstrate that no substantial aggregation
occurred during the synthesis of the exchanged nanoparticles.
A typical particle of the exchanged zeolite is nonspherical
with dimensions of 60 ± 100 nm (Figure 2). The diffraction
patterns of the GdNaY zeolites show that with increasing ion
exchange, the intensity of individual reflections decreases, in
agreement with previous observations on La3�-exchanged
NaY zeolites.[19] The zeolite XRD pattern shows a significant
change of the integrated intensity of some reflections after
Gd3� or La3� exchange. Similar changes have previously been
observed for zeolites NaY upon extensive ion exchange with
La3� and Gd3�.[15] The intensity of the 111 reflection dramat-


Table 1. Synthetic conditions and elemental analysis[a] data for the zeolites used in this work.


NaY[g] LnCl3 ¥ xH2O[b] [g] Elemental analysis [%] Si/Al Crystal size [nm][e]


Gd[c] La[c] Na[d] Al[d] Si[d]


NaY 9.8 10.0 16.7 1.60 89
GdNaY-5.4 1.5 0.4178 5.4 2.4 9.0 15.0 1.60 72 ± 74
GdNaY-5.0 1.5 0.3000 5.0 3.6 9.2 15.0 1.57 81 ± 85
GdNaY-3.6 1.5 0.2000 3.6 4.4 9.7 19.0 1.88 90 ± 92
GdNaY-2.3 1.5 0.1000 2.3 6.5 9.4 18.0 1.84 82 ± 83
GdNaY-1.3 1.5 0.0500 1.3 7.7 10.1 19.0 1.81 94 ± 104
La-2.8-GdNaY-3.3 1.5 0.2 (Gd)-0.2 (La) 3.3 2.8 80 ± 82
LaNaY-9.3 2.0 0.5570 9.3 3.3 9.7 17.0 1.68 85 ± 87


[a] All values are given in mass%. [b] La: x� 7; Gd: x� 6. [c] Neutron activation. [d] ICP. [e] Calculated from the Scherrer equation.
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Figure 2. HRTEM picture of a typical LaNaY-9.3 nanoparticle.


ically decreases upon Ln3� exchange, while the 222 reflection,
which is not observed in the XRD pattern of the parent NaY,
grows at the expense of the 311 reflection. Crystal sizes, as
calculated by the Scherrer equation (see Table 1), are in good
agreement with the TEM results for LaNaY-9.3.


The ion exchange of zeolite NaY with LaCl3 ¥ 7H2O was
monitored by 23Na NMR spectroscopy on an aqueous
suspension of the zeolite at pH 6.8 (Figure 3). The spectrum
of NaY shows a broad resonance overlapped with a sharp 23Na
resonance, which we assign to Na� inside and outside the


Figure 3. a) 23Na NMR spectra of a NaY suspension in water at pH 6.8,
b) the spectrum of this sample after addition of a small amount of
[Tm(dotp)]5� and c) the spectrum after subsequent addition of excess
LaCl3 ¥ 7H2O.


zeolite, respectively. The presence of Na� outside the zeolite
indicates that protons replace some Na� ions when the zeolite
is suspended in water at neutral pH; this is in agreement with
observations made in the early days of zeolite research.[20]


When the 23Na shift reagent [Tm(dotp)]5� (H8dotp� 1,4,7,10-
tetraazacyclododecane-tetrakis-(methylenephosphonic acid))
was added to the sample of NaY, the peak corresponding to
the Na� outside the zeolite shifted to higher frequency, while
the resonance corresponding to the Na� inside the zeolite
remained at the same position. This can be explained by the
kinetic diameter of [Tm(dotp)]5�, which is too large to allow
the shift reagent to pass through the pores of the zeolite. Upon
addition of an excess of LaCl3 ¥ 7H2O, the resonance for the
inner Na� disappeared immediately; this indicates that La3�


very rapidly exchanges with the Na�/H� cations that balance
the negative charges inside the zeolite. After the addition of


LaCl3 ¥ 7H2O, the peak for Na� outside the cavity shifted back
to its original position at �� 0, because the La3� ion interacts
strongly with [Tm(dotp)]5�, which ™quenches∫ the shift reagent.


The chemical properties and the ionic radius of Y3�


(0.89 ä) are comparable to those of the Ln3� ions (1.06 ±
0.85 ä), and thus Y3� complexes have coordination numbers
and geometries that are closely related to those of the Ln3�


complexes. The exchange of YCl3 ¥ 6H2O with zeolite NaY
nanoparticles was studied by means of 89Y NMR spectroscopy
in D2O suspensions of the NaY zeolite at pD 6.0. The 89Y
NMR spectrum of a YCl3 ¥ 6H2O/NaY mixture (1:3.5 w/w)
displays two resonances at ���1, a sharp one superimposed
on a broad one. We assign these resonances to Y3� ions
outside and inside the zeolite, respectively. When a small
amount of [Tm(dotp)]5� was added to the suspension, the
peak from the Y3� ions outside the zeolite shifts to high
frequency, whereas the resonance of the Y3� ions inside the
zeolite remained at ���1. This experiment confirms that the
89Y peaks of Y3�(aq) ions inside and outside the zeolite have
about the same chemical shifts, which points to similar
coordination of Y3� in both situations.


29Si, 27Al and 23Na MAS NMR spectra : The 27Al MAS NMR
spectrum of LaNaY-9.3 exhibits a single sharp peak at �� 60.3
that is assigned to tetrahedrally co-ordinated Al3� in the
zeolitic framework, which is charge-balanced by La3�, H� or
Na� ions.[21] The spectra do not show any resonance around
�� 0, which is the expected position for peaks corresponding
to octahedral Al3�. Since the presence of octahedral Al3�


generally indicates dealumination of the framework, this
confirms that no dealumination occurred during the exchange
process; this is also in agreement with the elemental analysis
data (Table 1). Furthermore, the spectrum does not show the
broad resonance at �� 40 ± 50, which is usually assigned to
tetrahedrally co-ordinated Al3� in a distorted framework in
calcined La(x)NaY zeolites.[22] This is probably caused by La3�


ions migrating to the most stable co-ordination positions in
the sodalite cages upon calcination, while in uncalcined
hydrated LaNaY-9.3 they are located in the supercages. This is
consistent with previous studies of hydrated Ce-containing
faujasites that place the rare-earth cation in the 12-membered
ring of the supercages.[23, 24]


The 29Si MAS NMR spectrum of LaNaY-9.3 has four
maxima at ���91.9, �96.0, �101.1 and �106.2 that are
assigned to Si atoms bound to n �O�Al� groups and 4� n
�O�Si� groups (1� n� 4). The spectrum also shows a
shoulder in the low frequency side that is assigned to Si atoms
bound to four �O�Si� groups (n� 0, Figure 4). Each sub-
stitution of an�O�Si� by an�O�Al� results in a deshielding
effect of �5 ppm. This is in agreement with previous
observations on La3�-exchanged Y zeolites with a Si/Al ratio
of 2.6.[22] The spectrum of LaNaY-9.3 changes slightly with
respect to that of the parent NaY zeolite: peaks slightly shift
to lower frequency upon exchanging, and each of them seems
to have one or more shoulders. This is probably because the
La3� cations are not mobile in the pores of the zeolite because
of the strong electrostatic interaction with the zeolitic frame-
work. Hence, only Si atoms in the vicinity of the La3� ions feel
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Figure 4. 29Si MAS NMR spectrum of the LaNaY-9.3 sample. Q4(nAl)
represents a Si atom bound to n�O�Al� groups and 4� n�O�Si� groups
(0�n� 4).


their presence and undergo a shift, the resulting spectrum
being, in fact, a superimposition of several spectra.


The intensities of the five groups of peaks in NaY and
LaNaY-9.3 can be used to calculate the overall Si/Al ratio of
the framework. By applying Loewenstein×s Rule,[25] which
states that two tetrahedrally coordinated Al atoms on
neighbouring T positions are avoided, Equation (1) can be
used.[22]


Si


Al
�


�4


n�0


In


�4


n�0


�n�4�In
(1)


In Equation (1) In is the intensity of the peak associated
with a Si atom bound to n�O�Al� groups and 4� n�O�Si�
groups (0� n� 3). The Si/Al ratios determined by this
method are 1.85 (NaY) and 1.66 (LaNaY-9.3), in good
agreement with the elemental analysis data (Table 1). The
smallest peak used while deconvoluting the spectra to
determine the intensities was about 3 ± 4 times the noise level.
Taking this source of error into consideration, it can be
concluded that no significant change in the Si/Al ratio occurs
during La3� exchange.


The 23Na MAS NMR spectra of both LaNaY-9.3 and the
starting NaY zeolite display a single resonance at ���2.4
with linewidths of 381 and 403 Hz, respectively. This suggests
that the exchange of Na� ions between the different cation
sites in fully hydrated LaNaY is rapid on the NMR timescale
at room temperature. This contrasts with previously reported
studies of dehydrated NaY[26] and CsNaY[27] zeolites, for
which different peaks for the different cation sites of the
zeolite were observed.


EPRmeasurements : The X-band first-derivative EPR spectra
of Gd3� in the GdNaY zeolite samples with increasing Gd3�


content (Figure 5) are similar to those obtained previously for
that zeolite containing hydrated Gd3�, but differ from those
observed upon calcination.[28±30] Similar spectra have also
been observed for S-state ions, Gd3� and Eu2�, when present
at low concentrations in glassy hosts. It is known as the U
spectrum, [28] because of its ubiquity in vitreous materials[31±42]


and in disordered polycrystalline materials, such as zeo-
lites[28±30] and PLZT ceramics.[43] It shows three prominent
features with effective g values of �6.4, 2.6 and 2.0, (g� h�/


Figure 5. EPR spectra (X band, 0.34 T, 9.43 GHz) of solid GdNaY zeolite
samples at 298 K as a function of the Gd3� content: a) 1.3 wt%Gd;
b) 5.4 wt%Gd.


�BH, h is the Planck constant, � is the microwave frequency, �B


is the Bohr magneton and H is the value of the externally
applied magnetic field at the position of the resonance line),
with an additional low-intensity feature at very low field (g�
8.4), superimposed on a broad resonance lineshape that
encompasses the g� 2.0 feature. Several qualitative and
contradictory interpretations of this EPR spectrum have been
proposed that used different multiple-site models with distinct
types of rhombic crystal field (CF) parameter strengths and
asymmetries.[35, 36, 43, 44] Only a quantitative fitting of the
experimental spectra,[45] based on an ab initio computer
simulation, with explicitly incorporated broad distributions in
the CF parameters, led to a comprehensive interpretation of
the EPR spectrum.[46] The assumption regarding the CF
parameters was confirmed by results of optical absorption and
fluorescence studies of Eu3� in glasses and Y zeolite.[47, 48]


Thus, a general solution of the U-type EPR spectrum consists
of a convolution of a broad distribution of second-order CF
parameters, b0


2, with a maximum in the range 0.051 cm�1�
b0
2 � 0.056 cm�1, and a broad distribution of asymmetry


parameters, ��� b2
2/b0


2, with appreciable probability over the
whole range 0.0� ��� 1.0.[46] The site symmetries of the Ln3�


ions are essentially very low and disordered, ranging from
axial to rhombic, and are best characterised by a single low-
symmetry ™glassy type∫ site. Thus, the prominent features of
the EPR spectrum at g� 6.4 and 2.6 are identified with
specific EPR transitions that are stationary with respect to b0


2,
�� and the orientation angles of the applied fieldH over a wide
range, and are not associated with a small number of distinct
or preferentially occupied sites for the Ln3� ions, as previously
proposed.[35, 36, 43, 44] The broad g� 2.0 feature can be attrib-
uted almost entirely to isolated Ln3� ions, with some
contribution from clustered ions.


For the GdNaY zeolite samples studied in this work, at
298 K an increase of the Gd3� content increases the intensity
of the EPR feature at g� 2.0 relative to the g� 6.4, g� 2.6 and
g� 8.4 features, becoming predominant for the sample with
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5.4 wt%Gd (data not shown). The linewidths of all signals
increase with increasing Gd3� content, in particular that of the
g� 2.0 signal, as a result of dipole ± dipole broadening. Such a
dependence of EPR line intensities and widths on Gd3�


content has also been observed for borate glasses containing
Gd3�.[35, 37, 39, 41, 42] Studies of the temperature dependence of
the magnetic susceptibility of these glasses as a function of
Gd3� content[41, 42] show evidence of weak antiferromagnetic
interactions between Gd3� ions generating a considerable
number of Gd-O-Gd dimers that coexist with isolated Gd3�


ions. This correlates with the relative prominence of the g�
2.0 signal at high Gd3� content, which can have some
contribution from clustered Gd3� ions. It is also confirmed
by our observation that the 77 K EPR spectrum of the
5.4%Gd sample shows a substantial increased intensity of the
g� 2.6 and g� 6.4 signals relative to g� 2.0 (data not shown).


The X-band EPR spectra of the various GdNaY zeolite
nanoparticles were also studied in aqueous suspensions at
298 K (data not shown). In contrast to the spectra obtained in
the solid state, they display a single, approximately Lorentzian
resonance with g� 2.0,[16] probably resulting from rotational
averaging of the various anisotropic magnetic interactions
present (g tensor, hyperfine tensor and zero-field splitting
tensor). The transverse electronic relaxation rates, 1/T2e, were
calculated from the peak-to-peak EPR line widths, �Hpp, with
Equation (2), in which the symbols have their usual mean-
ing.[49]


1


T2e


� gL�B�
���
3


	


h
�Hpp (2)


For the zeolite GdNaY nanoparticles studied the line-
widths, and hence the relaxation rates, increased with
increasing Gd3� loading (Table 2).


Proton relaxation (NMRD) in aqueous suspensions : The
ability of Gd3� complexes to enhance the nuclear relaxation
rate of solvent water protons is the result of the efficient
dipolar magnetic coupling between the unpaired electrons of
the Gd3� ion and the nuclear spins. This process is believed to
occur simultaneously following three different mecha-
nisms:[1±4] 1) diffusion of water molecules in the proximity of
the paramagnetic complex (outer-sphere contribution), 2) ex-
change of the water molecules from the co-ordination site to


the bulk (inner-sphere contribution) and 3) prototropic ex-
change involving mobile protons of the complex or of the co-
ordinated water itself. For water suspensions of Gd3�-con-
taining zeolites, Gd3� inner-sphere water molecules must
exchange with the water molecules located inside the zeolite
cavities and then diffuse through the zeolite channels and
exchange with the bulk to enable efficient propagation of the
relaxation effect. To account for the relaxivity in aqueous
suspensions of zeolites, we assumed a two-step model in which
the interior of the zeolite is considered to contain a
concentrated aqueous solution of Gd3�, which exchanges with
the bulk water outside the zeolite (Figure 6). A similar model
has been applied previously to a qualitative interpretation of
NMRD data.[16] We assume that the exchange between Gd3�-
bound water and the water inside the zeolite cavity is much
faster than the exchange between water inside with that
outside the zeolite. Thus, we can separate the two exchange
processes concerned.


Figure 6. Schematic representation of the ™two-step∫ model to account for
the relaxivity in aqueous suspensions of Gd3�-loaded zeolite Y; A repre-
sents a water molecule coordinated to Gd3�, B an intra-framework water
molecule not coordinated to Gd3� and C bulk water molecules.


The outer-sphere contribution to the relaxivity is usually
accounted for by the Freed model.[50] It arises from diffusing
water molecules close to the paramagnetic centre, and it is
inversely proportional to the diffusion coefficient of a water
molecule away from the Gd3� particle, (DGdH), and the


Table 2. Parameters obtained from least-squares fits of NMRD and EPR data.


GdNaY-5.4 GdNaY-5.0 GdNaY-3.6 GdNaY-2.3 GdNaY-1.3 La-2.8GdNaY-3.3


�298R [s] � 1
 10�9[a]


ER [kJmol�1] 6� 2[a]


�298zeo [10�5 s] 3.3� 0.9[a]


Ezeo [kJmol�1] 8.4� 0.2[a]


Ev [kJmol�1] 6� 1[a]


�298v [ps] 25� 3 22� 2 22� 2 21.8� 0.6 24� 1 26� 1
�2 [1019 s�2] 5.6� 0.2 5.1� 0.1 4.4� 0.1 4.02� 0.04 3.84� 0.04 3.90� 0.05
�298m [ns] 769� 238 625� 156 10.0� 0.8 5.9� 0.3 4.0� 0.2 14.3� 0.8
Em[kJmol�1] 57� 6 26� 5 12� 2 4� 1 1[b] 11� 2
x 11� 5 13� 1 22� 9 37� 13 60� 21 21� 2
1/T2e [107 s�1][c] 779.54 678.38 597.35 536.63 526.53 546.66
1/T2e [107 s�1][d] 779.56 678.40 597.37 536.65 526.53 546.70


[a] Parameters independent of Gd3� loading. [b] Parameters fixed with the least-square procedure. [c] From EPR data at 298 K and a magnetic field strength
of 0.34 T. [d] From simultaneous fit of NMRD and EPR at 298 K and a magnetic field strength of 0.34 T.
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distance of closest approach of an outer sphere water
molecule to the Gd3� centre (aGdH). The value of aGdH was
estimated to be 3.5 ä for Gd3� chelates in aqueous solu-
tions.[51] We can safely assume this outer-sphere contribution
to be negligible for water molecules outside the zeolite
particle. Inside the zeolite cavity, however, unbound water
molecules are able to diffuse close to the Gd3� ion. The self-
diffusion coefficient of water in NaY zeolites has been
determined by NMR techniques,[52] and its value is of the
same order of magnitude as those determined for water
protons in homogeneous solutions of Gd3� chelates. The
NMRD profiles of the GdNaY samples show relatively high
maxima at �60 MHz, which is characteristic for immobilised
Gd3� (see below). Simulations show that, under those
conditions, the outer-sphere contribution to the overall
relaxivity is small, particularly at Larmor frequencies higher
than 0.1 Hz. Therefore, we also neglected the outer-sphere
contribution from the water molecules inside the zeolite
particles at this stage.


For both processes of our two-step model, we derive
approximate equations from the exact solution of the Bloch
equations for the longitudinal relaxation time of a system in
which water protons undergo chemical exchange between two
magnetically distinct environments A and B [Eq. (3)].[53±55]


1


T1


�A1�
�
A2


1 �
1


�1A�1B
� 1


�a�b


� ��1/2
, A1�


1


2


�
1


�1A
� 1


�1B


�
,
1


�1A
� 1


T1A


� 1


�a
(3)


In Equation (3) T1A is the intrinsic relaxation time in the A
environment in the absence of exchange and �a is the
residence time in the A environment. Analogous definitions
apply for the B environment. Considering the B system as the
water inside the zeolite cavities and the A system to constitute
the bulk water and assuming that T1A�T1B and �a� �b, the
observed proton relaxivity in s�1m��1 can be expressed by
Equation (4):[54]


r1�
1


1000


x � q


55�5


1


T1zeo � �zeo
(4)


in which c is the Gd3� ™concentration∫ in molL�1, x is the
number of free water molecules inside the zeolite per Gd3�


ion (water molecules not coordinated to Gd3�), q is the
number of inner sphere water molecules coordinating to the
Gd3� ion, �zeo is the residence time of the water protons inside
the zeolite and 1/T1zeo is the relaxation rate of water protons
inside the zeolite.


The inequality �a� �b serves as an expression of the dilution
of the B species, and therefore Equation (4) is only valid for
dilute solutions of paramagnetic species. However, the con-
dition �a� �b does not necessarily hold for the interior of the
zeolite, since the number of water molecules per Gd3� ion can
be relatively low, especially for high Gd3� loadings. Therefore,
to evaluate 1/T1zeo, we assume a chemical exchange between
two magnetically distinct chemical environments in a con-
centrated system: water protons in the interior of the zeolite
(A environment) and water molecules in the inner coordina-
tion sphere of the Gd3� ion (B environment). The Taylor
expansion to first order of the square root in Equation (3)
gives Equation (5):
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Substitution of this expression into Equation (3), taking the
negative root, gives Equation (6):
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In the trivial case of absence of exchange (1/�a� 1/�b� 0),
we simply obtain the two relaxation times of the A and B
systems separately (T1�T1A � T1B). To evaluate 1/T1zeo we
make the following approximation [Eq. (7)]:


1


T1A


 1


�a
(7)


Then Equation (8) can be derived from Equation (6):


1


T1


� �b


�a�b � T1B�b � T1B�a
(8)


The fraction of time that the nucleus spends in the A
environment, fA, is given by Equation (9):


fA�
�a


�a � �b
(9)


with an analogous definition for fB. A little algebra allows
Equation (10) to be derived from Equations (8) and (9):


1


T1


�


f B
fA


�b � T1B 1 � f B
fA


� � (10)


For convenience, Equation (10) may be written as Equa-
tion (11) to describe the longitudinal relaxation rate of water
protons in the interior of a zeolite:


1


T1zeo


�
q
x


�m � T1m 1 � q


x


� � (11)


in which T1m is the longitudinal relaxation time of inner sphere
water protons and �m is the mean residence time of water
protons in the inner sphere. It may be noted that, for very
dilute solutions (i.e. q/x 1), Equation (11) simplifies to an
expression analogous to Equation (4).


The longitudinal relaxation rate of the inner-sphere water
molecules is dominated by the dipolar interaction and is given
by the Solomon ±Bloembergen equation [Eq. (12)]:[56, 57]
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in which rGdH is the effective distance between the
gadolinium electronic spin and the water protons, �S (�I) is
the electron (proton) gyromagnetic ratio and �di is given by
��1
di � ��1


m � ��1
R � T�1


i e (i� 1, 2). The rotational correlation
time (�R) concerns the rotation of the Gd3� ±water proton
vector.


The electronic relaxation rates (1/Tie) were approximated
with Equations (13) and (14):[58, 59]
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in which 	S is the Larmor frequency, �2 is the trace of the
square of the ZFS tensor, and �v is the correlation time for the
modulation of ZFS.


We assumed all correlation times �p to have a simple
exponential temperature dependence [Eq. (15)] with a value
�298p at 298.15 K and activation energy Ep.


�p� �298p exp
�
Ep


R


1


T
� 1


298�15


� ��
(15)


The magnetic field dependence of longitudinal proton
relaxation (NMRD profile) of the GdNaY-2.3 sample studied
in this work was recorded at 310, 298, 288 and 278 K. For the
five remaining Gd3�-containing samples, the magnetic field
dependence of longitudinal proton relaxation was recorded at
310 K, and its temperature dependence was monitored at 20
and 300 MHz. The curves obtained are included in Figure 7.
The increase of the relaxivity at high magnetic field
(�10 MHz), observed in the NMRD profiles for all the
Gd3� loadings, is indicative of a relatively long rotational
correlation time �R, thereby confirming the immobilisation of
the Gd3� ions in the zeolite. The temperature dependence of
the NMRD profiles usually gives a good indication of the
parameter limiting the proton relaxivity. If the relaxivity at
high field (�10 MHz) increases with increasing temperature,
it is limited by slow water exchange, whereas in the opposite
case, fast rotation is the limiting factor. For the GdNaY
zeolites, the relaxivity increases upon increasing the temper-
ature, which shows that proton relaxivity is dominated by the
slow water exchange, and that the diffusion of water through
the zeolite channels to the bulk is, therefore, the limiting
factor. Figure 7 also shows that the relaxivity increases with
decreasing Gd3� loading, in agreement with previous obser-
vations for GdNaY zeolites with undefined particle size.[15]


Several factors could be responsible for the decrease of the
relaxivity upon increasing the Gd3� loading: 1) the Gd3� ion
might block the diffusion of water protons through the zeolite
channels to the bulk, 2) a change of the water hydration
number q with the Gd3� loading and 3) an inhomogeneous
distribution of Gd in the zeolite. For example, particles with a
low Gd3� loading might have a relatively high Gd3� concen-
tration near the surface. In such a case, the contribution from
the Gd3� ions near the surface would dominate, which would
explain the relatively high relaxivity at low loadings. To check
if any of the factors mentioned above is responsible for the
decrease of the relaxivity if the Gd3� loading is increased, we
have prepared a zeolite exchanged with a mixture of Gd3� and
La3�. The resulting zeolite contained 3.3 wt%Gd and
2.8 wt%La (Table 1). The relaxivity of the La-2.8-GdNaY-
3.3 sample is about the same as that expected for a similar
sample without La3� (GdNaY-3.3) (Figure 7), which excludes
any of the above-mentioned factors as being responsible for
the decrease of the observed relaxivity with increasing Gd3�


loading. Therefore, this effect must be a consequence of the
normal decrease on the x � q term in the numerator of


Figure 7. From top to bottom, NMRD profiles of GdNaY-2.3 recorded at
different temperatures; NMRD profiles at different Gd3� loadings for the
GdNaY samples studied in this work at 37 �C and temperature dependence
of the proton relaxivity at 20 MHz: GdNaY-1.3 (�), GdNaY-2.3 (�),
GdNaY-3.6 (�), GdNaY-5.0 (�) and GdNaY-5.4 (�) and La-2.8-GdNaY-3.3
(�).


Equation (4), because the number of water molecules per
Gd3� ion in the interior of the zeolite decreases on increasing
the Gd3� loading.


Simultaneous fitting of EPR and NMRD data : Since the
NMRD profile obtained for the LaGdNaY sample indicates
that both �R and �zeo do not change much with the Gd3�


loading, we performed a simultaneous fitting of the exper-
imental data for the six samples studied in this work using the
equations specified in the previous sections. The inner-sphere
Gd3� ±H distance was fixed at 3.1 ä. The transversal elec-
tronic relaxation rates, as determined from the EPR spectra,
were also included in the fitting procedure. We assumed that
q� 7 for Gd3� ions inside the supercages of hydrated zeolite
Y. This assumption is supported by extended X-ray absorption
fine structure (EXAFS) investigations on Eu3�-exchanged
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zeolite Y,[60] which demonstrated that one O atom of the
framework is co-ordinated to Eu3�. A q value of seven
therefore results in an overall co-ordination number of eight
for Gd3�. Moreover, some of the parameters were assumed to
be independent of the Gd3� loading: �R, ER, �zeo, Ezeo and Ev.
In the case of �R and ER, this is supported by independent fits
of the NMRD data for each of the six samples studied. These
fits show that, for each sample, the experimental data can be
reproduced with any �R value above 1
 10�9 s, since above
this limit �R does not affect the relaxivity (vide infra). The
same situation holds for Ev, the independent fittings for each
sample giving very similar values (a few kJmol�1). The
constancy of �zeo and Ezeo is supported by the comparison of
the NMRD curves of La-2.8-GdNaY-3.3 and GdNaY-3.3,
which shows that the diffusion of water molecules from
the interior of the zeolite to the bulk is not blocked by the
La3� ions. We considered the parameters that describe the
electronic relaxation (�v and �2), as well as the parameters
that describe the water exchange in the interior of the zeolite,
(�m and x), as changing with the Gd3� loading. An excellent fit
of the experimental data points was obtained with this model
by the use of the parameters listed in Table 2 (see also
Figure 7).


Unfortunately, 17O NMR spectroscopy, which is a technique
widely used to obtain information on water exchange kinetics
of MRI contrast agents in solution, appeared to be of little
value in the study of aqueous suspensions of Gd-loaded NaY
nanoparticles, since no 17O 1/T1 or 1/T2 relaxation rate
enhancement effects or paramagnetic induced shifts could
be detected, most probably because the exchange of the water
is slow on the 17O NMR timescale (see below). As q has not
been determined independently, we also performed fits of the
experimental data by the use of lower q values. Although the
quality of the fittings obtained was good assuming q� 6, we
obtained an unreasonable x value for GdNaY-5.4 (�1).
Therefore, it appears that the present model can not account
for the experimental data assuming q values lower than 7.


The 1/T2e values calculated from the NMRD curves at
298 K are in excellent agreement with the experimental
values obtained from the EPR peak-to-peak linewidths, which
shows that the model can describe the electronic relaxation
adequately. This gives us some confidence that neglecting the
outer-sphere contribution to the relaxivity is justified. If this
assumption were incorrect, this would most likely be com-
pensated by T2e during the fitting procedure.


The value of the �2 parameter (which governs the ZFS
mechanism of electronic relaxation) increases from 0.38

1020 s�2 at 1.3 wt%Gd to 0.56
 1020 s�2 at 5.4 wt%Gd. The
first of these values compares well with those obtained
(through the magnetic field dependence of effective g values)
for the quite symmetric aqueous monomeric species, such as
Gd3�


(aq) (�2� 0.22
 1020 s�2) and [Gd(dota)(H2O)]� (�2�
0.124
 1020 s�2), and the last is similar to that obtained for
the almost rhombic [Gd(dtpa)(H2O)]2� (�2� 0.7
 1020 s�2).[61]


This suggests that an interaction between neighbouring Gd3�


ions within the same particle, a higher Gd3� content could
produce a significant electronic relaxation effect, as previ-
ously demonstrated with dimeric Gd3� chelates.[62] The
parameter �298v also governs the zero-field splitting mechanism


of the electronic relaxation. Its value, as obtained from the
fitting, seems to be almost independent of the Gd3� loading
and is close to those reported for [Gd(dtpa)(H2O)]2� and
[Gd(dtpa-bma)(H2O)], but larger than that reported for
Gd3�


(aq) (7.3 ps).[51]


The �298m values for the water exchange process in the zeolite
supercages increase substantially upon increasing the Gd3�


loading, ranging between 769 ns for GdNaY-5.4 to 4 ns for
GdNaY-1.3. The latter value is within an order of magnitude
of the residence time of inner-sphere water molecules
determined for Gd3�


(aq) (�298m � 1.2 ns).[51] The increase in the
�298m values with increasing Gd3� loading is a consequence of
the increase of the Gd3� concentration inside the zeolite
cavities, which makes the probability of a water molecule
being located in the inner coordination sphere of the Gd3� ion
higher. This increasing concentration is also reflected in the
number of water molecules per Gd3� ion in the interior of the
zeolite, with x values ranging from 11� 5 for GdNaY-5.4 to
60� 21 for GdNaY-1.3. This increase of the x values is also the
main reason for the decrease of the observed relaxivity on
increasing the Gd3� loading as a result of the presence of the x
� q term in the numerator of Equation (4). From the values of
x, it can be calculated that the amount of water inside the
zeolite that is in exchange corresponds to 10 ± 12% of the
weight of the zeolite, almost independent of the Gd3� loading.
The total amount of water in the zeolite amounts to�30 wt%
of the zeolite. Therefore, it can be concluded that not all water
inside the zeolite contributes to the exchange with the bulk
water outside the zeolite. In previous literature, it has been
reported that the water exchange between the supercage and
the sodalite cages is very slow (1 mol in 4 days at 295 K)[63]


and, therefore, the water molecules in the sodalite cages do
not contribute to the propagation of the relaxivity. Further-
more, it is likely that the overall relaxivity is dominated by the
contributions because of the exchange of water in the
supercages closest to the particle surface with that outside
the zeolite. Migration of Gd3� from the supercages to the �


cages can be excluded, since for such a migration to occur the
hydrated zeolite has to be heated at temperatures close to
200 �C.[60]


The residence time of water protons in the interior of the
zeolite is relatively long, but still short enough to allow an
efficient propagation of the paramagnetically induced relax-
ation effect from the interior of the zeolite to the bulk water
(�298zeo is typically 110 ± 115 times longer than �298m observed for
commercial MRI contrast agents).


The 17O chemical shift of each of the seven Gd3�-bound
water molecules can be estimated (with respect to that of a
free water molecule, �	) to be about �6.34
 105 rad s�1 at
7.05 T and 298 K.[1, 3] Assuming that the supercages are
occupied by about 30 water molecules, the ™averaged∫ �	


value for the water molecules in the supercage can be
estimated to be � � 1.5
 105 rad s�1. The absolute value is
larger than 1/�zeo (3
 104 s�1) and, therefore, the exchange of
water between the supercages and the bulk is slow on the 17O
chemical shift timescale. Most likely, the 17O resonance for
water in the supercage is extremely broad and, therefore,
escapes observation. Consequently, no paramagnetic effects
could be observed in the 17O NMR spectra of suspensions of
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GdNaY. The chemical shifts of 1H nuclei of Gd3�-bound water
molecules are considerably smaller than those of the 17O
nuclei. Therefore, it may be expected that the exchange is
rapid on the 1H NMR timescale, as is confirmed by the linear
dependence of the relaxation rate enhancements on the
amount of added GdNaY.


A relaxivity of �12 s�1m��1 (40 MHz, room temperature)
was reported for a GdNaY sample of undefined particle size
and Si/Al ratio with a 2.3%Gd3� loading.[16] The relaxivity
obtained in the present study for a nanosized GdNaY-2.3
zeolite at 25 �C and 40 MHz amounts to 23 s�1m��1, and the
observed relaxivity for a sample with 1.3% loading at 40 MHz
and 37 �C is as high as 37.2 s�1m��1. The higher relaxivities
obtained in the present study may be ascribed to a smaller
particle size that would result in a shorter residence time
inside the zeolite because of the shorter ™pathway∫ for the
protons to reach the bulk. Alternatively, it could be rational-
ised by a difference in Si/Al ratio. This parameter could also
influence the relaxivity, since it affects the hydrophilicity of
the material, which on its turn most likely affects the residence
time of water inside the zeolite (�zeo).


The rotational correlation time, �298R , calculated from the
fittings of the NMRD curves (�1
 10�9 s) is at least 25 times
longer than that for Gd3�


(aq) at 298 K (41 ps);[51] this indicates
that the rotation of inner-sphere water molecules is consid-
erably hindered by the anchoring of the Gd3� ions inside the
zeolite to the framework. A simulation of the relaxivity of
GdNaY-1.3 as a function of �zeo and �R (Figure 8) shows that


Figure 8. Simulation of the relaxivity at 37 �C for sample GdNaY-1.3 with
the parameters reported in Table 2 as a function of �R and �zeo.


while the rotational correlation time for the GdNaY nano-
particles is in the optimum range, the water exchange between
the zeolite supercages and the bulk is still far from the
optimum value. The simulation shows that relaxivities as high
as 310 s�1m��1 could be achieved if one were able to
immobilise Gd3� with an optimum water exchange rate.


Conclusion


The results reported in this paper show that Gd3�-containing
NaY nanoparticles with a mean size of 80 ± 100 nm display a
very high relaxivity in aqueous suspensions. The experimental


NMRD curves and EPR spectra can be explained by a two-
step model that is based on the assumption that the interior of
the zeolite contains a concentrated solution exchanging with
the bulk water. This model requires the use of new equations,
which we derived from the classical theory of exchange. Our
results indicate that the Gd3� ions are immobilised effectively
in the interior of the zeolite cavities, which is reflected in a
very long �298R . The relaxivity is mainly limited by a relatively
slow diffusion of water protons from the interior of the zeolite
cavities to the bulk water. The decrease of relaxivity observed
upon increasing the Gd3� loading is mainly caused by a
decrease in the number of water molecules per Gd3� ion
available in the zeolite cavities. Only the water molecules
inside the large cages contribute to the exchange with the bulk
water. The water exchange rate at 298 K on Gd3� located in
the zeolite supercages is within an order of magnitude of that
on Gd3�


aq in solution, but decreases drastically when the Gd3�


loading is increased.
In order to design new porous materials that display high


relaxivities for application as contrast agents in MRI, some
key features must be taken into account: 1) the material
should be able to retain Gd3� ions inside the framework with
as many inner-sphere water molecules as possible, 2) the Gd3�


ion must be strongly coordinated to the framework to ensure a
long �R and 3) the pores must be big enough to allow water
molecules to diffuse from the interior of the material to the
bulk water. Small particles containing big pores are expected
to allow a more efficient water exchange rate. We believe that
the approach used here may also be useful to describe the
relaxivity in suspensions of other materials, such as other
zeolites, clays or mesoporous materials, and liposomes. This
will allow a more rational design of new potential contrast
agents of these types. The formulation of a MRI contrast
agent should contain the minimum amount of material that
provides the maximum signal enhancement. Although the
relaxivity of the Gd3�-loaded NaY zeolites (expressed in
s�1m��1Gd3�) decreases with the loading, the optimal
relaxation rate enhancement expressed in s�1 g�1 at 60 MHz
is reached at a Gd3� loading of 4.0 ± 5.0 wt%.


Experimental Section


Materials : The batch of zeolite NaYused in this study was a gift from Akzo
Nobel. Lanthanide chlorides (LnCl3 ¥ xH2O, x� 7, Ln�La; x� 6, Gd) and
xanthan gum were purchased from Aldrich. 17O-Enriched water (10%
labelling) was purchased from Cortec (Paris, France).


Physical methods : X-ray powder diffraction (XRD) patterns were obtained
with a D-5000 Siemens X-ray diffractometer, with nickel-filtered CuK



radiation (�� 1.5406 ä). The samples were scanned in the 2� range of 5 ±
50� with steps of 0.015�. All crystal sizes were calculated from the line
broadening (full width at half-height) of the [331], [511] and [440]
reflections by using the Scherrer equation[64] and assuming that the
broadening exclusively originates from size effects. High-resolution trans-
mission electronmicroscopy (HRTEM) was performed on a Jeol JEM-2010
electron microscope operated at 200 kV. Elemental analyses were carried
out with ICP-OES by dissolving the samples in a 1% HF/1.3% H2SO4


mixture. All the samples were measured twice as an independent duplicate.
Neutron diffraction analyses were carried out on a ROG neutron
reflectometer. 1H (300 MHz), 23Na (79.353 MHz) and 17O (40.7 MHz)
NMR spectra were recorded on a Varian INOVA-300 spectrometer in
5 mm sample tubes. The very high stability of the magnet made a field-
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frequency lock unnecessary. 89Y (19.596 MHz) NMR spectra were recorded
on a Varian VXR-400S spectrometer in 5 mm sample tubes. The 23Na, 17O
and 89Y chemical shifts were measured with respect to external 0.1� NaCl
in D2O, D2O and 0.1� YCl3 in D2O, respectively (substitution method). The
1/T1 nuclear magnetic resonance dispersion (NMRD) profiles were
recorded at 5, 15, 25 and 37 �C with a field cycling system covering a range
of magnetic fields from 2.5
 10�4 to 1.2 T (corresponding to a proton
Larmor frequency range of 0.01 ± 50 MHz). The relaxivities at 300 MHz
were determined with a Varian INOVA-300 spectrometer. The pH of the
samples was measured at ambient temperature by means of a Corning 125
pH meter with a calibrated microcombination probe purchased from
Aldrich. MAS 29Si, 27Al and 23Na MAS NMR spectra were recorded on a
Varian VXR-400S spectrometer with resonance frequencies of 79.460
(29Si), 104.229 (27Al) and 105.805 (23Na) MHz. The spectrometer was
equipped with a DOTY probe and 5 mm rotors with magic angle spinning
at 4.5 kHz. The EPR spectra were recorded on a Bruker ESP300E
Spectrometer, operating at 9.43 GHz (0.34 T, X-band), at 298 K and 77 K.
EPR spectra of solid samples were obtained in Wilmad quartz tubes and
aqueous suspensions in a quartz flat cell. Typical parameters used were:
microwave power 4 mW, modulation amplitude 1.0 mT and time constant
0.03 s. The frequency was calibrated with diphenylpicrylhydrazyl (dpph)
and the magnetic field with Mn2� in MgO.


Sample preparation : All suspensions were prepared by weight. Samples for
NMRD were prepared by suspending �10 mg of the concerning solid
GdNaY zeolite in doubly distilled water (9 mL) containing 0.2% of
xanthan gum as a surfactant. The suspensions were dispersed in an
ultrasonic bath for 5 min. Measurements were performed on 600 �L
aliquots of the former suspensions. The pH of the suspensions was 7.5.


Calculations : Experimental variable-temperature NMRD and EPR data
were fitted with a modified version of a computer program written by E¬ .
To¬ th and L. Helm (EPFL Lausanne, Switzerland) using the Micromath
Scientist program version 2.0 (Salt Lake City, UT, USA).


Preparation of LnNaY (Ln�La or Gd): Zeolite NaY was stirred in an
aqueous 1�NaCl solution at room temperature overnight, then centrifuged
and washed with deionised water. The suspension was centrifuged again
and the procedure was repeated until the water was free of chloride
(AgNO3 test). The pre-treated zeolite (1.5 g) was suspended in deionised
water (10 mL). The pH of the suspension obtained was adjusted to 5.5 with
0.1� HCl. The required amount of LnCl3 ¥ 6H2O was added to the mixture
(see Table 1) and the resultant slurry was stirred overnight at room
temperature. The suspension was then dialysed against water (cellulose
tubing, Sigma, 12 KD cut-off) for 24 h, and the water removed under
reduced pressure at room temperature.
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C�C Bond-Forming Reactions of IrIII-Alkenyls and Nitriles or Aldehydes:
Generation of Reactive Hydride- and Alkyl-Alkylidene Compounds
and Observation of a Reversible 1,2-H Shift in Stable
Hydride ± IrIII Alkylidene Complexes


Francisco M. AlÌas,[a] P. Jamieson Daff,[a] Margarita Paneque,[a] Manuel L. Poveda,*[a]
Ernesto Carmona,*[a] Pedro J. Pe¬rez,[b] Vero¬nica Salazar,[c] YsaÌas Alvarado,[d]
Reinaldo Atencio,[d] and Roberto Sa¬nchez-Delgado[d]


Dedicated to Professor Pascual Royo on the occasion of his 65th birthday


Abstract: Nucleophilic attack of the �-
carbon of an IrIII-alkenyl functionality
onto the �-carbon of a coordinated
nitrile- or aldehyde occurs intramolecu-
lary to yield initially iridacyclic struc-
tures. Nitriles give rise to isolable com-
plexes that contain delocalized five-
membered rings (iridapyrroles, e.g. 3� ±
8�) in a reaction catalyzed by H2O (for
some of these syntheses, IrIII-�3-allyl
derivatives may be used as the source
of the IrIII-alkenyl moiety). In contrast,
the alkenyl-to-aldehyde C�C coupling
gives transient iridacycles that evolve by


a fast alkyl-to-alkylidene migration and
�-H elimination. The end products (13*
and 14*) contain an elaborated chelating
alkoxide ± olefin ligand. Addition of
[H(OEt2)2][BAr�4] to the iridapyrroles
effects stereospecific protonation of the
�-ring carbon. Those iridapyrroles which
contain an additional metal-alkyl func-
tionality (e.g. 3a*, alkyl�C2H5) afford


highly reactive cationic alkyl-alkylidene
intermediates that evolve instantane-
ously by migratory insertion/�-H elimi-
nation. The end products also contain an
elaborated, chelating ligand, although
this time with an olefin and imine
terminus compared with the previous
ligand. Contrary to this result, protona-
tion of the hydride-iridapyrrole complex
8a* in weakly coordinating solvents
permits isolation of two unusual cationic
cis-hydride-alkylidene compounds 11*,
which undergo reversible 1,2-H shifts.


Keywords: aldehydes ¥ C�H
activation ¥ carbene ligands ¥
C�C coupling ¥ iridium


Introduction


The development of synthetic methodologies that allow the
selective and efficient formation of carbon�carbon bonds is a
fundamental problem in organic synthesis. Whereas discrim-
inating, high yield classical organic routes are scarce, the
ability of transition metal compounds to induce stoichiometric
or catalytic reactions of this kind has been recognized for
many years and has been used extensively in the last
decades.[1] A large variety of transformations is available,[2]


the majority of which require metal coordination of an
unsaturated organic fragment.
Metal carbenes are exceedingly versatile reagents, able to


participate in a plethora of carbon�carbon bond forming
reactions.[3] Nitriles, imines, aldehydes, ketones and other
organic functionalities that comprise multiple carbon ± ele-
ment bonds, become activated upon coordination toward
attack by nucleophiles.[1c,d, 4±7] Hence, action of carbon nucle-
ophiles on these species generates new C�C bonds.
Alkenyl complexes of the late transition elements are a


relevant group of carbon nucleophiles.[8] They belong to an
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important family of organometallic compounds which finds
wide applicability in organic synthesis and are active inter-
mediates in several catalytic processes.[9] Recently we have
demonstrated that IrIII-vinyls (and related alkenyls) activate
readily a variety of organic substrates.[10] These species can be
generated under mild conditions, starting from bis(olefin)
complexes (e.g. [TpMe2Ir(C2H4)2] (A*)[10b, 11]), and owe their
reactivity to the facility with which unsaturated species of type
C� may be generated by tandem C�H activation (to give B�)
and migratory insertion reactions. Like other late-transition
metal alkenyls[8] they exhibit nucleophilic reactivity


[Ir] [Ir] H [Ir]


A' B' C'


at the �-carbon because of the contribution of canonical form
E� to the resonance hybrid. It is therefore conceivable that the
Ir-alkenyl moiety of C� and related fragments acts as a
nucleophile toward a coordinated multiple C�O or C�N
bond. To verify this hypothesis we have generated unsatu-
rated species of type C� in the presence of nitriles and
aldehydes as Lewis donors, and studied the ensuing C�C bond


forming processes. Herein we report[12] the results of these
efforts. Nitriles, active participants in a variety of C�C bond
forming reactions,[13, 14] give rise to iridacycles with general
structure F�, whereas aldehydes, extremely useful syntons for
organic synthesis,[14, 15] produce hydride-alkoxide complexes
of formulation G�. The protonation of these species has also
been studied and the results are reported herein.
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Results


Synthesis and characterization of iridapyrrole complexes : We
have already reported[10b] that the complex [TpMe2Ir(C2H4)2]
(A*) reacts with acetonitrile at 60 �C to give [TpMe2Ir-
(CH�CH2)(C2H5)(NCMe)] (1a*) by nitrile trapping of an
intermediate of type C*, formed through the hydride-vinyl
complex B*. Further heating of the colourless solutions of this
adduct in acetonitrile produces a pale red solution that affords
the red crystalline iridapyrrole 3a* (Scheme 1a). The reaction
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H H
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R = Me, a; tBu, b; Ph, c; 
CH2-2-C4H3S, d
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Scheme 1. Formation of iridapyrrole complexes from TpMe2Ir-alkenyls.


needs the presence of small amounts of water to occur (see
Discussion). Spectroscopic data are consistent with the
delocalized iridapyrrole structure shown in the Scheme 1
(see canonical forms H� ± J�).


Abstract in Spanish: El ataque nucleo¬filo intramolecular del
a¬tomo de carbono � de diversos alquenilos de IrIII sobre el C�


de nitrilos o aldehÌdos, produce inicialmente complejos
metalacÌclicos, que en el caso de los nitrilos evolucionan en
un proceso catalizado por el agua, para dar estructuras de tipo
iridapirrol. Algunos de estos compuestos se pueden obtener
tambie¬n a partir de complejos alÌlicos de IrIII capaces de
originar el fragmento IrIII-alquenilo. Las estructuras cÌclicas
que se forman merced al acoplamiento C�C entre un aldehÌdo
y un alquenilo son de existencia transitoria y experimentan la
migracio¬n ra¬pida de su grupo Ir-alquilo al a¬tomo de carbono
de alquilideno, seguida de la eliminacio¬n de un a¬tomo de H en
�, dando lugar a productos finales que contienen un ligando
quelatante con una terminacio¬n de tipo alco¬xido y otra de
naturaleza olefÌnica. La adicio¬n del a¬cido [H(OEt2)2]BAr�4 a
los iridapirroles se traduce en la protonacio¬n estereoespecÌfica
del a¬tomo de C� del anillo. Si el iridapirrol contiene adema¬s un
ligando alquilo (por ejemplo 3a*, que posee un grupo etilo),
resultan complejos catio¬nicos de tipo alquilo-alquilideno muy
reactivos que evolucionan instanta¬neamente mediante inser-
cio¬n migratoria y posterior eliminacio¬n de H�. El ligando
bidentado que resulta de este proceso contiene ahora un
extremo de olefina y otro de imina. Por lo que respecta al
complejo 8a*, su protonacio¬n en disolventes con poca
tendencia a coordinarse, permite el aislamiento de los deriva-
dos catio¬nicos 11*-syn y 11*-anti, de constitucio¬n poco
comu¬n, resultado de la combinacio¬n de un ligando hidruro y
otro alquilideno en posiciones mutuamente cis. Los dos
estereoiso¬meros experimentan reversiblemente la migracio¬n
1,2 del ligando hidruro al a¬tomo de C carbe¬nico.
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For example, the iridium-bonded methine unit (CH1) is
responsible for resonances at � 10.71 and 191.3, in the 1H and
13C{1H} NMR spectra, respectively. These signals are clearly in
a range intermediate between those of metal ± carbene and
metal ± vinyl resonances.[16] Additional support for the pro-
posed aromaticity of 3a* is provided by the 3 Hz value found
for the four-bond H2 ±H4 coupling constant. In the IR the
��(N-H) absorption is observed at 3330 cm�1. Formation of
metallapyrrole derivatives, albeit by different synthetic meth-
odologies, is not unprecedented in the literature.[5a, 17]


A single crystal X-ray structure analysis of 3a* ¥ NCMe has
been carried out (Tables 1 and 2). The ORTEP view (Fig-
ure 1) shows the expected distorted octahedral geometry
around the metal.[10, 11, 18] The three N-Ir-N bond angles within
the TpMe2Ir linkage are close to the ideal 90� value but one of
the three Ir�N bonds, namely that trans with respect to the
ethyl group (2.21(1) ä), is longer than the others, which


Figure 1. ORTEP representation of the molecules of 3a*.


reflects the high trans influence of the alkyl group. The
iridacycle is planar, and is characterized by short C1�C2,
C2�C3 and N1�C3 bonds. These observations and the also
short Ir�C1 separation of 1.88(2) ä, support the notion of
extensive electron delocalization within the ring.
To ascertain the generality of the alkenyl-to-nitrile coupling


on the coordination sphere of Tp�Ir units, a miscellaneous
group of Ir-alkenyl fragments and nitriles have been tested,
for TpMe2 and Tp as the ancillary ligands. Adducts such as 1a*,
and others derived from different nitriles, are readily pro-
duced upon reaction of [TpMe2Ir(C2H4)2] with the correspond-
ing NCR (R�Me,[10b] tBu, Ph, CH2-2-C4H3S). Only the
known 1a* and the tBu analogue 1b* have been isolated; in
the other cases investigated C�C coupling proceeds parallel to
adduct formation, hence the reactions were run to complete
iridapyrrole formation. [TpMe2Ir(trans-CH�CHCH3)(n-C3H7)-
(NCMe)] (2*) has been generated in a similar manner from
[TpMe2IrH(trans-CH�CHCH3)(�2-C3H6)][10b] and NCMe.
Prolonged heating of nitrile solutions of complexes 1* and


2* in the presence of minute amounts of water as the catalyst
(see below), at temperatures in the range 60 ± 100 �C, affords
the iridapyrrole derivatives 3* and 4* in the form of red
crystalline solids of considerable stability in air (Scheme 1).
Metallacycles 3* are, in general, best obtained by the direct
reaction of [TpMe2Ir(C2H4)2],[10b] NCR and small amounts of
H2O, using the nitrile as the solvent. Spectroscopic properties
for the nitrile adducts and the iridapyrroles are listed in the
Experimental Section and are in accord with their formula-
tions.
More chemical and structural diversity stems from the


study of the related TpIr complexes. Compound 1a[10b]


behaves similarly to 1a* in the coupling reaction with NCMe
(Scheme 2a); however, interaction of the cyclooctenyl deriv-
ative [TpIrH(C8H13)(�2-C8H14)] (K)[10b, 19] with both NCMe
and NCPh generates a mixture of complexes 5a ± 6a and 5c ±
6c, respectively (Scheme 2b).
The unexpected formation of the hydrides 6 probably


reflects high steric hindrance in the cyclooctene ± cyclooctenyl
precursor (K, Scheme 3), in which cyclooctene insertion into
the Ir�H bond (to give L) may compete with olefin
elimination (to M). The second pathway is responsible for
the formation of the allyl [TpIrH(�3-C8H13)] (N) when the
cyclooctenyl derivative is heated in C6H12 at 100 �C.[10b]


Table 1. Crystal data and structure refinement for compound 3a*.


formula C21H33BN7IrNCCH3
Fw 627.61
shape (color) irregular block (orange)
T [K] 298
size [mm] 0.25� 0.11� 0.04
crystal system triclinic
space group P1≈


a [ä] 10.451(6)
b [ä] 15.787(13)
c [ä] 8.200(6)
� [�] 99.50(6)
� [�] 98.88(5)
� [�] 98.86(5)
V [ä3] 1295.8(2)
Z 2
F(000) 624.00
�calcd [gcm�3] 1.609
radiation MoK� (	� 071073)


graphite monochromated

 (MoK�) [cm�1] 51.78
diffractometer Rigaku AFC7S
scan type �-2�
scan rate 2.0� per min (in �)
corrections Lorentz-polarization absorption


(trans. factors: 0.4989 ± 1.0000)
2� max 50.1
rflns collected 4916
unique rflns 4570
merging factor R(int) 0.206
no. observations 2874(I� 3�(I))
R 0.067
Rw 0.192
GOF 1.112
variable parameters 298
max. peak in
final diff. map [e�ä�3] 2.458
min. peak in
final diff. map [e�ä�3] � 1.908


Table 2. Selected bond lengths [ä] and angles [�] for compound 3a*.


Ir�C1 1.88(2) Ir�N21 2.13(1)
Ir�N1 2.03(1) Ir�N31 2.08(1)
Ir�C5 2.12(2) Ir�N11 2.21(1)
C1�C2 1.37(2) C2�C3 1.41(2)
N1-Ir-C1 76.7(6) N1-Ir-C5 92.7(6)
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Scheme 2. Formation of iridapyrrole complexes from TpIr-alkenyls.
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Scheme 3. Mechanism of formation of iridapyrroles 5 and 6.


Complexes 6 are also obtained from this allyl and the
respective nitrile at 130 �C, indicating that the vinyl-to-allyl
transformation is a reversible process.
Yet, another unexpected observation emanated when


[TpIr(C2H4)2][19, 20] was heated in cyclohexane in the presence
of NCPh (Scheme 4a). Iridapyrrole structures were again
generated but, noticeably, in the main compound 7c a hydride
instead of an ethyl group preserves electroneutrality, as the
latter becomes part of the ring, substituting its � carbon atom.


[Ir] [Ir]


7c


H
N


Et H


Ph


H


C6H12, NCPh


[Ir]
C6H12, NCPh


[Ir]


3c*


H
N


H H


Ph


Et


[Ir]


7c*


H
N


Et H


Ph


H


[Ir]


8c*


H
N


Me Me


Ph


H


A


A*


(a)100 °C, 18 h


* 100 °C


(b)


** *


Scheme 4. Iridapyrrole formation in cyclohexane-NCPh as reaction sol-
vent.


The even more complex [TpMe2Ir(C2H4)2] �NCPh reaction
system (C6H12 as solvent) gives rise to the three metallacyclic
structures (Scheme 4b; compare with the reaction in neat
NCPh, Scheme 1a). It appears that the 16 e� ethyl ± vinyl
intermediate C is not efficiently trapped by NCPh and can
rearrange to O (Scheme 5), which then converts into 7c by
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Scheme 5. Mechanism of formation of different iridapyrroles in the
reaction of [Tp�Ir(C2H4)2 ] (Tp��Tp or TpMe2) with NCPh in C6H12.


reaction with NCPh. This is in line with our earlier suggestion
of O* as being an active intermediate in the formation of the
allyl [TpMe2IrH(�3-anti-C3H4Me)] (P*) from C*.[10b] To explain
the additional formation of 8c* we proposed that O* can also
rearrange to Q* through the intermediacy of P*. Whereas
alkenyl-to-allyl transformations similar toQ*�P* have been
reported,[21] in our case it seems to be a reversible reaction;
thus, allyl P* converts cleanly into 8a* and 8c* upon reaction
with the corresponding nitrile at 80 �C (Scheme 6). These
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Me Me
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Scheme 6. Formation of iridapyrrole complexes from [TpMe2IrH(�3-anti-
C4H7)] (P*) and NCR.


results illustrate the complexity of the reactions of
[Tp�Ir(C2H4)2] compounds (Tp��Tp, TpMe2) with the poor
nucleophile NCPh, a process obviously very sensitive to the
reaction conditions, particularly the temperature and the
nitrile concentration, that we have not studied in more detail.


Protonation of iridapyrrole complexes–Migratory insertion
reactions of Ir-carbene into Ir�H and Ir�C bonds : As
canonical form J� is expected to contribute to the electronic
structure of the iridacycles 3� ± 8�, nucleophilic reactivity for
their �-ring carbon atommay be anticipated.[8, 22] Accordingly,
a smooth reaction ensues when complex 3a* is treated with
1 equiv of [H(OEt2)2][BAr�4] (Ar�� 3,5-C6H3(CF3)2)[23] at
room temperature in CH2Cl2 (Scheme 7a) to yield (quantita-
tively by NMR) the cationic hydride ± olefin compound 9*-
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Scheme 7. Protonation of the iridapyrroles 3a* and 4*.


trans.[24] Under ambient conditions, a kinetic mixture of 9*-cis
and 9*-trans (ca 2:1 ratio) is formed first, and then transforms
slowly (t1/2 �3 h) into the thermodynamically more stable
isomer 9*-trans. Compound 4* also experiences a similar
transformation upon protonation in CH2Cl2. As shown in
Scheme 7b, a kinetic mixture (ratio �1:6) of complexes 10*-
cis and 10*-trans is produced first which subsequently
converts, although at a much slower rate, into 10*-trans
(CH2Cl2 at 80 �C, overnight). Interestingly, NMR monitoring
of the room temperature reaction shows substantial amounts
of two other stereoisomers (see below), which in the course of
several hours give rise to the already mentioned 1:6 kinetic
mixture of 10*-cis and 10*-trans. Complex 10*-trans has high
thermal stability and can be recovered even after heating
solutions in acetonitrile at 150 �C for several hours. For the
sake of clarity, it is worth considering that the protonation of
3a* and 4* originates initially transient cationic alkyl ± alkyl-
idene intermediates which experience fast, irreversible �-
alkyl migration, and reversible �-H elimination reactions (see
Discussion).
Compounds 9* and 10* have been characterized by 1D and


2D NMR spectroscopy. 1H NMR signals (data for 9*-trans) at
� �17.36 and 8.65 (br) are associated with the Ir-H and N-H
protons. A NOESY study, along with the observed trans
coupling of ca. 12 Hz between the olefinic protons of the
coordinated olefinic terminus, lead unequivocally to the
proposed structure. An X-ray investigation on crystals of 9*-
trans ¥ 0.5Et2O confirmed the spectroscopic conclusions.
Crystals of this compounds are, however, unstable toward
loss of the Et2O molecules of crystallization; moreover the
CF3 groups of the BAr�4 anion introduce considerable
positional disorder. Thus, and despite the fact that the


geometry of the molecules of 9*-trans has been unequivocally
established, we believe that the poor quality of the X-ray data
does not justify its discussion nor the consideration of its
bonding parameters.
The analogous protonation of the related iridapyrrole


structure 8a* provides even more interesting results since it
allows the isolation of highly unusual cationic cis-hydride-
alkylidene complexes 11* (Scheme 8). Compound 11*-syn[25]


is formed first quantitatively (by NMR). The reaction is
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Scheme 8. Formation of cationic hydride-alkylidene compounds.


reversible, as addition of a base to solutions of 11*-syn
regenerates the starting hydride-iridapyrrole complex 8a*.
Moreover, in CDCl3 11*-syn rearranges irreversibly into the
thermodynamically more stable isomer 11*-anti. Treatment
of this later compound with K2CO3 in CH2Cl2 also regenerates
complex 8a*. The 11*-syn to 11*-anti isomerization appears
to be rather erratic and may be catalyzed by some impurities
present in the deuterated solvent.[26] Sunlight should be
avoided as other side products are also formed.
In agreement with the proposed formulation, compounds


11* exhibit characteristic low-field 13C and high-field 1H
signals due to the carbene carbon and the hydride proton (ca.
� 325 and �15 ppm, respectively). The stereochemistry of
both isomers, 11*-syn and 11*-anti, has been deduced from
2D-NOESY spectra, which indicate that the H� attack is
stereospecific and occured on the face of the ring adjacent to
the hydride ligand. To confirm the crystal structure, we carried
out an X-ray study of 11*-syn ¥ 0.25CH2Cl2. Nevertheless,
crystals of this compound suffer from the same shortcomings
as 9*-trans ¥ 0.5Et2O, so that the discussion of its structural
and bonding parameters seems unwarranted, even if the
overall geometry of the molecules can be taken with
confidence.[27]


The structural complexity of the molecules of 11* is only
preserved in the very weakly coordinating solvents such as
CH2Cl2 or CHCl3. The addition of CH3OH to 11*-syn in
CDCl3 induced a 1,2-shift of the hydride atom from iridium to
the carbene carbon with formation of the corresponding
CH3OH adduct 12a*-syn (Scheme 9a). The low coordination
capacity of methanol caused this rearrangement to be
reversible, as the removal of the solvent under vacuum
restores, cleanly and quantitatively, the hydride-alkylidene
11*-syn. NCMe is a better ligand toward cationic IrIII units,
hence it is not unexpected that its reaction with 11*-syn
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Scheme 9. Solvent-induced hydride-to-carbene migrations in 11*-syn.


produces instantaneously the adduct 12b*-syn (Scheme 9b),
which can be isolated as a white microcrystalline solid. An
analogous reaction with 11*-anti furnished the corresponding
adducts 12a*-anti (reversible) and 12b*-anti.
When a mixture of 11*-syn and 11*-anti in CDCl3 was


treated with CD3OD, the complexes 12a*-syn and 12a*-anti
were instantaneously produced in the ratio expected. Inter-
estingly, the former, and not the latter, incorporated three
deuterium atoms into the two CHMe and the NH positions of
the ring. The acetonitrile adduct 12b*-syn showed no
deuteration upon treatment with CD3OD. H2O, however,
afforded the similar, though rather labile 12c*-syn and 12c*-
anti adducts, with D incorporation in the former, that is
[D5]12c*-syn if D2O is used. In this case even [D3]11*-syn
(deuterium in IrH, CHMe and NH positions) can be observed
before the reaction is completed. We can offer no reasonable
mechanistic explanation for these observations, although it
seems plausible that the incorporation of D occurs in the syn-
hydride-alkylidene complex. It is worth noting that the water
adduct 12c*-syn cleanly converts into 12c*-anti in CDCl3/
H2O mixtures (2 ± 3 d, 20 �C, darkness). Since the latter
reverses into 11*-anti by simple exposure to vacuum, this
method constitutes a less troublesome method of producing
11*-anti from 11*-syn.


C�C Bond-forming reactions involving aldehydes : As an
additional test of the capacity of Ir-alkenyl units to act as
carbon nucleophiles some of the reactions discussed in the
preceeding paragraphs have been investigated employing
aldehyde, instead of nitrile, electrophiles. Accordingly,
[TpMe2Ir(C2H4)2] was treated at 60 �C in cyclohexane with
different aldehydes (Scheme 10a) to give the new compounds
13*. Likewise, [TpMe2IrH(trans-CH�CHMe)(�2-C3H6)] (Sche-
me 10b) was treated with 5-methyl-2-thiophenecarboxalde-
hyde to give 14b*. NMR monitoring of the formation of 13a*
shows no detectable intermediates and the generation, be-
sides 13a* (ca. 70%), of three non-characterized minor by-
products. Once again, a combination of 1D and 2D NMR
experiments provided unequivocal support for the suggested
formulation. As can be seen in Scheme 10, except for
differences inherent to the nature of the substrates used
(namely aldehydes or nitriles) the structures of 13* and 14*
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Scheme 10. Alkenyl-to-aldehyde C�C coupling reactions.


show striking resemblance to that of compounds 9* and 10*;
this suggests that the former are also produced as a result of a
similar complex reaction pathway (see Discussion).
As shown in Scheme 11, compounds 13b* and 14b* can be


protonated at the alkoxide oxygen atom to give the corre-
sponding alcohol complexes 15b* and 16b*. The inertness of
the Ir-O(H)R functionality[28] of these compounds towards
substitution (e.g. by NCMe) is very likely due to the chelating
nature of the organic ligand.
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Scheme 11. Protonation of alkoxides 13b* and 14b*.


Discussion


The results presented in the previous section demonstrate the
capacity of IrIII-alkenyls to act as nucleophiles toward nitriles
and aldehydes. As stated, this reactivity reflects the impor-
tance of resonance form E in defining the electronic structure
of the Ir-alkenyl unit.
In practice, formation of the iridapyrroles 3� ± 8� requires


water as a catalyst. Although there is no spectroscopic
evidence, a short-lived iridacycle R* (Scheme 12, reaction
leading to 3a*) may be invoked as a reactive intermediate,
trapped subsequently as the thermodynamically favoured
iridapyrrole 3a* by a water-dependent tautomeric process.
The formation of R* can be regarded as a 1,3-dipolar
cycloaddition, a reaction not very commonly encountered in
organometallic chemistry.[29] Kinetic data are consistent with
this proposal, the graphical representation of kobs versus
[D2O] shows saturation kinetics (Figure 2)[30] and allows







FULL PAPER M. L. Poveda, E. Carmona et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0822-5138 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 225138


[Ir] NCMe


1a*


[Ir]


3a*


H
N


H H


Me


Et


[Ir]
N


H H


MeH


Et


(D)


*


*


R*


*


k2 [H2O] or k2 [D2O]


k1


k-1


Scheme 12. Proposed mechanism for the H2O-catalyzed formation of
iridapyrroles.


Figure 2. Formation of 3a*: graphical representation of kobs versus [D2O].


computation of the k1 and k�1/k2 values ([3.2(2)]� 10�4 s�1 and
0.16(4)�, respectively). The reaction is intramolecular and
follows pseudo-first-order kinetics with less than 15% incor-
poration of NCCD3 when 1a* is heated with NCCD3 under
saturation conditions. When the reaction is monitored by
NMR in a NCCD3/D2O mixture (saturation conditions),
complex [D1]3a* is formed (Scheme 12) but no incorporation
of deuterium in the starting material takes place. Under the
same conditions there is no significant effect by adding NaOD
or CH3CO2D, although in the latter case the two �-H atoms of
the vinyl ligand of 1a* become partially deuterated (the
extent of the deuteration is proportional to the amount of
added acid) in the way to the final product [D2]3a* (see below
for the explanation of this additional deuteration).
Further support for the proposed mechanism comes from


the measurement of an inverse deuterium kinetic isotope
effect (KIE) in the saturation regime when using
[TpMe2Ir(C2D3)(C2D5)(NCMe)] (k Hobs/kDobs� 0.87(2), [D2O]�
2.1(1)�). This measurement shows that no significant C�H
bond breaking occurs in the transition state of the rate-
determining step. Moreover, it constitutes additional support
for the sp2-to-sp3 change in hybridization at the nucleophylic
�-vinyl carbon implied by this mechanism.[31] The final R*�
3a* water-catalyzed step is irreversible, and very little, if any,
deuterium incorporation takes place when 3a* is heated in
CD3CN/D2O mixtures at 100 �C for 2 h. The same is true for
8a*.
The vinylic character of the iridapyrrole part of the


molecules of 3� ± 8�, along with the nucleophilicity of its �-
carbon, suggest its protonation could lead to highly reactive,
cationic hydride- or alkyl-alkylidene derivatives, depending
upon the nature of the starting compound. Species of this type


are rare, due to the high tendency of the H� and R� groups to
migrate onto the carbene carbon. Furthermore, well-defined
hydride- and alkyl-carbenes are useful as models for several
catalytic processes, notably Fischer ±Tropsch synthesis.[9a, 32]


Despite the high reactivity of these compounds, some
examples are already known.[33, 34] Jones and co-workers have
reported a number of alkyl- and acyl-carbene derivatives of
different metals in which the M�C and M�C functionalities
are part of a five-membered ring.[35] Ring strain retards the
migratory insertion and allows full characterization of the
complexes. Werner and co-workers have isolated several
stable osmium hydride-alkylidenes which owe their stability
to the trans distribution of the hydride and carbene ligands.[36]


The same group has recently reported on the formation of
neutral and cationic cis-hydride-alkylidenes of iridium, which
do not appear to undergo migratory insertion.[37] In a different
publication, alkylation of [Ru(�5-C5H5)Cl(CAr2)(PPh3)] gave
the products as a result of migration without any of the
expected [Ru(CAr2)(R)] intermediates.[38] Bergman and co-
workers reported reversible �-H migration/elimination in
cationic complexes of iridium,[39] while we have generated
cationic iridium complexes at low temperatures that contain
[Ir(R)(�CHMe)]� fragments (R�H, Et), and studied the
comparative migratory aptitudes of H and Et groups.[22a] A
most remarkable, reversible �-H elimination, about six orders
of magnitude faster than �-H elimination, has been ascer-
tained by Schrock and co-workers for Mo andW complexes of
triamidoamine ligands.[40] An interesting intermolecular in-
sertion of [W�C(H)Ar] units into transition metal hydride
bonds has been found recently by Fischer and Jungklaus.[41]


The conversion of 3a* into 9*-cis and 9*-trans by action of
[H(OEt2)2]BAr�4 can occur as represented in Scheme 13. The
cationic intermediate S* resulting from the protonation of the
�-ring carbon of 3a* cannot be detected by NMR even at
�80 �C (CD2Cl2 solution). This is not, however, unexpected,
as the Et group has the correct geometry to attack the highly
electrophilic carbon of the Ir��C� fragment, the Ir�Et bond
being aligned parallel to the p� orbital of the carbene
carbon.[32] �-H Elimination to the generated coordination
vacancy in the 16-e� intermediate T* should also be extremely
facile; this would lead to U*-cis and U*-trans, the only
products observed by 1H NMR at�80 �C. The hydride ligands
in U* resonate in the NMR spectrum at higher fields than in
isomers 9* (compare ���18.59 (9*-cis),�17.36 (9*-trans) vs
�21.28 (U*-cis), �23.58 (U*-trans), data in CDCl3 at 25 �C).
Notably the elimination of one of the diastereotopic H atoms
has an important kinetic preference (the kinetic ratio of U*-
cis toU*-trans is ca. 4:1). This is due, presumably, to hindered
rotation around the Cring�CH2Me bond of either steric,[42a,b] or
electronic (i.e., agostic)[42c] origin. TheU*mixture is stable up
to 0 �C, but at this temperature complexes 9* start to form at
the expenses of U* by stereoisomerization of the metal ± o-
lefin linkage.[43] U*-cis and U*-trans disappear at similar, but
no identical, rates. The same is true for the generation of 9*-
cis and 9*-trans. When the transformation is complete, the
ratio of the newly formed species is about 2:1. Hence, it is
clear that interconversion of theU* isomers takes place under
these conditions and that this process competes with the
stereoisomerization steps. Finally, 9*-cis converts quantita-
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tively into 9*-trans with a half-live of about three hours at
25 �C. The 9*-cis to 9*-trans transformation implies the
reversibility of all the individual steps of Scheme 13 except
the ethyl migration which leads to T*. This mechanism is also
in agreement with deuteration studies (see Scheme 13 for the
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Scheme 13. Mechanism of formation of complexes 9*-cis and 9*-trans.


localization of the D in the four olefinic species; in CD2Cl2
containing CD3OD, no deuteration takes place at the NH
group), and with NOESY experiments carried out with the
species involved and their deuterated counterparts. Thus, we
may conclude that the protonation of 3a* takes place syn to
the Ir�Et bond. The formation of complexes 10* involves
intermediates similar to U* that survive at room temperature
for a few hours. They also exhibit distinctive hydride high field
1H NMR signals (10*-cis : ���18.38; 10*-trans : �17.25. U*-
related stereoisomers: �22.97 and �23.75, data in CDCl3 at
25 �C) and can be proposed to form through a pathway similar
to that presented in Scheme 13 for 9*. In this case the
transformation of the stereoisomers seems to have higher
energy barriers.
In light of the above comments, isolation of the cationic


hydride-alkylidene derivatives 11*-syn and 11*-anti might
seem a surprise. According to both theoretical arguments[32]


and experimental studies by Bercaw and co-workers,[44]


hydride migration onto the alkylidene carbon should proceed
much faster than alkyl migration. This notion is reinforced by
the similar conclusions of related studies on the migration of
H and alkyl groups to olefins.[45] However, in the case of
[TpMe2Ir(R)(�CHMe)(L)]� (L�PMe3,[22a] NCMe[46]) com-
plexes, both R�H and Et appear to migrate with almost


the same rate. In complexes 11*-syn and 11*-anti the hydride
group is also appropriately positioned to migrate onto the
carbene carbon, but contrary to the situation already encoun-
tered for the somewhat analogous intermediate S of
Scheme 13, the resulting 16-electron, 5-coordinate, alkyl
intermediate cannot readily rearrange: the H atom on the
ring � carbon is too far away from iridium to achieve an
accessible transition state, and in similar manner, the Me
substituent of the �-carbon stays opposite to the vacant
coordination site and cannot be involved in �-H elimination.
Hence, in the absence of a Lewis donor that could occupy the
vacant coordination site, �-H migration is unproductive, that
is its effects are not apparent. This has allowed the isolation of
stable cationic, cis-hydride-alkylidene complexes of a late
transition metal in a high oxidation state. Notwithstanding
this, H migration does actually occur reversibly, as demon-
strated by the reversible generation of a methanol adduct
when 11*-syn is dissolved in CD3OD (Scheme 9a). These
results represent an unusual observation of a direct and
reversible �-H migration onto a well-defined electrophilic
alkylidene carbon to give an alkyl ligand.
The aldehyde coupling products 13* and 14* (Scheme 10)


contain an elaborated, chelating alkoxide-olefin ligand, that
results from two C�C coupling reactions. Both the alkene and
alkenyl units of the precursor complex, as well as a molecule
of the aldehyde, participate in the carbon-carbon bond
forming reactions. Scheme 14 gives a mechanistic proposal
analogous to that discussed for the formation of complexes 9*
and 10*. In the first C�C coupling, that ultimately leads to 14*
(i.e., that between the �-alkenyl and �-aldehyde carbon
atoms), the propenyl methyl group and the aldehyde R
substituent (see adducts V*[7b]) avoid a syn configuration to
suppress undesirable steric interactions, hence this coupling
occurs stereospecifically to give the corresponding alkylidene
W*. This is followed by the second C�C bond forming
reaction (i.e. , Ir-R migration onto the generated carbene
carbon), and then by �-H elimination and stereoisomerization
of the alkoxide-olefin complex X*. The latter step is some-
what more complex than that giving rise to 9* and 10* since
inversion at the Ir centre is required in this case. This can
occur by temporary disengagement of the Ir�olefin bond, a
shift of the alkoxide ligand to the vacant position, rotation
around the O�CH(R) bond, and reconstruction of the
Ir�olefin linkage. Note that at variance with the amido
intermediate R* of Scheme 12, W* cannot undergo H
tautomerism to produce an aromatic system related to the
iridapyrroles, which makes Et migration much more effective
in this case.
As a final question to be addressed before closing, we


wonder why intermediate R* of Scheme 12 does not show an
Et-to-carbene migration similar to that proposed for W* in
Scheme 14. A combination of concentration and stability
effects on the kinetics of the process, arising from the species
involved in the respective equilibria, may be responsible for
the observed differences. The nitrile adducts are much more
stable than the analogous aldehyde adducts (the latter are the
proposed V* intermediates of Scheme 14 and have not been
detected) and, moreover, the nitrile carbon is less electro-
philic than the aldehyde carbon. Consequently, much higher
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Scheme 14. Mechanism of formation of the alkoxides 13* and 14*.


temperatures may be needed in order for the Et migration to
take place in the nitrile system, whereas trace amounts of
water will readily generate the iridapyrroles.
A similar argument could explain the regio specific


deuteration of the vinyl ligand in 1a* when this compound
is heated in a mixture of NCCD3, D2O and CH3CO2D
(Scheme 15a). The protonation of the �-vinyl carbon is
reversible and at low concentrations of D� the barrier to Et
migration is not overcome, Y* converts back into deuterated
1a* and finally produces [D2]3a*. In contrast, if Y* is
generated in high concentration using the strong acid
[H(OEt2)2][B(C6H3-3,5-(CF3)2)4], in CD2Cl2 at �80 �C, ethyl
migration becomes effective and the subsequent �-H elimi-
nation leads to compound Z* (Scheme 15b). In agreement
with these results, the stepwise deuteration specified in
Scheme 15c allows firstly the low-temperature characteriza-
tion of [D3]Y* and then the production of [D3]Z*.[22a, 46]


Conclusion


The �-vinyl carbon of IrIII-alkenyl units behaves as a good
nucleophile toward nitriles and aldehydes and participates
into carbon�carbon bond forming reactions that generate
iridacycles at the early stages of the corresponding processes.
Transformations involving nitriles require the participation of
water as catalyst, whereas those implicating aldehydes take
place under milder conditions, without catalyst participation.
The most reasonable explanation for this difference appears
to be the higher electrophilicity of the carbonyl carbon, as
compared with the nitrile carbon. Nitriles give rise to
iridapyrrole structures of considerable thermal stability
(accessible also from Ir-�3-allyls, as source of the Ir-alkenyl
reactive fragment). In turn aldehydes provide more complex
structures exemplified by those of compounds 13* and 14*.
Protonation of iridapyrroles such as 3a*, that contains also an
Ir-alkyl group, give complexes of elaborate imine�olefin
ligands, related to the alkoxide-olefin ligands of 13* and 14*
through the intermediacy of very reactive alkyl-alkylidene
species. In either case, the newly formed bidentate ligand
incorporates the olefin and alkenyl groups of the precursor
complex, plus a molecule of the nitrile or the aldehyde.
Contrary to this observation, protonation of the hydride-
iridapyrrole 8a* allows isolation of a highly unusual cationic
cis-hydride-alkylidene 11*-syn. Both this compound and its
isomer 11*-anti experience a reversible 1,2-H shift from the
metal to the carbene carbon and viceversa.


Experimental Section


All preparations and manipulations were carried out under oxygen-free
nitrogen following conventional Schlenk techniques. Solvents were rigor-
ously dried and degassed before use. The light petroleum used had a b.p.
40 ± 60 �C. The complexes [TpIr(C2H4)2],[19, 20] [TpMe2Ir(C2H4)2],[10b]


[TpMe2IrH(CH�CHMe)(�2-C3H6)],[10b] 1a,[10b] 1a*,[10b] K,[10b] N,[10b] P*,[10b]
and [H(OEt2)2]BAr�4[23] were prepared according to literature procedures.
Microanalyses were by the Microanalytical Services of the Instituto de


Investigaciones QuÌmicas (Sevilla). In series of
analogous compounds, only some selected repre-
sentatives were analyzed. Infrared spectra were
recorded on Perkin ±Elmer model 1710 and
Bruker Vector 22 spectrometers; NMR spectra
on Bruker AMX-300, 400 and 500 MHz spec-
trometers. The 1H and 13C{1H} resonances of the
solvent were used as internal standard, but the
chemical shifts are reported with respect to TMS.
Most of the NMR assignements are based on
extensive 1H ± 1H decoupling experiments, and
homo- and heteronuclear two-dimensional spec-
tra. No NMR data are reported for the BAr�4
anion.


[Ir] HX


HA HM


[TpMe2Ir(CH�CH2)(C2H5)(NCCMe3)] (1b*): A
solution of complex [TpMe2Ir(C2H4)2] (0.1 g) in
pivalonitrile (2.5 mL) was heated in a sealed glass
ampoule at 60 �C for 18 h. The volatiles were
evaporated and the residue dried under vacuo at
60 �C for 2 h. Yield: 109 mg, �95%; 1H NMR
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Scheme 15. Fate of the alkylidene speciesY* depending on the conditions of formation. a) in NCCD3/
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(CDCl3, 25 �C; see above for atom labels): �� 8.27 (dd, 1H, 3J(A,M)� 10,
3J(A,X)� 17.8 Hz, HA), 5.76, 5.69, 5.66 (s, 1H each, 3CHpz), 5.55 (dd, 1H,
2J(M,X)� 3.7 Hz, HM), 4.70 (dd, 1H, HX), 2.37, 2.36, 2.33, 2.24, 2.21
(s, 1:1:2:1:1 ratio, 6Mepz), 2.01 (m, 2H, IrCH2), 1.42 (s, 9H, CMe3), 0.45 (t,
3H, 3J(H,H)� 7.7 Hz, CH2CH3); 13C{1H} NMR (CDCl3, 25 �C): �� 151.6,
150.0, 142.7, 142.5, 142.4 (1:2:1:1:1 ratio, Cqpz), 138.4 (IrCH�CH2), 121.4
(NCR), 113.6 (IrCH�CH2), 107.1, 106.2, 106.0 (CHpz), 30.2 (CMe3), 28.6
(CMe3), 15.4 (IrCH2CH3), 13.5, 13.1, 12.9, 12.6, 12.4 (2:1:1:1:1 ratio, Mepz),
�11.4 (IrCH2); IR (nujol): �� � 2262 cm�1 (C-N); elemental analysis calcd
(%) for: C24H39BN7Ir (628): C 45.9, H 6.2, N 15.6; found: C 46.0, H 6.4,
N 15.2.


The complex [TpMe2Ir(CH�CH2)(C2H5)(NCPh)] (1c*) was observed as an
intermediate in the formation of the corresponding iridapyrrole from
[TpMe2Ir(C2H4)2] in NCPh at 60 �C, but was not isolated. 1H NMR (CDCl3,
25 �C): �� 8.33 (dd, 1H, 3J(A,M)� 8, 3J(A,X)� 16 Hz, HA), 5.62 (dd, 1H,
2J(M,X)� 3.8 Hz, HM), 4.89 (dd, 1H, HX), 1.45 (m, 2H, IrCH2), 0.53 (t, 3H,
3J(H,H)� 7.5 Hz, CH2CH3).


[TpMe2Ir(trans-CH�CHCH3)(CH2CH2CH3)(NCMe)] (2*): Complex
[TpMe2IrH(CH�CHCH3)(�2-C3H6)] (0.1 g) was heated in NCMe (5 mL)
at 60 �C for 18 h. The resulting solution was evaporated to dryness to give
complex 2* as a white microcrystalline powder in almost quantitative yield.
1H NMR (CDCl3, 25 �C): �� 7.32 (dq, 1H, 3J(H,H)� 15.5, 4J(H,H)�
1.1 Hz, IrCH�CHMe), 5.75, 5.68, 5.64 (s, 1H each, 3CHpz), 4.83 (dq,
1H, 3J(H,H)� 6 Hz, IrCH�CHMe), 2.46 (s, 3H, NCMe), 2.36, 2.33, 2.29,
2.19, 2.18 (s, 1:2:1:1:1 ratio, 6Mepz), 2.01 (m, 2H, IrCH2), 0.87 (m, 3H,
CH2CH3), 0.50 (m, 2H, CH2CH3); 13C{1H} NMR (CDCl3, 25 �C): �� 151.6,
149.7, 149.6, 142.7, 142.5, 142.3 (Cqpz), 124.8, 122.8 (-CH�CH-, 1J(C,H)�
135, 143 Hz, respectively), 111.5 (NCMe), 107.1, 106.3, 106.1 (CHpz), 24.2
(CH2CH3), 22.7 (�CHMe), 17.7 (CH2CH3), 13.3, 13.2, 12.7, 12.6, 12.3
(1:2:1:1:1 ratio, 6Mepz), 4.0 (NCMe), �0.6 (IrCH2).


[TpMe2Ir(CHCHC(Me)NH)(CH2CH3)] (3a*): The adduct 1a* (0.1 g) was
heated (100 �C) in wet acetonitrile (5 mL plus a drop of water) during 18 h.
The resulting dark red solution was concentrated in vacuo and cooled at


�20 �C. Red crystalline 3a* was ob-
tained in 90% yield (90 mg). This
complex can be obtained directly
from [TpMe2Ir(C2H4)2] in wet acetoni-
trile without isolating the intermedi-
ate adduct 1a*. 1H NMR (CDCl3,
25 �C; see above for atom labels): ��
10.71 (d, 1H, 3J(1,2)� 7 Hz, H1), 8.18
(br, 1H, H4), 6.82 (dd, 1H, 4J(2,4)�


3 Hz, H2), 5.81, 5.79, 5.49 (s, 1H each, 3CHpz), 2.55 (s, 3H, Me3), 2.40, 2.39,
2.37, 2.36, 2.26, 1.72 (s, 3H each, 6Mepz), 1.23, 1.12 (dq, 1H each,
2J(H,H)� 11, 3J(H,Me)� 8 Hz, CH2CH3), 0.06 (t, 3H, CH2CH3); 13C{1H}
NMR (CDCl3, 25 �C): �� 191.3 (C1), 185.9 (C3), 152.0, 151.8, 150.1, 143.1,
143.0, 142.4 (Cqpz), 131.4 (C2), 107.2, 106.5 (1:2 ratio, CHpz), 21.9 (Me3),
14.1, 13.5, 13.1, 12.6, 12.5, 11.1 (2:1:1:1:1 ratio, Mepz and CH2CH3), �16.9
(IrCH2); IR (nujol): �� � 3330 cm�1 (N-H); elemental analysis calcd (%) for
C21H33BN7Ir (586): C 43.0, H 5.6, N 16.7; found: C 43.1, H 5.7, N 16.9.


[TpMe2Ir(CHCHC(Me3)NH)(CH2CH3)] (3b*): This compound was ob-
tained as described above for complex 3a*, although prolonged heating of
the adduct 1b* (48 h) at 100 �C in NCCMe3 is necessary for complete
conversion. Yield: �95%. 1H NMR (CDCl3, 25 �C): �� 10.61 (d, 1H,
3J(1,2)� 7.6 Hz, H1), 8.55 (br, 1H, H4), 7.04 (dd, 1H, 4J(2,4)� 3.4 Hz, H2),
5.83, 5.79, 5.50 (s, 1H each, 3CHpz), 2.42, 2.38, 2.37, 2.36, 2.27, 1.71 (s, 3H
each, 6Mepz), 1.31 (s, 9H, CMe3), 1.24 (m, 2H, IrCH2), 0.07 (t, 3H,
3J(H,H)� 8 Hz, CH2CH3); 13C{1H} NMR (CDCl3, 25 �C): �� 195.9 (C1),
188.9 (C3), 152.3, 151.8, 149.9, 143.0, 142.9, 142.4 (Cqpz), 128.3 (C2), 107.1,
106.6, 106.3 (CHpz), 36.6 (CMe3), 28.8 (CMe3), 14.2, 14.0, 13.3, 13.1, 12.5,
12.4, 11.5 (Mepz and CH2CH3), �15.9 (IrCH2); IR (nujol): �� � 3385 cm�1


(N-H); elemental analysis calcd (%) for C24H39BN7Ir (628): C 45.9, H 6.2, N
15.6; found: C 46.0, H 6.3, N 15.9.


[TpMe2Ir(CHCHC(Ph)NH)(CH2CH3)] (3c*): Following the general meth-
od, this complex was obtained from [TpMe2Ir(C2H4)2] and neat NCPh in
85% yield as a dark red microcrystalline solid from NCPh/petroleum ether
at �20 �C. In this particular case the formation of the iridapyrrole needed
only heating at 60 �C for 24 h. 1H NMR (CDCl3, 25 �C): �� 11.01 (d, 1H,
3J(1,2)� 7.6 Hz, H1), 8.92 (br, 1H, H4), 7.56 (dd, 1H, 4J(2,4)� 3 Hz, H2),


5.83, 5.75, 5.49 (s, 1H each, 3CHpz), 2.59, 2.53, 2.40, 2.21, 1.70 (s, 1:1:2:1:1
ratio, 6Mepz), 1.31 (m, 2H, IrCH2), 0.10 (t, 3H, 3J(H,H)� 7.6 Hz,
CH2CH3). C6H5 protons not assigned; 13C{1H} NMR (CDCl3, 25 �C): ��
192.7 (C1), 184.5 (C3), 152.1, 151.9, 150.2, 143.2, 142.5 (1:1:1:2:1 ratio, 6
Cqpz), 136.0 (Cqar), 129.9 (C2), 129.3, 128.8, 126.6 (1:2:2 ratio, CHar),
107.3, 106.7, 106.6 (CHpz), 14.3, 14.0, 13.6, 13.1, 12.5, 12.4, 11.1 (Mepz and
CH2CH3), �16.0 (IrCH2); IR (nujol): �� � 3350 cm�1 (N-H); elemental
analysis calcd (%) for: C26H35BN7Ir (648): C 48.1, H 5.4, N 15.1; found: C
48.3, H 5.3, N 15.6.


[TpMe2Ir(CHCHC(CH2-2-C4H3S)NH)(CH2CH3)] (3d*): The reaction of
[TpMeIr(C2H4)2] (0.2 g) with NCCH2-2-C4H3S (0.05 mL) in C6H12 (2 mL)
(12 h, 60 �C) furnished compound 3d* in 60% yield (150 mg) after
crystallization from Et2O/petroleum ether 1:1. 1H NMR (CDCl3, 25 �C):
�� 10.81 (d, 1H, 3J(1,2)� 7.3 Hz, H1), 8.32 (br, 1H, H4), 6.97 (dd, 1H,
4J(2,4)� 2.9 Hz, H2), 7.25, 7.01 (d, m, 1:2 ratio, 3J(H,H)� 5.4 Hz, 3CHth),
5.81, 5.76, 5.50 (s, 1H each, 3CHpz), 4.49, 4.39 (AB spin system, 1H each,
2J(H,H)� 18.0 Hz, CH2C3), 2.42, 2.38, 2.36, 2.26, 2.16, 1.72 (s, 3H each,
6Mepz), 1.24, 1.04 (dq, 1H each, 2J(H,H)� 12.1, 3J(H,Me)� 7.5 Hz,
IrCH2), 0.07 (t, 3H, CH2CH3); 13C{1H}NMR (CDCl3, 25 �C): 191.8 (C1,
1J(C,H)� 142 Hz), 185.7 (C3), 152.1, 151.9, 150.2, 143.1, 143.1, 142.5 (Cqpz),
137.5 (Cqth), 130.2 (C2, 1J(C,H)� 160 Hz), 127.6, 127.5, 125.4 (CHth), 107.3,
106.7, 106.6 (CHpz), 34.8 (CH2C3, 1J(C,H)� 129 Hz), 14.3, 14.2, 13.2, 12.6,
12.5, 11.2 (Mepz), 13.2 (CH2CH3), �16.3 (IrCH2, 1J(C,H)� 125 Hz); IR
(nujol): �� � 3328 cm�1 (N-H); elemental analysis calcd (%) for
C25H35BN7SIr (668): C 44.8, H 5.2, N 15.6; found: C 44.0, H 5.0, N 14.1.


[TpIr(CHCHC(Me)NH)(CH2CH3)] (3a): Following the general method
and starting from [TpIr(C2H4)2] or [TpIr(CH�CH2)(Et)(NCMe)] (1a), in
acetonitrile at 100 �C, complex 3a was obtained in �95% yield. 1H NMR
(CDCl3, 25 �C): �� 10.07 (d, 1H, 3J(1,2)� 7.1 Hz, H1), 7.95 (br, 1H, H4),
7.82, 7.74, 7.68, 7.65, 7.53, 6.77, 6.25, 6.22, 6.01 (6d, 3 t, 1H each, 9CHpz), 6.92
(dd, 1H, 4J(2,4)� 3 Hz, H2), 2.58 (s, 3H, Me3), 1.17, 1.04 (dq, 1H each,
2J(H,H)� 11, 3J(H,Me)� 8 Hz, IrCH2), 0.06 (t, 3H, CH2CH3); 13C{1H}
NMR (CDCl3, 25 �C): �� 194.0 (C1), 187.0 (C3), 140.2, 139.4, 137.4, 134.6
(intens. 2), 134.0, 105.6, 105.4, 104.5 (CHpz), 131.1 (C2), 22.0 (Me3), 16.2
(CH2CH3), �11.5 (IrCH2); IR (nujol): �� � 3340 cm�1 (N-H); elemental
analysis calcd (%) for: C15H21BN7Ir (502): C 35.9, H 4.2, N 19.5; found: C
36.0, H 4.1, N 20.0.


[TpMe2Ir(CHC(Me)C(Me)NH)(CH2CH2CH3)] (4*): This complex was
obtained from complex 2* in almost quantitative yield upon heating its
solutions in wet acetonitrile for 12 h at 100 �C. 1H NMR (CDCl3, 25 �C):
�� 10.01 (s, 1H, H1), 8.35 (br, 1H, H4), 5.83, 5.79, 5.50 (s, 1H each, 3CHpz),
2.43, 2.42, 2.38, 2.37, 2.36, 2.27, 2.02, 1.71 (6Mepz, Me2 and Me3), 1.21, 1.03
(m, 1H each, IrCH2), 0.45 (m, 2H, CH2CH3), 0.68 (t, 3H, 3J(H,H)� 7 Hz,
CH2CH3); 13C{1H} NMR (CDCl3, 25 �C): �� 192.1 (C1), 185.3 (C3), 151.9,
151.4, 150.0, 142.9, 142.3 (1:1:1:2:1 ratio, Cqpz), 135.9 (C2), 107.1, 106.6,
106.4 (CHpz), 22.8, 22.6 (Me2 and Me3), 19.6 (CH2CH3), 17.0 (CH2CH3),
14.1, 13.3, 13.1, 12.5, 12.4, 11.0 (Mepz), �5.7 (IrCH2); IR (Nujol): �� �
3345 cm�1 (N-H).


[TpIr(C8H12C(Me)NH)(C8H15)] (5a): Complex [TpIrH(C8H13)(�2-C8H14)]
was dissolved in acetonitrile and heated at 80 �C for 24 h. The volatiles were
removed in vacuo and the residue purified by cromatography (silica gel,
petroleum ether/Et2O 9:1). Two red bands were pooled. From the first the
title compound was obtained, as an orange crystalline solid, in 75% yield.
The second band afforded the red complex 6a in 15% yield. 1H NMR
(CDCl3, 25 �C): �� 7.97, 7.79, 7.68, 7.64, 7.51, 6.68, 6.21, 6.21, 5.94, (6d, 3 t,
1H each, 3J(H,H)� 2 Hz, 9CHpz), 7.80 (br, 1H, H4), 2.7 ± 0.38 (m,
26H, 13CH2), 2.61 (m, 1H, IrCH), 2.40 (s, 3H, Me3); 13C{1H} NMR
(CDCl3, 25 �C): �� 198.6 (C1), 184.1 (C3), 140.4, 140.1, 137.1, 134.8,
133.9, 133.8, 105.3, 105.1, 104.1 (CHpz), 136.9 (C2), 36.7, 36.2, 35.6,
30.6, 30.5, 29.4, 27.5, 27.4, 27.0, 26.3, 26.1, 26.0 (CH2), 22.9 (Me3), 2.47 (IrCH;
1J(C,H)� 127 Hz); IR (nujol): �� � 3335 cm�1 (N-H); elemental analysis
calcd (%) for: C19H27BN7Ir (556): C 41.0, H 4.9, N 17.6; found: C 41.2, H 5.0,
N 18.0.


[TpIr(C8H12C(Me)NH)(H)] (6a): Although this complex was obtained as a
by-product in the synthesis of the previous compound, it was best obtained
from the hydride [TpIrH(�3-C8H13)] and acetonitrile (130 �C, 1 h). 1H NMR
(CDCl3, 25 �C): �� 7.92, 7.84, 7.67, 7.64, 7.62, 6.87, 6.21, 6.14, 6.05 (6d, 3 t, 1H
each, 3J(H,H)� 1.8 Hz, 9CHpz), 7.77 (br, 1H, H4), 2.80 ± 1.20 (m, 12H,
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6CH2), 2.46 (s, 3H, Me3),�20.5 (s, 1H, IrH); 13C{1H} NMR (CDCl3, 25 �C):
�� 198.7 (C1), 186.6 (C3), 145.2, 142.8, 136.9, 134.1, 105.9, 105.7, 104.4
(1:1:1:2:2:1:1 ratio, CHpz), 134.5 (C2), 36.2, 30.5, 29.8, 26.9, 26.4, 26.2
(CH2), 22.5 (Me3); IR (nujol): �� � 3335 (N-H), 2100 (Ir-H)cm�1.


[TpIr(C8H12C(Ph)NH)(R)] (R�C8H15 (5c), H (6c)): These complexes
were obtained from [TpIrH(C8H13)(�2-C8H14)] and NCPh/C6H12 (1:15) at
80 �C for 72 h. Two red bands evolved by cromatography on silica gel
(petroleum ether/Et2O 9:1). From the first, orange crystalline 5c was
obtained in 45% yield. The second one afforded complex 6c in 45% yield.
Data for 5c : 1H NMR (CDCl3, 25 �C): �� 8.09, 7.81, 7.72, 7.68, 7.55, 6.83,
6.28, 6.22, 6.01 (6d, 3 t, 1H each, 3J(H,H)� 2 Hz, 9CHpz), 8.07 (br, 1H,
H4), 7.41 (br, 5H, C6H5), 2.60 (m, 1H, IrCH), 2.09 ± 0.4 (m, 26H, 13CH2);
13C{1H} NMR (CDCl3, 25 �C): �� 203.3 (C1), 187.4 (C3), 140.5 (Cqar), 140.5,
140.2, 137.0, 135.0, 133.9, 133.8, 105.4, 105.2, 104.3 (Cqpz), 137.4 (C2), 128.7,
128.3, 127.4 (1:2:2 ratio, CHar), 36.8, 36.2, 31.9, 30.5, 29.3, 29.1, 27.5, 27.0,
26.9, 26.6, 26.4, 26.3, 26.0 (CH2), 3.9 (IrCH); IR (nujol): �� � 3340 cm�1-
(N-H); elemental analysis calcd (%) for C32H43BN7Ir (728): C 52.7, H 5.9, N
13.5; found: C 53.0, H 5.9, N 13.7.


Data for 6c : 1H NMR (CDCl3, 25 �C): �� 8.02 (br, 1H, H4), 8.01, 7.82, 7.68,
7.63, 6.98, 6.19, 6.09 (2d, m, 2d, m, t, 1:1:2:1:1:2:1 ratio, 3J(H,H)� 2 Hz,
9CHpz), 7.42 (m, 5H, C6H5), 3.1 ± 1.2 (m, 12H, 6CH2),�20.30 (s, 1H, IrH);
13C{1H} NMR (CDCl3, 25 �C): �� 203.0 (C1), 189.7 (C3), 145.2, 142.8, 136.9,
134.7, 134.1, 105.9, 105.7, 104.5 (1:1:1:2:2:1:1 ratio, CHpz), 139.5 (Cqar),
137.3 (C2), 128.9, 128.3, 127.6 (1:2:2 ratio, CHar), 36.1, 31.9, 29.7, 26.9, 26.4,
26.3 (CH2); IR (nujol): �� � 3345 (N-H), 2115 (Ir-H)cm�1; elemental
analysis calcd (%) for C24H29BN7Ir (618): C 46.6, H 4.7, N 15.9; found: C
46.8, H 4.8, N 16.0. This complex can be obtained as the sole product upon
reaction of [TpIrH(�3-C8H13)] with NCPh.


[TpIr(C(Et)CHC(Ph)NH)(H)] (7c): The bis(ethylene) complex
[TpIr(C2H4)2] (0.06 g, 0.13 mmol) was heated in C6H12 (15 mL) containing
NCPh (0.5 mL), at 100 �C for 18 h. The resulting mixture was filtered and
evaporated, and the residue extracted with CH2Cl2. After filtration through
celite, petroleum ether was added and the solution cooled at �20 �C. Red
7cwas obtained in 50% yield (37 mg). 1H NMR (CDCl3, 25 �C): �� 8.5 (br,
1H, H4), 7.97, 7.92, 7.67, 7.63, 7.19, 6.82, 6.26, 6.18, 6.03 (6d, 3 t, 1H each,
3J(H,H)� 2.1 Hz, 9CHpz), 7.71 (br s, 1H, H2), 7.71, 7.43 (m, 2:3 ratio, C6H5),
2.93 (m, 2H, CH2CH3), 0.86 (t, 3H, 3J(H,H)� 8 Hz, CH2CH3), �20.10 (s,
1H, IrH); 13C{1H} NMR (CDCl3, 25 �C): �� 209.0 (C1), 185.7 (C3), 145.8,
143.0, 137.5, 134.7, 134.4, 134.1, 106.0, 105.8, 104.7 (CHpz), 135.4, 130.2,
128.6 (CHar), 124.4 (C2, 1J(C,H)� 168 Hz), 36.8 (CH2CH3), 13.3
(CH2CH3); IR (nujol): �� � 3350 (N-H), 2115 (Ir-H)cm�1; elemental analysis
calcd (%) for C20H23BN7Ir (564): C 42.6, H 4.1, N 17.4; found: C 42.7, H 4.1,
N 17.1.


[TpMe2Ir(C(Me)C(Me)C(Me)NH)(H)] (8a*): Following the general meth-
od and starting from the allylic species [TpMe2IrH(�3-anti-C3H4Me)]
(acetonitrile, 100 �C, 12 h) the title compound was obtained as an orange
solid after crystallization from acetonitrile in 80% yield. 1H NMR (CDCl3,
25 �C): �� 8.01 (br, 1H, H4), 5.81, 5.80, 5.58 (s, 1H each, 3CHpz), 2.38, 2.36,
2.35, 2.20, 1.97, 1.84, 1.62 (1:2:2:1:1:1:1 ratio, 6Mepz, Me1, Me2 and Me3),
�23.0 (s, 1H, IrH); 13C{1H} NMR (CDCl3, 25 �C): �� 195.5 (C1), 185.7
(C3), 152.1, 151.0, 150.3, 143.4, 142.7 (Cqpz), 132.3 (C2), 106.7, 105.8, 105.4
(CHpz), 27.0, 22.6 (Me2 andMe3), 17.0 (Me1), 14.7, 13.4, 13.0, 12.5, 12.3, 10.4
(Mepz); IR (nujol): �� � 3330 (N-H), 2130 (Ir-H)cm�1; elemental analysis
calcd (%) for: C21H33BN7Ir (586): C 43.0, H 5.6, N 16.7; found: C 42.9, H
5.2, N 17.0. This compound can be deuterated in the N-H position with
CD3OD in the presence of trace amounts of [H(OEt2)2]BAr�4.


[TpMe2Ir(C(Me)C(Me)C(Ph)NH)(H)] (8c*): Synthesized as the previous
compound but in benzonitrile. Crystallization was achieved from mixtures
of Et2O/petroleum ether. Yield: 75%. 1H NMR (CDCl3, 25 �C): �� 8.31
(br, 1H, H4), 7.45 (m, 5H, C6H5), 5.84, 5.80, 5.59 (s, 1H each, 3CHpz), 2.48,
2.38, 2.37, 2.35, 2.34, 2.26, 1.93, 1.68 (s, 3H each, 6Mepz, Me1 and Me2),
�22.64 (s, 1H, IrH); 13C{1H} NMR (CDCl3, 25 �C): �� 200.6 (C1), 187.0
(C3), 152.3, 151.1, 150.4, 143.5, 142.8 (Cqpz), 139.3 (Cqar), 131.6 (C2), 128.8,
128.3, 127.7 (1:2:2 ratio, CHar), 106.6, 105.9, 105.4 (CHpz), 27.8 (Me2), 17.1
(Me1), 14.8, 14.4, 13.0, 12.5, 12.3, 10.6 (Mepz); IR (Nujol): �� � 3360 (N-H),
2130 (Ir-H)cm�1; elemental analysis calcd (%) for: C26H35BN7Ir (602): C
48.1, H 5.4, N 15.1; found: C 47.9, H 5.6, N 15.4.


[TpMe2IrN(H)==C(Me)CH2-trans-CH==CHMe)(H)]BAr�4 (9*-trans): A
mixture of compound 3a* (0.06 g, 0.10 mmol) and [H(OEt2)2][B(C6H3-


3,5-(CF3)2)4] (0.10 g, 0.10 mmol)
was dissolved in CH2Cl2
(10 mL), at room temperature,
to form a colorless solution.
Following overnight stirring,
the solvent was eliminated un-
der vacuo and the residue ex-
tracted with a mixture of Et2O/
petroleum ether (10 mL, 1:1). After filtration, concentration under reduced
pressure and cooling to �20 �C, the title compound was isolated as a white
microcrystalline solid (0.09 g, 60%, yield). 1H NMR (CDCl3, 25 �C; see
above for atom labels and NOEs): �� 8.65 (br, 1H, NH), 5.94, 5.84, 5.73 (s,
1H each, 3CHpz), 5.37 (dd, 1H, 3J(2,1)� 11.7, 3J(2,3) 5.6 Hz, H2), 4.15 (dq,
1H, 3J(1,Me)� 6.1 Hz, H1), 3.30, 3.24 (ABX spin system, 1H each,
2J(3,4)� 20.1 Hz, a 1.4 Hz coupling with NH is also observed for H3, H4
and H3), 2.46, 2.36, 2.32, 2.13, 2.08, 2.03 (s, 3H each, Mepz), 2.17 (d, 3H,
4J(Me,NH)� 1.0 Hz, C(Me)�NH), 0.94 (d, 3H, MeCH), �17.36 (s, 1H,
IrH); 13C{1H} NMR (CDCl3, 25 �C): �� 194.5 (s, C�N), 151.1, 151.0, 149.6,
146.0, 145.7, 145.5 (Cqpz), 109.4, 108.2, 107.0 (CHpz), 68.0, 69.1 (-CH�CH-,
1J(C,H)� 162, 168 Hz, resp.), 44.0 (CH2, 1J(C,H)� 130 Hz), 23.9 (MeC�N),
16.1, 15.7, 14.1, 14.0, 12.5, 12.2, 12.1 (Mepz and MeCH1); IR (nujol): �� �
3185 (N-H), 2200 (Ir-H) cm�1; elemental analysis calcd (%) for
C53H46B2F24N7Ir ¥ 1³2Et2O (1487): C 44.4, H 3.4, N 6.6; found: C 44.9, H
3.6, N 6.2. When the reaction is carried out in CDCl3 or CD2Cl2, at �80 �C
and then warmed to room temperature, an initial 2:1 mixture of 9*-cis and
9*-trans is observed; compound 9*-cis rearranges in solution to the isolated
9*-trans (t1/2 ca 3 h at room temperature).
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Data for 9*-cis : 1H NMR (CDCl3, 25 �C; see above for atom labels and
NOEs): �� 8.43 (br, 1H, NH), 6.15 (td, 1H, 3J(2,1)� 3J(2,3)� 8.8,
3J(2,4)� 3.3 Hz, H2), 5.92, 5.83, 5.75 (s, 1H each, CHpz), 4.16 (dq, 1H,
H1, 3J(1,Me)� 6.6 Hz), 3.47 (dd, 1H, 2J(3,4)� 20.7, 4J(3,NH)� 1.4 Hz, H3),
2.94 (dd, 1H, H4), 2.46, 2.40, 2.30, 2.11, 1.95, 1.88 (s, 3H each, Mepz), 1.54
(d, 3H, MeCH), �18.59 (s, 1H, IrH); C(Me)�NH not assigned.
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When the reaction is carried out in CD2Cl2 at low temperature, the hydrides
U*-cis and U*-trans (4:1 ratio) can be observed by NMR spectroscopy.
Data for U*-cis : 1H NMR (CD2Cl2, �40 �C; see above for atom labels and
NOEs): �� 8.50 (br, 1H, NH), 5.56 (pseudoquartet, 1H, 3J(2,1)� 8.4,
3J(2,4)� 6.6, 3J(2,3)� 4.4 Hz, H2), 5.27 (pseudoquintet, 1H, 3J(1,Me)�
7 Hz, H1), 3.85 (dd, 1H, 2J(4,3)� 20.5 Hz, H4), 2.93 (dd, 1H, H3), 2.41 (d,
3H, MeCH), �21.32 (s, 1H, IrH).
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Data for U*-trans : 1H NMR (CD2Cl2, �40 �C, see above for atom labels
and NOEs): �� 8.99 (s, 1H, NH), 5.78 (dq, 1H, 3J(1,2)� 12.1, 3J(1,Me)�
6 Hz, H1), 5.67 (ddd, 1H, 3J(2,3)� 9.5, 3J(2,4)� 4 Hz, H2), 4.35 (dd, 1H,
2J(4,3)� 18 Hz, H4), 2.69 (ddd, 1H, 4J(3,NH)� 2.5 Hz, H3), 1.06 (d, 3H,
MeCH), �23.56 (s, 1H, IrH). To account for the unusual values of J(2,3)
and J(2,4), the first being very high and bigger than the second, this
complex must have a somewhat distorted conformation.
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[TpMe2Ir[N(H)==C(Me)CH(Me)-trans-CH==CH(Et)](H)]BAr�4 (10*-
trans): This compound was produced in 50% yield starting from 4* and
following the procedure already described for compound 9*-trans. How-
ever, in this case the CH2Cl2 solution was heated at 80 �C overnight to
ensure complete transformation of the isomer 10*-cis. 1H NMR (CDCl3,
25 �C; see above for atom labels and NOEs): �� 8.58 (br, 1H, NH), 5.92,
5.83, 5.71 (s, 1H each, CHpz), 5.43 (dd, 1H, 3J(2,1)� 11.7, 3J(2,3)� 6.1 Hz,
H2), 3.86 (m, 1H, 3J(1,CH2)� 6.7 Hz, H1), 3.26 (m, 1H, 3J(3,Me)� 7.3,
4J(3,NH)� 1.8 Hz, H3), 2.43, 2.35, 2.30, 2.09, 2.06, 1.99 (s, 3H each, 6Mepz),
2.11 (d, 3H, 4J(Me,NH)� 1.3 Hz, C(Me)�NH), 1.45 (d, 3H, CHMe), �1.0
(m, 2H, CH2CH3), 0.73 (t, 3H, CH2CH3 , 3J(H,H)� 7.6 Hz), �17.25 (s, 1H,
IrH); 13C{1H}NMR (CDCl3, 25 �C): �� 195.4 (C�N), 151.2, 151.0, 149.5,
146.0, 145.7, 145.5 (Cqpz), 109.4, 108.2, 107.0 (CHpz), 73.9/70.1 (CHolef,
1J(C,H)� 166 and 156 Hz), 49.2 (CH3, 1J(C,H)� 126 Hz), 24.3 (CH2,
1J(C,H)� 130 Hz), 24.1 (MeC�N), 16.2, 15.1, 14.6, 14.1, 14.0, 12.5, 12.2, 12.1
(Mepz, MeCH, MeCH2); IR (Nujol): �� � 3190 (N-H), 2190 (Ir-H)cm�1. If
the reaction is carried out at �80 �C and then warmed to room temper-
ature, a ca 1:6 mixture of 10*-cis and 10*-trans is obtained. Two other
stereoisomers are also observed but they dissappear after a few hours at
25 �C (see Discussion).
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Selected data for 10*-cis : 1H NMR (CDCl3, 25 �C; see above for atom
labels and NOEss): �� 8.40 (br, 1H, NH), 5.89 (dd, 1H, 3J(2,1)� 8.5,
3J(2,3)� 7 Hz, H2), 3.57 (m, 1H, H1), 3.50 (m, 1H, H3), 1.47 (d, 3H,
3J(Me,3)� 7.3 Hz, MeCH3), 1.10 (t, 3H, CH2CH3), �18.38 (s, 1H, IrH);
13C{1H} NMR (CDCl3, 25 �C): �� 196.8 (C�N), 71.8 and 68.8 (CHolef,
1J(C,H)� 168 and 164 Hz), 47.7 (CH3, 1J(C,H)� 126 Hz).
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[TpMe2Ir(==C(Me)CH(Me)C(Me)==NH)(H)]BAr�4 11*-syn): A mixture of
compound 8a* (0.08 g, 0.136 mmol) and [H(OEt2)2][B(C6H3-3,5-(CF3)2)4]
(0.14 g, 0.136 mmol) was dissolved in CH2Cl2 (10 mL) at �70 �C. A deep
orange solution was immediately formed. After 10 min of stirring at this
temperature, the cold bath was removed and the solvent was evaporated
almost to dryness, under reduced pressure. The remaining solution was
cooled again to �70 �C and petroleum ether (10 mL) added. Following
vigorous stirring for a few minutes, an orange microcrystalline solid was
separated by filtration. The solid was dissolved in a mixture of petroleum
ether/dichloromethane (15 mL, 3:1) and cooled to �20 �C to provide
orange crystals of the title compound (0.12 g, 60%). 1H NMR (CDCl3,
25 �C, see above for NOE×s): �� 9.89 (br, 1H, NH), 5.92, 5.75 (s, 2H and
1H, CHpz), 2.53, 2.45, 2.42, 2.40, 2.28, 1.88 (s, 3H each, Mepz), 1.72 (d,
3J(H,H)� 7.4 Hz, CHMe), 1.64, 1.37 (s, 3H each, Me), 0.21 (qd, 1H,
4J(H,NH)� 2 Hz, CHMe), �15.68 (s, 1H, IrH); 13C{1H} NMR (CDCl3,
25 �C): �� 324.5 (Ir�C), 192.3 (C�N), 151.7, 150.8, 148.6, 146.6, 146.1, 145.3
(Cqpz), 107.5, 107.4, 107.3 (CHpz), 82.2 (CH, 1J(C,H)� 123 Hz), 48.2
(Ir�CMe, 1J(C,H)� 128 Hz), 23.1 (CHMe), 15.8, 14.2, 13.0, 12.7, 12.1, 12.0,
11.1 (Me); IR (nujol): �� � 3320 (N-H), 2152 (Ir-H)cm�1; elemental analysis
calcd (%) for: C53H46B2F24N7Ir ¥ 1³4CH2Cl2 (1471.25): C 43.4, H 3.2, N 6.7;
found: C 43.5, H 3.2, N 6.4.
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When a solid sample of compound 11*-syn was dissolved in commercially
available CDCl3, a slow, somewhat erratic, and quantitative transformation
into isomer 11*-anti was observed. 1H NMR (CDCl3, 25 �C, see above for
NOE×s): �� 9.60 (br, 1H, NH), 5.93, 5.92, 5.75 (s, 1H each, CHpz), 2.67 (q,
1H, 3J(H,H)� 7.5 Hz, CHMe), 2.51, 2.45, 2.42, 2.40, 2.31, 1.87, 1.64 (Me),
1.52 (d, 3H, CHMe), 1.42 (s, 3H, Me), �15.28 (s, 1H, IrH).


[TpMe2Ir(CH(Me)CH(Me)C(Me)==NH)(HOMe)]BAr�4 (12a*-syn): This
compound was obtained by adding a drop of methanol to a CDCl3 solution
of 11*-syn. 1H NMR (CDCl3, 25 �C): �� 9.46 (br, 1H, NH), 5.86, 5.81, 5.56
(s, 1H each, CHpz), 4.39 (m, 1H, 3J(H,H)� 10.2, 3J(H,Me)� 8.0 Hz,
IrCHMe), 1.36 (d, 3H, 3J(Me,H)� 7.7 Hz, CHMe), 0.60 (d, 3H, IrCHMe).
CHMe obscured by the methanol resonance. Starting with 11*-anti, 12a*-
anti was similarly obtained. 1H NMR (CDCl3, 25 �C): �� 3.76 (m, 1H,
3J(H,Me)� 7.4, 3J(H,H)� 5 Hz, IrCHMe), 2.87 (m, 1H, 3J(H,Me)� 7.4 Hz,
CHMe), 1.32 (d, 3H, CHMe), 0.67 (d, 3H, IrCHMe).
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[TpMe2Ir(CH(Me)CH(Me)C(Me)==NH)(NCMe)]BAr�4 (12b*-syn): A sol-
ution of compound 8a* (0.07 g, 0.12 mmol) in CH2Cl2 (10 mL) and NCMe
(0.5 mL), cooled at �70 �C, was treated with [H(OEt2)2][B(C6H3-3,5-
(CF3)2)4] (0.12 g, 0.12 mmol, in CH2Cl2, 5 mL). The resulting mixture was
allowed to reach room temperature. After 15 min of stirring, the solvent
was removed under vacuo, petroleum ether (10 mL) was added and the
suspension obtained was cooled to �70 �C and vigorously stirred for 5 min,
during which time a white powder was formed. The solid was separated by
filtration and washed with petroleum ether (5 mL) at room temperature.
The solid was dissolved in a mixture of petroleum ether/CH2Cl2 (10 mL,
3:1) and the reaction mixture cooled to �20 �C allowed the isolation of
compound 12b*-syn as a white microcrystalline solid (0.08 g, 45%).
1H NMR (CDCl3, 25 �C, see above for NOE×s): �� 8.63 (br, 1H, NH), 5.87,
5.83, 5.69 (s, 1H each, CHpz), 4.22 (dq, 1H, 3J(H,H)� 10, 3J(H,Me)�
8.1 Hz, IrCHMe), 3.0 (m, 1H, 3J(H,Me)� 7.7, 4J(H,NH)� 3 Hz, CHMe),
2.45 (s, 3H, NCMe), 2.39, 2.35, 2.34, 2.33, 2.11, 1.93 (s, 3H each, Mepz), 2.17
(s, 3H, C(Me)�NH) 1.34 (d, 3H, CHMe), 0.68 (d, 3H, IrCHMe); 13C{1H}
NMR (CDCl3, 25 �C): �� 206.2 (C�N), 150.9, 149,4, 149.1, 145.2, 144.5,
144.4 (Cqpz), 109.5, 108.8, 107.0 (CHpz), 58.7 (CHMe), 23.7, 22.8, 19.5, 14.3,
13.4, 13.1, 12.9, 12.6, 12.0, 11.9 (Me and IrCHMe), 3.1 (NCMe).


*[Ir]
N


Me H


Me
Me


HNCMe


H


Addition of NCMe to a solution of complex 11*-anti in CDCl3 formed
compound 12b*-anti. 1H NMR for the species obtained with NCCD3
(CDCl3, 25 �C, see above for NOE×s): �� 8.75 (br, 1H, NH), 5.88, 5.82,
5.70 (s, 1H each, 3CHpz), 3.61 (m, 1H, 3J(H,Me)� 7.4, 3J(H,H)� 4.1 Hz,
IrCHMe), 2.81 (m, 1H, 3J(H,Me)� 7.6 Hz, CHMe), 2.38, 2.36, 2.34, 2.30,
2.15, 1.96 (s, 3H each, Mepz), 2.20 (d, 3H, 4J (H,H)� 0.7 Hz, CMe�NH),
1.29 (d, 3H, CHMe), 0.78 (d, 3H, IrCHMe).


Compounds 12c* were obtained by the addition of water to CDCl3
solutions of 11*. 12c*-syn : 1H NMR (CDCl3, 25 �C): �� 8.92 (br, 1H,
NH), 5.86, 5.78, 5.60 (s, 1H each, CHpz), 4.53 (m, 1H, 3J(H,H)� 9.1 Hz,
3J(H,Me)� 8.0 Hz, IrCHMe), 3.34 (m, 1H, 3J(H,Me)� 8.0 Hz, CHMe),
1.40 (d, 3H, CHMe), 0.65 (d, 3H, IrCHMe). 12c*-anti : 1H NMR (CDCl3,
25 �C): �� 9.11 (br, 1H, NH), 5.87, 5.77, 5.62 (s, 1H each, CHpz), 3.92 (m,
1H, 3J(H,Me)� 7.4, 3J(H,H)� 5.0 Hz, IrCHMe), 2.93 (m, 1H, 3J(H,Me)�
7.4 Hz, CHMe), 1.50 (d, 3H, CHMe), 0.76 (d, 3H, IrCHMe).
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[Ir]


H
O


HA


HF


Me


HC


HB
HD


OMe


C1


C3


C2


C4


[TpMe2Ir(OCH(C6H4-p-OMe)CH2-trans-CH==CHMe)(H)] (13a*): Freshly
distilled anisaldehyde was added (0.09 mL, 0.73 mmol) to a suspension of
[TpMe2Ir(C2H4)2] (0.40 g, 0.73 mmol) in cyclohexane (0.6 mL). The solution
was stirred al 60 �C for 6 h, after which time the solvent was evaporated
under reduced pressure. Pentane (4 mL) was added and the suspension
stirred vigorously for a few minutes. The pale brown solid formed was
separated by filtration and dissolved in a mixture of Et2O/petroleum ether
(1:1, 7 mL). The solution obtained after filtration was slowly cooled to
�20 �C to yield the titled compound as a brown microcrystalline solid, in
60% yield (315 mg). 1H NMR (CDCl3, 25 �C; see above for atom labels and
NOE×s): �� 7.29, 6.77 (d, 2H each, 3J(H,H)� 8.6 Hz, 4CHar), 5.89, 5.71,
5.70 (s, 1H each, 3CHpz), 5.54 (dt, 1H, 3J(F,D)� 11.4, 3J(F,B)� 3J(F,C)�
5.5 Hz, HF), 4.84 (dd, 1H, 3J(A,B)� 9.9 Hz, 3J(A,C)� 4.4 Hz, HA), 4.66
(dq, 1H, 3J(D,Me)� 5.8 Hz, HD), 3.74 (s, 3H, OMe), 2.8 ± 2.0 (s, 3H each,
6Mepz), 2.54 (m, 1H, HC), 1.71 (td, 1H, 2J(B,C)� 10.7 Hz, HB), 0.83 (d,
3H,MeCHD), �18.63 (s, 1H, IrH); 13C{1H} NMR (CDCl3, 25 �C): �� 158.2
(COMe), 152.3, 151.6, 150.7, 144.3, 143.7, 143.1 (Cqpz), 140.9 (CqCHA),
127.2, 113.5 (CHar), 107.9, 106.9, 106.7 (CHpz), 95.2 (C1, 1J(C,H)� 140 Hz),
75.2 (C3, 1J(C,H)� 158 Hz), 69.2 (C4, 1J(C,H)� 155 Hz), 55.5 (OMe), 43.3
(C2, 1J(C,H)� 127 Hz), 17.5 (MeCHD), 16.2, 14.5, 13.5, 13.2, 12.8, 12.8
(Mepz); IR (nujol): �� � 2181cm�1 (Ir-H); elemental analysis calcd (%) for
C27H38BN6O2Ir ¥ 1³2Et2O (718): C 48.4, H 6.0, N 11.7; found: C 48.5, H 5.8, N
11.9.


[Ir]


O
HAH


R1


HF


Me HD


HC


HB


S Me*


C4


C3
C2


C1


R1 =


[TpMe2Ir(OCH(C4H2(5-Me)S)CH2-trans-CH==CHMe)(H)] (13b*): The
compound [TpMe2Ir(C2H4)2] (0.30 g, 0.55 mmol) was suspended in a mixture
of freshly distilled 5-methylthiophene-2-aldehyde (0.06 mL, 0.55 mmol)
and cyclohexane (1 mL). The solution was stirred for 6 h at 60 �C. After this
period of time, the solvent was removed in vacuo, pentane (4 mL) was
added and the mixture vigorously stirred for a fewminutes. The brown solid
formed was filtered and dissolved in a mixture (9 mL) of Et2O/CH2Cl2/
pentane (1:1:1). The solution was slowly cooled to �20 �C to yield
compound 13b* as a brown solid (220 mg, 60%). 1H NMR (C6D6, 25 �C;
see above for atom labels): �� 6.62, 6.46 (d, dq, 1H each, 3J(H,H)� 3.4,
4J(H,Meth)� 0.9 Hz, CHth and CHCMeth), 5.85, 5.70, 5.59 (s, 1H each,
3CHpz), 5.47 (dt, 1H, 3J(F,D)� 10.2, 3J(F,B)� 3J(F,C)� 6.4 Hz, HF), 4.96
(dd, 1H, 3J(A,B)� 11.4, 3J(A,C)� 6.2 Hz, HA), 4.64 (dq, 1H, 3J(D,Me)�
6.2 Hz, HD), 2.67, 2.41, 2.39, 2.34, 2.24, 2.03 (s, 3H each, 6Mepz), 2.55 (m,
1H, HC), 2.35 (s, 3H, Meth), 1.82 (m, 1H, HB), 0.79 (d, 3H, MeCHD),
�18.61 (s, 1H, IrH); 13C{1H} NMR (C6D6, 25 �C): �� 152.3, 151.2, 150.4,
144.0, 143.3, 142.8 (Cqpz), 151.0, 136.8 (Cqth), 124.0, 121.2 (CHth), 107.8,
106.5, 106.4 (CHpz), 90.5 (C1), 73.8 (C3), 70.4 (C4), 43.5 (C2), 17.2 (MeCHD),
15.9, 15.4, 14.1, 13.2, 12.9, 12.5, 12.5 (Mepz, Meth); IR (nujol): �� �
2166 cm�1 (Ir-H); elemental analysis calcd (%) for C25H36BN6OSIr (671):
C 44.7, H 5.3, N 12.5; found: C 44.0, H 5.4, N 12.1.


[Ir]


O
HAH


R1


HF


Me HD


HC


HB


*


C4


C3
C2


C1


R1 = tBu


[TpMe2Ir(OCH(CMe3)CH2-trans-CH==CHMe)(H)] (13c*): Freshly distil-
led trimethylacetaldehyde was added (0.054 mL, 0.50 mmol) to a suspen-


sion of [TpMe2Ir(C2H4)2] (0.21 g, 0.39 mmol) in cyclohexane (1 mL). The
solution was stirred al 60 �C for 10 h, after which time the solvent was
evaporated under reduced pressure. Pentane (5 mL) was added and
afterwards evaporated under vacuo, and this procedure repeated three
times in order to favor the elimination of the excess of the aldehyde.
Pentane was added (30 mL) to the remaining solid and the mixture was
vigorously stirred for a few minutes. The resulting solution was filtered,
concentrated under reduced pressure, and purified by cromatography
through silica gel (petroleum ether/Et2O 7:3; Rf� 0.28). The filtrate was
reduced to dryness and the residue extracted with Et2O/pentane 1:5,
concentrated and cooled to �20 �C. Compound 13c* was isolated as a
white microcristalline solid (120 mg, 50%). 1H NMR (C6D6, 25 �C; see
above for atom labels and NOE×s): �� 5.90, 5.77, 5.61 (s, 1H each, 3CHpz),
5.41 (dt, 1H, 3J(F,D)� 11.4, 3J(F,B)� 3J(F,C)� 5.2 Hz, HF), 4.48 (dq, 1H,
3J(D,Me)� 6.3 Hz, HD), 3.57 (dd, 1H, 3J(A,B)� 10.3, 3J(A,C)� 6.3 Hz,
HA), 2.66, 2.45, 2.43, 2.37, 2.30, 2.08 (s, 3H each, 6Mepz), 2.25 (m, 1H, HC),
1.55 (td, 1H, 2J(B,C)� 11.1 Hz, HB), 0.92 (s, 9H, CMe3), 0.74 (d, 3H,
MeCHD), �18.75 (s, 1H, IrH); 13C{1H} NMR ([D6]benzene, 25 �C): ��
152.2, 151.3, 150.4, 143.7, 143.4, 143.2 (Cqpz), 107.8, 106.5, 106.2 (CHpz),
100.7 (C1, 1J(C,H)� 139 Hz), 74.6 (C3, 1J(C,H)� 158 Hz), 69.4 (C4,
1J(C,H)� 154 Hz), 36.1 (CMe3), 34.9 (C2, 1J(C,H)� 126 Hz), 26.7 (CMe3),
17.1 (MeCHD), 15.9, 14.1, 13.6, 12.8, 12.5, 12.5 (Mepz); IR (nujol): �� �
2187 cm�1 (Ir-H); elemental analysis calcd (%) for C24H40BN6OIr (631): C
45.6, H 6.3, N 13.3; found: C 45.6, H 6.3, N 13.5.
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S Me
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C3
C2
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[TpMe2Ir(OCH(C4H2(5-Me)S)CH(Me)-trans-CH==CHEt)(H)] (14b*): The
preparation of this derivative was performed as described for compound
13b*, starting from [TpMe2IrH(trans-CH�CHMe)(�2-C3H6)] (0.30 g,
0.52 mmol) and freshly distilled 5-methylthiophene-2-aldehyde
(0.056 mL, 0.52 mmol). Following chromatography (Et2O/petroleum ether
4:6; Rf� 0.4) and evaporation of the solvent, the compound was dissolved
in Et2O/pentane 1:9 and cooled to �20 �C, yielding a pale brown solid
(0.15 g, 50%). 1H NMR (CDCl3, 25 �C; see above for atom labels and
NOE×s): �� 6.62, 6.45 (d, dq, 1H each, 3J(H,H)� 3.4, 4J(H,Meth)� 2.1 Hz,
CHth and CHCMeth,), 5.83, 5.69, 5.58 (s, 1H each, 3 CHpz), 5.07 (ddd, 1H,
3J(F,D)� 11.2, 3J(F,B)� 4.7, 3J(F,H)� 1.4 Hz, HF), 4.56 (m, 1H, HD), 4.31
(d, 1H, 3J(A,B)� 8.8 Hz, HF), 2.70, 2.40, 2.37, 2.33, 2.23, 2.01 (s, 3H each,
6Mepz), 2.34 (s, 3H, Meth), 1.89 (m, 1H, HB), 1.25 (d, 3H, 3J(Me,B)�
6.7 Hz, MeC), 1.05, 0.79 (m, 1H each, CH2Me), 0.67 (t, 3H, 3J(Me,H)�
7.4 Hz, CH2Me), �18.44 (s, 1H, IrH); 13C{1H} NMR (CDCl3, 25 �C): ��
152.4, 151.1, 150.7, 143.9, 143.3, 142.7 (Cqpz), 150.5, 137.1 (Cqth), 123.8,
122.2 (CHth), 107.8, 106.5, 106.0 (CHpz), 97.1 (C1, 1J(C,H)� 141 Hz), 78.8
(C3, 1J(C,H)� 158 Hz), 73.8 (C4, 1J(C,H)� 154 Hz), 47.9 (C2, 1J(C,H)�
131 Hz), 25.3 (CH2Me), 16.9 (MeC), 15.9, 15.5, 14.9, 14.4, 13.3, 12.9, 12.6,
12.5 (Mepz, Meth, CH2Me); IR (nujol): �� � 2166 cm�1 (Ir-H); elemental
analysis calcd (%) for C27H40BN6OSIr (699): C 46.3, H 5.7, N 12.0; found: C
46.9, H 5.7, N 12.1.


[TpMe2Ir(O(H)CH(C4H2(5-Me)S)CH2-trans-CH==CHMe)(H)]BAr�4
(15b*): A mixture of complex 13b* (0.04 g, 0.06 mmol) and [H(OEt2)2]-
BAr�4 (0.06 g, 0.06 mmol) was dissolved in 15 mL of cold (�70 �C)
acetonitrile. After 10 min of stirring at this temperature the cold bath
was removed, stirring was continued for 15 min at room temperature, and
the solution was reduced to dryness. The residue was dissolved in a mixture
of petroleum ether (10 mL) and CH2Cl2 (0.3 mL) and kept at �70 �C.
Complex 15b* was obtained as a brown microcrystalline solid (65 mg,
70%). 1H NMR (CD2Cl2, 25 �C): �� 6.94, 6.61 (2d, 1H each, 3J(H,H)�
3.5 Hz, CHth), 6.02, 5.87, 5.70 (s, 1H each, CHpz), 5.95 (dt, 1H, 3J(F,D)�
12.3, 3J(F,B)� 3J(F,C)� 6.0 Hz, HF), 5.59 (br s, 1H, OH), 5.48 (dd, 1H,
3J(A,B)� 12.1, 3J(A,C)� 6.2 Hz, HA), 5.04 (dq, 1H, 3J(D,Me)� 6.2 Hz,
HD), 2.85, 2.35 (m, 1H each, CHCHB), 2.47, 2.39, 2.38, 2.35, 2.32, 2.09 (s, 3H
each, Mepz), 2.40 (Meth), 0.85 (d, 3H, MeCHD), �18.15 (s, 1H, IrH);
13C{1H}NMR (CD2Cl2, 25 �C): �� 152.4, 152.2, 150.8, 147.2, 146.4, 146.3
(Cqpz), 144.1, 137.9 (Cqth), 129.1, 126.0 (CHth), 109.3, 108.3, 107.4 (CHpz),
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91.0 (C1, 1J(C,H)� 154 Hz), 79.8 (C4, 1J(C,H)� 155 Hz), 73.5 (C3,
1J(C,H)� 164 Hz), 38.3 (C2, 1J(C,H)� 130 Hz), 16.8, 16.0, 15.5, 14.4, 14.1,
12.9, 12.5, 12.4 (Mepz, C4Me, Meth); IR (nujol): �� � 2195 cm�1 (Ir-H);
elemental analysis calcd (%) for C59H52B2N6F24OSIr ¥ 1³2CH2Cl2 (1605): C
44.5, H 3.3, N 5.2; found: C 44.6, H 3.3, N 5.7.


[TpMe2Ir(O(H)CH(C4H2(5-Me)S)CH(Me)-trans-CH==CHEt)(H)]BAr�4
(16b*): This complex was obtained from 14b*, in almost quantitative yield,
following the procedure already described for complex 15b*. 1H NMR
(CDCl3, 25 �C): �� 6.87, 6,57 (d, 1H each, 3J(H,H)� 2.2 Hz, CHth), 5.98,
5.81, 5.66 (s, 1H each, CHpz), 5.51 (dd, 1H, 3J(F,D)� 11.9, 3J(F,B)� 5.1 Hz,
HF), 4.86 (m, 2H, 3J(D,CH2)� 5.5, 3J(A,B)� 11.0 Hz, HD, HA; the coupling
constants were extracted from a spectrum recorded in C6D6, where HD and
HA appear as clearly resolved dt and d, respectively), 2.45, 2.37, 2.36, 2.29,
2.03 (s, 1:1:1:2:1 ratio, Mepz), 2.38 (s, 3H, Meth), 2.26 (m, 1H, HB), 1.33 (d,
3H, MeC, 3J(Me,B)� 6.7 Hz), 1.10, 0.83 (m, 1H each, 2J(H,H)� 14.2,
3J(H,Me)� 7.1 Hz, CH2Me), 0.66 (t, 3H, CH2Me),�18.16 (s, 1H, IrH). The
OH proton was not located. 13C{1H}NMR (CDCl3, 25 �C): �� 152.1, 151.7,
150.6, 146.5, 145.9, 145.8 (Cqpz), 143.7, 138.0 (Cqth), 129.2, 125.8 (CHth),
109.3, 108.2, 107.5 (CHpz), 94.9 (C1), 82.2 (C4), 78.5 (C3), 44.2 (C2), 24.8
(CH2Me), 16.0, 15.8, 14.4, 14.1, 12.8, 12.4, 12.4 (Mepz, CH2Me, Meth); IR
(nujol): �� � 2200 cm�1 (Ir-H); elemental analysis calcd (%) for
C61H56B2N6F24OSIr (1590): C 46.0, H 3.5, N 5.3; found: C 45.4, H 3.6, N 5.6.


Crystal structure determinations of compounds 3a*, 9*-trans and 11*-syn :
Detailed information about the crystal structure determination of com-
pound 3a* is given as Supporting Information. CCDC-179709 contains the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; (fax: (�44)1223-336-033; or e-mail : deposit@
ccdc.cam.ac.uk).
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Inductive Effects in Isolated Molecules:
4-Substituted Bicyclo[2.2.2]octane-1-carboxylic Acids


Otto Exner*[a] and Stanislav Bˆhm[b]


Abstract: Energies of sixteen 4-substi-
tuted bicyclo[2.2.2]octane-1-carboxylic
acids, their anions, and pertinent 1-sub-
stituted bicyclo[2.2.2]octanes were cal-
culated within the framework of density
functional theory at the B3LYP/6-311�
G(d,p) level. Substituent effects were
evaluated separately in the acid mole-
cule and in the anion in terms of
isodesmic homodesmotic reactions. In
both cases, the substituent effects are
proportional and of opposite sense, that


in the anion being eight times greater; in
the effect on acidity they are summed.
The calculated acidities are in agree-
ment with experimental values with a
standard deviation of 1.1 kJmol�1, and
are recommended as a model for eval-


uating the inductive effect of various
substituents, whether they are experi-
mentally accessible or not. The resulting
values are closely related to other scales
but can be determined more reliably,
particularly when compared with the
previous quantum chemical method. We
also checked electrostatic calculations
and confirmed their very approximate
character, particularly in the case of
unsymmetrical substituents or of sub-
stituents with zero dipole moment.


Keywords: ab initio calculations ¥
acidity ¥ carboxylic acids ¥ inductive
effect ¥ linear free-energy relation-
ships


Introduction


The classical theory of substituent effects[1] is based on
equilibrium and rate constants in solution, mostly in aqueous
solvents. In the most important case, the substituent effect
may be defined as the Gibbs energy (or enthalpy) of an
isodesmic reaction, in which a proton is transferred from a
substituted Br˘nsted acid to the unsubstituted conjugated
base, as for instance in Equation (1).


The substituent effects are further classified into inductive,
resonance, steric, and so on, with respect to the structure of
compounds in the defining reaction. Of these, the inductive
effect has been one of the basic concepts in organic chemistry,
although some modern textbooks treat is as something less


important.[2] The purpose of the bicyclo[2.2.2]octane skeleton
in Equation (1) is to eliminate any conjugation or steric
interaction and to guarantee operation of the pure inductive
effect.[3] Several simpler or more sophisticated model systems
have been advanced with the same intention;[4, 5] some of
which have been based on NMR shifts rather than on
reactivities.[6]


The above definitions suffer from two defects. In addition
to the hardly predictable solvent effect, there is a problem in


that only a difference between
two species, that is, an acid and
the pertinent anion (or a base
and the cation), is measured.
More recently, acid ± base equi-


libria were also studied in the gas phase,[7] mostly with the
result that the substituent effects are nearly proportional to
those in water but are much stronger. The second problem
mentioned can be solved by means of isodesmic reactions,[8] in
which a disubstituted molecule is constructed from two
monosubstituted molecules[9, 10] [see Eq. (2) below as an
example]. In this way, substituent effects can be investigated
independently in the acid molecule and in its anion; they need
not be always parallel.[11]


Alternatively, the inductive effect has been evaluated by
quantum chemical calculations on an unnatural model system
consisting of two molecules kept at a fixed distance.[12] In spite
of all of the problems mentioned, it was stated several times
that all scales of the inductive effect are closely correlated,
their differences only slightly exceeding the experimental
errors.[4, 6, 13]
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The purpose of this paper is to provide a scale of the
inductive effect, free of solvent effects, that is easily reprodu-
cible and generally applicable, and is based on quantum
chemical calculations but related to real molecules and
observable quantities. We turned back to 4-substituted
bicyclo[2.2.2]octane-1-carboxylic acids 1, introduced into
correlation analysis by Roberts and More-
land[3] and generally accepted as a model
defining the pure inductive effect.[4, 7b] Their
acidities have been measured in a variety of
solvents,[14] even in the gas phase;[7b,c] their
isomers and further derivatives of bicy-
clo[2.2.2]octane have been investigated to
the same end.[15] Some quantum chemical
calculations on 1 have been carried out at
lower levels.[7c, 16] Previously, we calculated
the energies of 1a and 1 f at the MP2/6-
31G(d,p) level.[11] The purpose of that study
was to follow the general character of the
inductive effect on compounds of different
structure.
An additional aim of this study was to compare the acids 1


with substituted benzoic acids. Much discussion was devoted
to the relative intensity of transmission of substituent effects
through these two systems;[4, 17] this is of importance when the
substituent resonance effect is to be estimated as their
difference in transmission.[5a, 17]


Energies of compounds 1a ± 1p were calculated within the
framework of density functional theory[18] at the B3LYP/6-
311�G(d,p) level. This model is relatively ambitious at
present for molecules of this size, but it was chosen in order to
obtain results comparable with our previous studies.[19±21] The
principle of isodesmic reactions was applied in the same way
as in previous studies of the inductive,[11] resonance,[19] and
steric[21] effects. The substituent effects in 1 were evaluated as
the reaction energy �2E(DFT) of the isodesmic reaction given


in Equation (2) and effects in the anions 1A by the energy
�3E(DFT) of the isodesmic reaction Equation (3). The
relative acidity is then given by the reaction energy�1E(DFT)
of Equation (1) and was obtained as a difference
�1E(DFT)��3E(DFT)��2E(DFT). Equations (1) ± (3) are
also homodesmotic.[8b]


Results and Discussion


Conformation : According to an older electron diffraction
study,[22] the molecule bicyclo[2.2.2]octane (2a) is twisted
(symmetryD3) with a dihedral C1-C2-C3-C4 angle of 12�. We
have found smaller twisting in 2a (3.6�); the more sym-
metrical D3h conformation represents a transition state and
the energy barrier is low. We calculated it to be 0.08 kJmol�1.
In the carboxylic acids 1, the twisting is variable according to
the substitution. It is almost zero in the unsubstituted acid 1a
(the C1-C2-C3-C4 angle is 0.2�) and with simple substituents
(F, Cl, CN, NH2), but it becomes evident with unsymmetrical
and heavy substituents (OCH3 12�, NO2 10�, tBu 19�). In the
anions, it is always smaller.
With carboxylic acids 1, an additional possibility of


conformations arises. In the lowest-energy conformer (all
�2E values of Table 1) the C�O bond is flanked with one C�H


Table 1. Calculated energies and some geometric parameters of 4-substituted bicyclo[2.2.2]octane-1-carboxylic acids 1a ± 1p, their anions 1aA ± 1pA and
1-substituted bicyclo[2.2.2]octanes 2a ± 2p.[a]


Substituent 1 1A 2
E(DFT) C(1)�C(O) �C2C1C6 E(DFT) C(1)�C(O) �C2C1C6 E(DFT)


a H � 502.0040490[b] 1.518 121.4 � 501.4461049 1.581 128.8 � 313.3717029
b CH3 � 541.3307024 1.519 121.4 � 540.7735208 1.581 128.8 � 352.6984378
c C(CH3)3 � 659.2912139 1.516 121.4 � 658.7340393 1.578 128.8 � 470.6583232
d CH2Cl � 1000.9529522 1.519 121.5 � 1000.4012316 1.581 129.0 � 812.3212816
e CF3 � 839.1579047 1.519 121.7 � 838.6101006 1.581 129.1 � 650.5264681
f COOCH3 � 729.9454387 1.519 121.6 � 729.3924918 1.581 129.0 � 541.3136251
g CN � 594.2690371 1.521 121.8 � 593.7252153 1.583 129.3 � 405.6383402
h NH2 � 557.3746061 1.519 121.4 � 556.8191921 1.582 128.9 � 368.7426325
i N�NCH3�(E) � 650.8110563 1.518 121.5 � 650.2571813 1.580 128.9 � 462.1790586
j NO2 � 706.5712585[c] 1.519 121.9 � 706.0284317 1.581 129.3 � 517.9406034
k OH � 577.2508001 1.519 121.5 � 576.6976473 1.582 129.0 � 388.6191211
l OCH3 � 616.5563777 1.518 121.5 � 616.0021383 1.580 128.9 � 427.9244130
m F � 601.2806499 1.519 121.7 � 600.7310719 1.582 129.1 � 412.6494679
n Cl � 961.6334543 1.520 121.7 � 961.0857345 1.583 129.2 � 773.0023372
o NH3


� � 557.7422889 1.527 123.5 � 557.2914584 1.598 131.6 � 369.1160143
p O� � 576.6529175 1.512 119.4 � 575.9946978 1.578 126.7 � 388.0129694
[a] Calculated at the B3LYP/6 ± 31�G(d,p) level, energies in a.u., bond lengths in ä, angles in degrees. [b] The minimum-energy conformation sp (the C�O
bond eclipsed with one C�C bond); in the conformation sc (C�O and C�C bonds eclipsed) there is a secondary minimum with E(DFT)
�502.0031502 kJmol�1. [c] Conformation sp,sc (C�O eclipsed with one C�C bond, N�O with another C�C bond); in sp,sp conformation (both C�O and
N�O eclipsed with the same C�C bond) E(DFT) is �706.5711192 kJmol�1.
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bond, in the second conformer it is the C�OH bond. The
energy difference calculated for 1a is 2.36 kJmol�1. It could be
of some significance in the calculation of absolute acidities,
but cannot be observed in the isodesmic reactions [Eqs. (1)
and (2)], since it is virtually equal in different acids 1a ± 1p.
In the nitro acid 1 j and in its anion 1 jA we must still


consider the relative position of the two functional groups.
The C�O and N�O bonds are both flanked with one C�C
bond, but can lie either in different planes (the minimum-
energy conformation, Table 1) or in the same plane. However,
the calculated energy difference is only 0.37 kJmol�1. There-
fore all conclusions can be based on the least-energy
conformation (calculated without any symmetry precondi-
tion) and all possible conformations neglected. This is a
sufficient approximation for the present purpose and makes
the compounds 1 very suitable models as compared, for
instance, with the substituted benzoic acids with their
numerous conformers.[20]


Comparison with experimental results : The calculated rela-
tive acidities �1E can be compared with the experimental
acidities �1G�(298) measured by Fourier transform ion-cyclo-
tron resonance.[7c] The fit (Table 2, entry 1) is the best hitherto
achieved;[23, 24] the standard deviation SD is not far from the
experimental uncertainty, which is estimated[7c] to be


0.84 kJmol�1 (possibly a little underestimated). In our opin-
ion, our theoretical model is sufficiently precise for the
purpose given. Combination of DFTwith isodesmic reactions
yields a much better precision than the original cautious
estimate of Becke himself[18] and is in our opinion more
effective than the system of Allinger,[26] which introduces
empirical parameters. In any case, it is incomparably better
than calculations at STO-3G level with the standard geo-
metry[7c] (Table 2, entry 2). On the other hand, there are no
experimental values comparable with�2E, since the necessary
enthalpies of formation �fH�(g) are not available. Even when
some values were available, their accuracy would not be
sufficient according to a recent analysis of�fH�(g) of aromatic
derivatives.[27]


Our further conclusions will be based on the calculated
values �1E��3E, with the presumption that their agreement
with experiment has been proven.


Substituent effects in both the acid and anion : These effects
are given separately in Table 3 as �2E and �3E. As expected,
the effect in the anion �3E is of deciding magnitude; the �2E
values are approximately eight times smaller and have
opposite sign. A detailed comparison is shown in Figure 1,
in which we have omitted the charged substituents whose
values are incomparably large. Figure 1 reveals a significant


Table 2. Correlations of the acidities of 4-substituted bicyclo[2.2.2]octane-1-carboxylic acids 1a ± 1n and of scales of the inductive effect.


Entry Response function Explanatory variables b[a] R[b] SD[b] [kJmol�1] N[b]


1 �1E this work �1G� exp[c] 0.96(3) 0.9968 1.13 9
2 �1E ref. [7c] �1G� exp[c] 0.92(15) 0.929 5.54 8
3 �2E this work �3E this work � 0.127(9) 0.975 0.33 13[c]


4 �I calcd ref. [12b] �1E this work � 0.0136(19) 0.908 0.083[d] 13
5 �I calcd ref. [7b] �1E this work � 0.0168(11) 0.976 0.050[d] 13
6 19F shifts ref. [6] �1E this work 7.5(8) 0.949 0.066[d] 13
7 �I ref. [4] �1E this work � 0.0176(19) 0.943 0.082[d] 13
8 �1G� sol. ref. [14c,d] �1E this work 0.150(17) 0.963 0.067[d] 8
9 �3E m-Bz[e] �3E this work 1.16(4) 0.9978 1.12 6[e]


[a] Regression coefficient with the standard deviation in parentheses. [b] Correlation coefficient, standard deviation from the regression (in kJmol�1 unless
otherwise noted). [c] Only dipolar substituents; tBu omitted as outlier. [d] Recalculated to the � units scale. [e] Substituent effect in the anions of
3-substituted benzoic acids, ref. [20], only nonconjugated substituents.


Table 3. Calculated and experimental substituent effects in 4-substituted bicyclo[2.2.2]octane-1-carboxylic acids [kJmol�1, 298 K].


Substituent �1E[a] �1G�[a,b] �2E[a] �3E[a] �2Eel
[a] �3Eel


[a] �I calcd �I calcd[c]


a H 0 0 0 0 0 0 0 0
b CH3 � 1.93 � 4.2 0.21 � 1.72 0 0 0.03 0.00
c C(CH3)3 � 1.94 � 1.38 � 3.32 0 0 0.03 0.00
d CH2Cl � 15.72 1.71 � 14.02 � 0.9 � 6.4 0.26 0.22
e CF3 � 25.62 � 27.2 2.30 � 23.32 0.6 � 10.7 0.43 0.44
f COOCH3 � 12.63 1.35 � 11.28 0.21 0.24
g CN � 35.68 � 36.0 4.17 � 31.51 1.3 � 29.3 0.60 0.60
h NH2 � 6.39 0.94 � 5.45 �� 0.3 � 2.2 0.11 0.14
i N�NCH3�(E) � 10.28 0.88 � 9.40 0 0 0.17 0.14[e]


j NO2 � 38.19 � 36.8 4.27 � 33.92 1.1 � 25.9 0.64 0.63
k OH � 12.11 1.69 � 10.42 0.20 0.30
l OCH3 � 9.36 � 10.9 0.96 � 8.40 0.16 0.25
m F � 21.14[d] � 23.4 2.94[d} � 18.20[d] 1.2 � 18.2 0.36 0.44
n Cl � 25.83 � 25.9 3.11 � 22.73 1.1 � 17.3 0.43 0.45
o NH3


� � 270.62 15.34 � 255.28 6.8 � 223.3 4.55 2.00[e]


p O� 253.35 � 19.21 234.14 � 7.2 222.8 � 4.26 � 1.80[e]


[a] Subscript at � corresponds to the number of the isodesmic equation. [b] Experimental gas-phase acidities, ref. [7c]. [c] Ref. [7b]. [d] At the MP2/6 ±
31G(d,p) level, we previously calculated �1E �22.2, �2E 3.5, �3E� 18.7 kJmol�1, ref. [11]. [e] Calculated by us according to the method of ref. [12].
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Figure 1. Comparison of substituent effects in the anions, �E3, and in the
acid molecules, �E2 , of 4-substituted bicyclo[2.2.2]octane-1-carboxylic
acids 1.


deviation of the substituent C(CH3)3; the negative �2E
implies an unexpected stabilization of 4-tert-butyl-bicy-
clo[2.2.2]octane-1-carboxylic acid (1c). We have no clear
explanation for this deviation, although some deformations of
geometry were observed, for instance the C(4)�C bond length
of 1.582 or 1.584 ä in 1c and 1cA, respectively. Irregular
behavior of the substituent C(CH3)3 has previously been
encountered.[21d] When this substituent is eliminated, the
substituent effects �2E and �3E are proportional with a good
precision (Table 2, entry 3) and both affect the acidity in the
same sense. This behavior makes bicyclo[2.2.2]octane-1-
carboxylic acids a suitable model for defining and estimating
the substituent effect as compared for instance with sub-
stituted acetic acids or substituted trimethyl amines, in which
the effects in neutral molecules are hardly predictable,[11] or
with substituted pyridines[25a] and bicyclo[2.2.2]octane-1-car-
bonitriles,[11] in which the effects in the base and in the cation
are of the same sign and their action on the basicity are partly
cancelled.
Note that this approach allows for the determination of


substituent effects even if the pertinent compounds do not
exist in the proper tautomeric form. The compound 1p does
not exist in the �OC8H12COOH structure, but rather as
HOC8H12COO� (1kA), as seen from the energies in Table 1
(difference 117 kJmol�1). Similarly the anion 1oA exists as 1h
(energy difference 218 kJmol�1). The extremely shifted
tautomeric equilibria do not prevent calculation of the
inductive effect of substituents O� and NH3


�.
Our data also allows efficient testing of the classical


electrostatic approach.[28] Within the framework of this theory,
the inductive effect is expressed by Equation (4) as a
Coulombic interaction of the anionic charge and a dipolar
substituent; in the case of a charged substituent Equation (5)
is appropriate.


�Eel� eNA�cos�/r2(4��o�ef) (4)


�Eel� e2NA/r(4��o�ef) (5)


In these equations, r is the distance between the substituent
and the charge, � is the dipole of the substituent (considered
as a point dipole), and � is the angle formed by the vectors r
and �. The effective relative permittivity �ef is usually taken as
equal to unity in the gas phase.[28a] Better agreement with
experiment was sometimes obtained when interaction in the


neutral acid was also taken into account.[29] In the case of
dipolar substituents, it is an interaction between two dipoles,
�1 and �2 , at the angles �1 and �2 , respectively [Eq. (6)].[28a, 30]


�Eel��NA�1�2(2cos�1cos�2� sin�1sin�2)/r3(4��o�ef) (6)


We may test Equations (4) and (5) separately by comparing
with �3E, and Equation (6) by comparing with �2E. Table 3
reveals that the agreement is merely qualitative in character.
The theory correctly predicts the signs and roughly also the
relative values; �3Eel is much greater than �2Eel . Also the
relation of charged and dipolar substituents is predicted
correctly.[31] However, all values are too small, both for
dipolar and charged substituents, as found previously in the
comparison with experimental data in many examples.[28a] In
contrast to solution data, this disagreement cannot be
explained by a particular value of effective permittivity, since
�ef� 1 would be required. Possible correction for the finite
dipole length[30] in Equation (4) is irrelevant for these com-
pounds and would not improve the fit. Particular failure was
observed for the substituent NH2, whose dipole is in a
reversed position, and for N�NCH3 with its zero dipole
moment. Incompatibility of such substituents with the elec-
trostatic approach has been previously pointed out,[13] but
experimental data have been lacking. Also the substituent
CH2Cl is predicted poorly; Equation (4) generally overesti-
mates the effect of the angle �.[28a] In conclusion, the
electrostatic approach is unacceptable, although it gives a
better fit than could be expected from such a rough
approximation. The main objection is that there is no reason
to use it when much more efficient calculation is possible.
Some reasonable results obtained[23, 29] were conditioned by
omitting the critical substituents and favorably choosing some
disposable parameters, such as the position of the point dipole
or position of the charge.[32] When the electrostatic calcula-
tions are applied to solution data,[3, 14, 15a] the effective
permittivity �ef becomes the decisive quantity.[33]


Substituent effects on the geometry : Changes of bond lengths
or bond angles caused by the inductive effect have not been
proven in a convincing way. Data in Table 1 reveal minute
changes by dipolar substituents both on the COOH and
COO� groups, perhaps only some widening of the OCO angle
in COO� may be significant. On the other hand, the effect of
charged substituents is evident and is similar in the acid
molecule and in the anion. It can be described that by being
electron-withdrawing, the COOH and COO� groups become
less firmly bound to the rest of the molecule.


Scales of the inductive effect : It was recognized several times
that inductive substituent effects are very nearly proportional
in reaction series that involve compounds of different
structure and particularly with very different measured
quantities.[4, 6, 12b, 13, 23] Several suggested scales of constants �I
have been evaluated mainly according to the attainable
accuracy, general applicability, and possible technical diffi-
culties;[4, 6, 12,] their mutual compatibility has not been ques-
tioned. We recently had the opportunity to compare the most
important scales with larger sets of substituents.[12b] All scales
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were closely related, but are not quite identical; the best
agreement was between acidities in water;[4, 5c] the 19F NMR
shifts were somewhat different.[6]


We used our calculated acidities �1E as reference and
correlated the known scales with them (Table 2, entries 4 ± 7).
Reasonable fit was observed with �I from the 19F shifts[6] or
from the acidities of substituted acetic acids;[4] the best fit was
obtained with values of inexact origin related to gas-phase
acidities.[7b] Even the acidities of the acids 1 in 50% ethanol
yielded a good correlation, but the number of data is not
sufficient (Table 2, entry 8). Most remarkable is the relatively
bad correlation with the quantum chemical calculations of an
artificial model,[12b] (Table 2, entry 4). The greatest disagree-
ment was found in the case of charged substituents O� and
NH3


� (Table 3, the last two entries); we attribute it to the
inconsistency of the artificial model.
We suggest our values of �1E as a new measure of the


inductive effect. To convert them to the scale comparable with
the standard �I , they must by scaled according to Equa-
tion (7).


�I��0.0168�1E (7)


The new values of �I are given in Table 3 and compared with
the standard values. Compared with the previous quantum
chemical calculations,[12] we see two main merits of our
approach: it avoids ambiguities in defining the right geometry
and it is related to real molecules. The latter property also
means that the model is not definitely fixed and can be
improved introducing higher-level calculations. On the other
hand, we believe that the level applied by us is completely
sufficient with respect to the required accuracy of �I .


Inductive effect in benzene derivatives : Comparison of the
[2.2.2]bicyclooctane and benzene series was of fundamental
importance to the general theory of substituent effects.
Assuming that the inductive effect is equal, the contribution
of resonance was evaluated as a simple difference.[5a]


This procedure has been made more precise[17a] and has
been discussed many times.[17] We now have data free of any
solvent effect for both the acids 1 and benzoic acids;[20] still
more precisely, we can compare only the effects in the anion
to avoid some complications in the molecules of benzoic
acids.[20] As expected, Figure 2 reveals good linearity for
unconjugated substituents without a lone electron pair in the
�-position; other substituents deviate according to the degree
of their resonance effect. The slope of the linear dependence,
1.16, is with certainty greater than unity (Table 2, entry 9) and
is in agreement with an estimate from solution reactivities[17a]


(1.10), but at variance with an estimate from the mere
geometry.[17c] This value must be applied as a correction
before a resonance effect is calculated; it is particularly
important for acceptor substituents.


Conclusion


The proposed model has twofold meaning. On the one hand, it
can be regarded as a definition of the inductive effect,


Figure 2. Plot of the substituent effects in the anions of 4-substituted
bicyclo[2.2.2]octane-1-carboxylic acids (1a ± 1p) and 3-substituted benzoic
acids;� acceptor substituents without a lone electron pair in the �-position,
� donor substituents bearing this electron pair, � methyl substituent; the
regression line belongs to the first group.


connecting it with quantum chemical terms. On the other
hand, it provides a quantitative scale of inductive constants
based on observable quantities of real isolated molecules (as
compared with the model of Marriott and Topsom).[12a] Hence
it is a method of choice for determining the inductive constant
of any new group. It is easier to apply than any experimental
determination; in common cases it can be experimentally
checked, but can be extended even to inaccessible unstable
compounds (for instance the substituent O�). The properties
of isolated molecules can serve as a reference in studying
solution reactivity, as there is little difference with many
compounds.
Scales of the inductive effect are not identical, but are very


closely related, despite being obtained from calculations on
real molecules or on artificial models, from the gas-phase
reactivities, NMR spectra, or from pK values of various acids
and bases. Close similarity of the results proves the inductive
effect to be a general principle. This has now also been
confirmed by its unambiguous proof in neutral molecules. In
our opinion, the inductive effect should receive more
attention in fundamental textbooks.[2]


Computational Methods


The DFT calculations at a B3LYP/6-311�G(d,p) level were performed
according to the original proposal[18] by using the standard program.[35] All
energy-optimized structures were checked by vibrational analysis. No
symmetry conditions were presumed except the assumed transition state of
2a, which was assigned fixed D3h symmetry.


Calculation of the constants �I proceeded strictly according to the proposed
model,[12] at the level RHF/4-31G.
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Abstract: The crystallisation of CIT-6, a
large-pore zincosilicate with the frame-
work topology of zeolite Beta and
synthesised from clear hydrogels that
contain, tetraethylammonium (TEA�),
Li� and Zn2� cations, proceeds initially
through the formation of an amorphous
solid that incorporates all the initial Zn
species. Nucleation of the *BEA phase
is effected by reorganisation of the
amorphous phase, whereas crystal
growth involves the incorporation of
soluble species also. A highly crystalline


CIT-6 material is obtained after 164 h of
synthesis at 140 �C. Scanning electron
microscopy (SEM) shows that this sam-
ple exhibits two different types of crys-
tals: well-defined pseudo-cubic crystals
and rounded crystals. The latter has a
broad crystal-size distribution. If crys-
tallisation is continued with longer syn-


thesis times, the VPI-8 crystalline phase
appears, and a new population of nee-
dle-shaped crystals is detected in the
SEM images. This new crystalline phase
is nucleated on the surface of the
rounded CIT-6 crystals, which disappear
as the crystallisation progresses, while
no changes are observed in the popula-
tion of pseudo-cubic CIT-6 crystals. At
higher crystallisation temperatures
these phase transformations are accel-
erated, and the formation of VPI-8 is
favoured over that of CIT-6.


Keywords: *BEA ¥ CIT-6 ¥
crystal growth ¥ microporous
materials ¥ zeolites


Introduction


The synthesis of zeolite Beta (with *BEA topology) was first
reported by Wadlinger et al.[1] The *BEA structure consists of
an intergrowth of two polymorphs, denoted by A and B,[2]


both of which contain winding 12-membered ring channels,
cross-section 5.5 ä, along the c direction. These channels
intersect with a set of straight 12-membered ring channels
along the a and b directions with elliptical cross-sections of
6� 7.3 and 6.8� 7.3 ä for polymorphs A and B, respectively.
This molecular sieve has been used successfully as a catalyst in
hydrocarbon conversion processes[3] such as hydrocracking,
dewaxing, fluid catalytic cracking, dealkylation, C8 ±C10


separations and partial oxidation reactions.
The *BEA structure has been synthesised in the alumino-


silicate form under different conditions,[4] most often with
tetraethylammonium (TEA�) as a structure-directing agent.
Likewise, zeolite Beta isomorphously substituted by galli-
um,[5] boron,[6] iron[7] and titanium atoms[8] has been prepared.


Zeolite Beta in its pure silica form has also been synthesised
by various procedures.[9]


Davis et al. recently prepared a large-pore zincosilicate
with the framework topology of zeolite Beta, named CIT-6.[10]


This new material is synthesised under hydrothermal con-
ditions from clear hydrogels containing Li� and Zn2� cations
and tetraethylammonium hydroxide (TEAOH). These studies
showed that both Li� and Zn2� cations are necessary for the
formation of *BEA topology. Moreover, under particular
conditions, such as long synthesis times, high temperatures
and low TEAOH concentrations, the appearance of a new
crystalline zincosilicate, VPI-8,[11] is observed in addition to
the *BEA topology. VPI-8 has a 12-membered ring, a one-
dimensional pore system and contains a novel ™pinwheel∫
building unit in its structure.


In recent years it has been demonstrated that in many cases
the crystallisation of zeolites is not just a solution-mediated
process, but involves the participation of an X-ray-amorphous
solid that undergoes solid ± solid transformations with negli-
gible incorporation of soluble species.[12] We report here a
study of the different stages in the crystallisation of CIT-6 and
the subsequent appearance of a VPI-8 phase.


Results and Discussion


To investigate the mechanism of CIT-6 synthesis from clear
solutions containing Zn2� and Li� cations, as well as the
subsequent appearance of the VPI-8 phase, two series of
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samples were prepared from crystallisations carried out with
various synthesis times at 140 and 150 �C, respectively.


Synthesis conditions, overall crystallinity and the phases
present in each sample are summarised in Table 1 and the
X-ray diffraction (XRD) patterns and FT-IR spectra are
illustrated in Figure 1 (S-1 to S-7). The solid collected after
70 h of synthesis (S-1) is amorphous as no diffraction peaks
are observed in its XRD spectrum. Likewise, FT-IR bands in
the range 450 ± 750 cm�1, which are typical of the zeolitic
*BEA framework, are absent in this sample. The first signs of
crystallinity appear in S-2 (prepared after 92 h of synthesis)
with an XRD peak centred at 2�� 22.5� that corresponds with
the major reflection of the *BEA topology. As the crystal-
lisation progresses, the XRD peaks and the FT-IR skeleton
vibrations at wavenumbers below 750 cm�1 increase in
intensity. After 164 h of synthesis, a material (S-5) with very
high crystallinity that exhibits the typical XRD pattern which
corresponds to a pure *BEA structure is obtained. This
sample was used as a reference for calculating the crystallinity
and purity of the synthesised samples. Beyond that heating
time, a VPI-8 phase is detected in the XRD spectra, its
proportion increasing with the crystallisation time. Likewise,
hydroxyl group concentration in the solid that is collected
(FT-IR band centred at 3500 cm�1) decreases in the first stages
of the crystallisation, indicating an increase in the degree of
condensation of silicon species.


Four steps can be distinguished in the TG-DTG curves of
as-synthesised materials obtained at 140 �C with different
synthesis times (Figure 2). The small weight loss produced
below 100 �C accounts for the thermal desorption of water
(step I). In the temperature range 100 ± 200 �C (step II), the
weight losses have been attributed to the decomposition of
TEA� ions occluded within the amorphous solid phase, since
this step is negligible for highly crystalline samples. A third
step, ranging from 200 to 400 �C, is detected in the TG
analysis. This weight loss is small for amorphous materials (S-
1 and S-2) and becomes predominant for materials of higher
crystallinity (S-3 to S-7). Hence, it probably originates from
TEA� cations located within the zeolite cavities and pores.
Finally, the broad weight loss observed between 400 and
700 �C (step IV) has been assigned in earlier work to the
decomposition of TEA� residues strongly adsorbed on acid
sites.[13] A reasonable estimate of the total TEA� content can


Figure 1. As-synthesised samples obtained at 140 �C for different crystal-
lisation times: XRD patterns (top); FTIR spectra (bottom). Curves: a) S-1;
b) S-2; c) S-3; d) S-4; e) S-5; f) S-6; g) S-7. (�) CIT-6 phase; (�) VPI-8 phase.


be obtained from the overall weight loss associated with steps
II, III and IV, whereas the TEA� cations present within a
microporous crystalline network can be calculated from the


Table 1. Crystallisation kinetics of zincosilicate gels.


Sample ts [h][a] T [�C] Phases[b] Xc
[c] [%] TGA[d] [%] HCN[e] [%]


S-1 70 140 amorphous 0 37.9 32.0
S-2 92 140 amorphous � CIT-6 12 37.1 31.0
S-3 117 140 amorphous � CIT-6 75 22.8 20.3
S-4 137 140 amorphous � CIT-6 90 19.5 18.0
S-5 164 140 CIT-6 100 19.7 17.5
S-6 189 140 CIT-6 (75%) � VPI-8 (25%) 100 17.9 15.2
S-7 214 140 CIT-6 (49%) � VPI-8 (51%) 100 15.0 12.8
S-8 62 150 amorphous 0
S-9 88 150 CIT-6 (41%) � VPI-8 (59%) 100
S-10 98 150 CIT-6 (32%) � VPI-8 (68%) 100
S-11 111 150 CIT-6 (23%) � VPI-8 (77%) 100
S-12 136 150 CIT-6 (17%) � VPI-8 (83%) 100


[a] Synthesis time. [b] Crystalline purity in brackets. [c] Crystallinity. [d] Weight loss assigned to peaks II, III and IV in TG analysis of as-synthesised samples.
[e] HCN analysis of as-synthesised samples.
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weight loss associated with peaks III and IV. The HCN
content of the as-synthesised samples in Table 1 is slightly
lower than that assigned to the weight loss associated with
steps II, III and IV. This difference, which is more accentuated
in the amorphous materials, is probably due to the desorption
of water at 100 ± 200 �C (step II).


The gradual decrease in the total TEA� content incorpo-
rated into the samples with the crystallisation time (Table 1
and Figure 2) is a consequence of the transformation of the
amorphous network into a microporous crystalline zeolitic
material. The TEA� content of around 20 wt% estimated
from the TG analysis for a highly crystalline *BEA material
(S-5) is in fair agreement with the values reported in the
literature for a pure *BEA-type zeolite,[4a] whereas the weight
losses associated with steps III and IV decrease with the
appearance of the VPI-8 phase and can be interpreted as a
consequence of the lower microporosity present in this
framework (0.10 cm3g�1 for VPI-8;[11b] 0.21 cm3g�1 for CIT-6).


Furthermore, a gradual de-
crease in the content of adsor-
bed water (step I) is observed
during the crystallisation, and
indicates an enhancement in
the hydrophobic character of
the samples.


The evolution of crystallinity
follows a typical sigmoid curve
with an induction time of
around 75 h for the detection
of the first crystalline entities
(Figure 3, top). This period is
followed by a period with a high
crystallisation rate, at which the
crystallinity changes from 0 to
90% in just 45 h. It is interest-
ing that the amorphous solid
obtained at short synthesis
times is very rich in Zn2� spe-
cies; all the Zn2� present ini-
tially in the synthesis gel is
incorporated into the solid
phase formed in the first stages
of the crystallisation (Figure 3,
top). Thus, S-2 contains all the
Zn2� species in the synthesis
mixture in spite of having a
crystallinity of just 12%.


Crystallisation clearly
evolves through three main
steps (Figure 3, bottom). The
first involves the formation of a
white amorphous gel in which
all Zn2� species are completely
incorporated. This step is fol-
lowed by a gradual disappear-
ance of the amorphous solid,
which occurs simultaneously
with the formation of the first
CIT-6 crystals. The CIT-6 yield


increases with the synthesis time to a maximum value around
60% at 164 h. As mentioned earlier, the XRD pattern of this
sample indicates it is a highly crystalline, pure CIT-6 phase.
Thereafter, the VPI-8 phase appears, accompanied by an
increase in the overall solid yield and a gradual decrease in the
percentage of CIT-6.


The yield curves in Figure 3 (bottom) follow the classical
pathway corresponding to series transformations, suggesting
that CIT-6 zeolite is formed from the amorphous gel phase,
while the VPI-8 crystallises from the CIT-6 phase. In line with
this argument, all the Zn2� species are incorporated into the
solid phases from the earliest stages of the crystallisation;
hence the solution phase consists of soluble silicates alone.
The overall solid yield exhibits two plateaus that occur
simultaneously with the appearance of the crystalline phases,
and this suggests that the first steps in the formation of the
CIT-6 and VPI-8 proceed directly from the pre-existing solid
phase. However, both plateaus are followed by a significant


Figure 2. TG analyses of as-synthesised samples obtained at 140 �C for different crystallisation times: S-1 (top
left); S-3 (top right); S-4 (bottom left); S-7 (bottom right).
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Figure 3. Top: Crystallisation kinetics and Zn2� incorporation into the
solid at 140 �C. Bottom: Evolution of the synthesis yield of the different
solid phases with the crystallisation time.


increase in the overall solid, showing that the contribution of
soluble silicate species is also significant (especially during the
crystal growth steps). Thus, the silicon contents of the solids
obtained, that is, (Si/Zn)amorphous, (Si/Zn)CIT-6 and (Si/Zn)VPI-8 ,
increase during the crystallisation process.


In good agreement with the amorphous nature predom-
inant in the initial materials (S-1 to S-3), their 29Si NMR
spectra (Figure 4) exhibit three broad features associated with
different Si connectivities:[14±15] Q3(1Zn) (���93), Q3(0Zn)
(���100) and Q4(0Zn) (���110). The Q3 species are
associated with silanol groups, whereas the Q4 originates from
tetrahedrally coordinated Si atoms. Since both CIT-6 and
VPI-8 molecular sieves are formed mainly by Si species with
tetrahedral coordination, the decline observed with the
synthesis time in the Q3/Q4 intensity ratio is a good indication
of the progress of the crystallisation. The increase in the
degree of condensation of the silicon species is in fair
agreement with the decrease in the hydrophilic character of
the samples during the crystallisation deduced from the TG


Figure 4. 29Si MAS-NMR spectra of as-synthesised samples obtained at
140 �C: a) S-1; b) S-2; c) S-3; d) S-4; e) S-5; f) S-6; g) S-7.


analyses (above). However, the presence of the Q3(1Zn)
resonance at ���93 confirms that in the amorphous solid,
formed in the earlier stages, the Zn2� species are effectively
incorporated into the silica matrix. As the synthesis time is
increased, this resonance declines in intensity until it almost
disappears for highly crystalline samples. Simultaneously, a
small resonance appears, centred at ���95. This band has
been assigned to Q4(1Zn) species, indicating the presence of
Si atoms connected to tetrahedrally coordinated Zn2� atoms
in the zeolitic framework.[14]


To follow the changes in the textural properties of the solid
phases, N2 adsorption/desorption isotherms at 77 K for
calcined samples prepared at different synthesis times and
their micropore volumes have been measured (Figure 5). The


Figure 5. Nitrogen adsorption/desorption isotherms at 77 K of samples
obtained at 140 �C for different synthesis times.
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isotherm corresponding to the initial amorphous material
(S-1) indicates that it exhibits both micro- and mesoporosity.
The presence of a large volume of micropores in this
amorphous material is remarkable; it suggests that the TEA�


cations detected in this sample in the TG analysis may be
located within the micropores before calcination. This initial
amorphous material resembles the tetraethylammonium-
containing microporous permutite reported by Di Renzo
et al. as a synthesis intermediate of the zeolite Beta.[16] The
isotherm corresponding to the material (S-3) obtained after
117 h of synthesis with a crystallinity of 75% represents a
higher volume of micropores (0.19 cm3g�1). As the crystal-
lisation progresses, a further increase in the microporosity to
0.22 cm3g�1 for the pure CIT-6 material (S-5) is observed. The
appearance of the VPI-8 phase (S-7) leads to a decrease in the
overall micropore volume of the sample, which is in agree-
ment with the lower microposity of this topology compared
with CIT-6. For the amorphous materials, the pore size
distribution in the mesopore range calculated using the
Barrett ± Joyner ±Halenda (BJH) model (not shown in Fig-
ure 5) gives a maximum corresponding to a pore diameter of
around 60 ä and this mesoporosity completely disappears as
the crystallisation proceeds.


Figure 6 shows scanning electron microscopy (SEM) im-
ages of samples synthesised at 140 �C for different times: the
amorphous solid initially formed (S-1; Figure 6a) is highly
compact and dense, at least in the micrometer range. It is
transformed into a particulate material as the CIT-6 phase is
formed (S-3; Figure 6b), consisting of primary units with sizes
below 0.5 �m. Taking into account the crystallinity of S-3


Figure 6. SEM images of as-synthesised samples obtained at 140 �C for
different synthesis times: a) S-1; b) S-3; c) S-4; d) S-6; e) and f) S-7.


(75%), these primary units must be identified as CIT-6
crystals. However, most of them are present not as isolated
particles, but as aggregates linked to the remaining amor-
phous solid phase. As the crystallisation progresses, larger
particles arise from an aggregation process of the above-
mentioned primary entities (S-4; Figure 6c). At this stage,
although the VPI-8 phase has not been crystallised yet, the
coexistence of two populations of CIT-6 crystals is detected:
the first comprises crystals with well-defined pseudo-cubic
morphology and sizes around 1 �m, whereas the second
consists of crystals with a rounded shape and a broader
particle size distribution. Both crystal types exhibit the *BEA
topology, as concluded from the electron diffraction patterns
obtained during transmission electron microscopy (TEM)
measurements of the highly crystalline sample synthesised
after 164 h of synthesis (S-5; Figure 7a).


A further step in the crystallisation process leads to the
appearance of needle-shaped crystals and corresponds to the
formation of the VPI-8 phase (S-6; Figure 6d). Both SEM and
TEM images (Figures 6d,e and 7b) show that the VPI-8 needle
crystals are inserted and seem to emerge from the CIT-6
crystals, suggesting that the nucleation of the VPI-8 takes
place on the Zn-containing CIT-6 crystals. This result is in
agreement with a previous study postulating that the presence
of Zn2� cations is necessary for the VPI-8 phase to crystal-
lise.[11a] In the system studied here, all the available Zn2� has
been incorporated first into the amorphous solid phase and
subsequently into the CIT-6 crystals. Therefore, it is likely that
the formation of VPI-8 crystals from nuclei generated in the
liquid solution, free from Zn2� species, does not occurr.


At longer synthesis times, SEM images show that the
proportion of the VPI-8 needle crystals increases, whereas the
rounded *BEA crystals are no longer detected (S-7; Fig-
ure 6e,f). Instead, most of the CIT-6 crystals observed in this
sample present a pseudo-cubic morphology. These results can
be interpreted by assuming that the rounded crystallites are
not completely stable, and accordingly are converted into
more stable pseudo-cubic crystals with the same topology or
are consumed during the crystal growth of a VPI-8 phase with
a different crystalline framework. This second alternative is
supported by the decrease in the CIT-6 yield observed at long
synthesis times, as the VPI-8 phase is formed (see Figure 3,
bottom). Therefore both nucleation and the initial steps of
crystal growth for VPI-8 proceed directly from CIT-6. The
crystallisation process described in this work is a good
example of Ostwald ripening in which thermodynamically
favoured VPI-8 crystals grow at the expense of kinetically
favoured CIT-6 crystals.[17]


To gain information about the effect of the temperature on
the crystallisation of CIT-6 and VPI-8, a second kinetic run
was carried out at a higher temperature (150 �C) starting from
an initial mixture similar to that used in the previous
experiment (S-8 to S-12; Table 1). Figure 8 (top) shows the
XRD patterns of the as-synthesised samples obtained at
different synthesis times. As at the lower temperature, an
amorphous solid is detected before the formation of crystal-
line phases. The crystallisation at 150 �C is faster than at
140 �C, as indicated by the complete disappearance of the
amorphous phase in just 25 h due to the formation of both
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CIT-6 and VPI-8 materials. In contrast with the results
obtained at the lower temperature, no pure crystalline
*BEA phase is obtained: reflections assigned to both CIT-6
and VPI-8 crystalline phases are present in the XRD spectra
of all samples. At longer synthesis times, a progressive
increase in the XRD peaks corresponding to the VPI-8 phase
is observed. These data indicate that at 150 �C the formation
of the VPI-8 phase, instead of CIT-6, is favoured, and hence a
pure *BEA phase cannot be obtained at this crystallisation
temperature.


The changes in the yield of the different solid phases for the
kinetic run at 150 �C in Figure 8 (bottom) show that, as at a
lower temperature, an induction period is observed with the
formation of an X-ray amorphous solid in a 55% yield; this
solid incorporates all the Zn2� species from the synthesis gel.
However, the initial period is shortened significantly with the
increase in temperature. This step is followed by a fast
transformation of the amorphous solid into crystalline phases,
which again incorporate all the Zn2� species (as concluded
from X-ray fluorescence (XRF) spectrometric analysis). In
contrast with the crystallisation carried out at 140 �C, the
transformation of the amorphous solid to yield CIT-6 crystals


at 150 �C is accompanied by the
simultaneous appearance of the
VPI-8 phase. As at 140 �C, a signifi-
cant decrease in the CIT-6 yield takes
place during the last stage of the
crystallisation and is accompanied by
an increase in the percentage of VPI-8
phase. The proportion of VPI-8 in the
final samples synthesised at 150 �C is
substantially higher than that ob-
tained at 140 �C.


The results obtained at the higher
temperature are consistent with the
conclusions stated above for the crys-
tallisation mechanism: it comprises
formation of an amorphous solid,
crystallisation of CIT-6 zeolite and
partial transformation of the latter
into VPI-8. The major difference at
150 �C as opposed to 140 �C is that
both crystalline phases are first de-
tected simultaneously, and with a
high proportion of VPI-8. This may
be due to the fast transformation of
CIT-6 into VPI-8 at that temperature,
although the possible formation of
VPI-8 directly from the amorphous
solid should not be discounted.


Conclusion


Crystallisation mechanism : The fol-
lowing mechanism is proposed for the
hydrothermal crystallisation of CIT-6
and VPI-8 zeolites from homogene-
ous hydrogels that contain TEA�,


Zn2� and Li� cations under basic conditions (Figure 9).
Initially, an amorphous solid, with a complete incorporation
of Zn2� species and a high content in TEA� species, is formed.
Both the nucleation of the CIT-6 phase and the initial steps of
crystal growth take place by reorganisation of this amorphous
material. However, crystal growth also involves the incorpo-
ration of soluble species to yield two types of CIT-6 crystals
with complete incorporation of the Zn2� species: small
rounded crystals with a wide size distribution and a second
population of well-defined pseudo-cubic crystals (pathway I).
In a further step, the nucleation and the initial crystal growth
of the VPI-8 phase occurs on the *BEA particles, in particular
on those crystals with a rounded shape (pathway II). A
decrease in the CIT-6 yield is observed at long synthesis times
as a consequence of its partial conversion into VPI-8. The
reaction temperature plays an important role in the various
transformations involved in the crystallisation process. At a
higher temperature, the crystallisation kinetics are acceler-
ated, with a faster reorganisation of the amorphous solid to
yield both crystalline phases (pathways I and III), as well as
with a faster transformation of CIT-6 crystals into the VPI-8
phase (pathway II).


Figure 7. TEM images of as-synthesised samples obtained at 140 �C for different synthesis times: a) S-5;
b) S-6; c) S-6 at higher resolution.
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Figure 8. The different solid phases obtained at 150 �C for different
crystallisation times: XRD pattern (top); synthesis yields (bottom).
Curves: a) S-8; b) S-9; c) S-10; d) S-11; e) S-12. (�) CIT-6 phase (�) VPI-
8 phase.


Experimental Section


Sample preparation : The chemical reagents used and the sources were
tetraethylammonium hydroxide (TEAOH, 35 wt% aqueous solution,
Aldrich), colloidal silica (Ludox AS-40, Dupont), zinc acetate dihydrate
(Aldrich) and lithium hydroxide monohydrate (Aldrich). The starting
hydrogel was prepared as follows: an aqueous solution containing the
inorganic (Zn2�, 2.50 mmol; Li�, 4.17 mmol) and organic (TEA�, 54 mmol)
cations was stirred until the inorganic salts had dissolved completely.
Thereafter, the silicon source (12.5 g, 83 mmol of Si) was added dropwise,
and the resulting mixture was stirred for 3 h at 80 �C under reflux to obtain
a clear solution. The reaction mixture (molar composition 1SiO2:0.03
ZnAc2 ¥ 2H2O:0.05LiOH±H20:0.65TEAOH:30H2O) was loaded into sev-
eral Teflon-lined autoclaves and crystallised by thermal treatment under
autogenous pressure and static conditions at various temperatures
(140 ± 150 �C) and synthesis times. The solid synthesis products were
recovered by centrifugation, washed several times with distilled water and
dried overnight at 110 �C. The solid synthesis yield (Ys) was calculated
as the weight of solid obtained once the template had been removed
by calcination, as a percentage of the weight of SiO2 in the initial mix-
ture.


Characterisation : XRF chemical analyses were performed with a Philips
PW1480 spectrometer, and HCN analyses in an Exeter Analytical
apparatus. XRD patterns were collected with a Philips X×Pert diffractom-
eter with CuK� radiation. For partially crystalline *BEA samples, the
crystallinity (Xc) was determined by comparison of the intensity of the peak
located at 2�� 22.5� with that of the sample obtained after 164 h,
considered as 100% crystalline (adsorption volume consistent with a
highly crystalline sample of *BEA topology). The amorphous yield was
estimated from the overall solid yield Ys and the crystallinity of the sample
Xc [%] according to Equation (1).


Yamorphous�Ys


�
1� Xc


100


�
(1)


For 100% crystalline samples consisting of a mixture of CIT-6 and VPI-8,
the proportion of the *BEA phase was estimated by comparison of the
intensity of the peak located at 2�� 22.5� (Isample) with that of the sample
obtained after 164 h (I164), considered as pure CIT-6 crystalline material.
Thereby Equations (2) and (3) were used to determine the percentage of
each crystalline phase.


PhaseCIT-6 [%]� 100� Isample


I164


(2)


PhaseVPI-8 [%]� 100�PhaseCIT-6 [%] (3)


Consequently, the synthesis yields corresponding to the CIT-6 and
VPI-8 phases for 100% crystalline samples were defined by Equations (4)
and (5).


YCIT-6�Ys


�
%PhaseCIT-6


100


�
(4)


YVPI-8�Ys�YCIT-6 (5)


FT-IR spectra were recorded on a Nico-
let 510P spectrophotometer using the KBr
wafer technique. An EXSTAR 6000 ther-
mogravimetric analyser was used for simul-
taneous thermal analysis combining ther-
mogravimetry (TG) and difference ther-
mogravimetry (DTG) with a heating rate
of 10 �Cmin�1 in an air atmosphere.
29Si magic-angle spinning nuclear magnetic
resonance (MAS-NMR) spectra of pow-
dered samples were recorded at 59.57 MHz
on a Varian VXR-300 spectrometer. The
spinning frequency was 4 kHz and intervals
ranging from 5 to 30 s between successive
accumulations were selected according to
the crystallinity of the samples. The meas-Figure 9. Proposed mechanism for the CIT-6 and VPI-8 crystallisation.
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urements were carried out at room temperature with tetramethylsilane
(TMS) as external standard reference and with accumulations amounting
to 2000.


Nitrogen isotherms at 77 K were determined using a volumetric adsorption
apparatus (Micromeritics, ASAP2010). Pore size distribution in the
mesopore range was obtained by applying the BJH model with cylindrical
geometry of the pores and by using the Harkins and Jura equation for
determining the adsorbed layer thickness. The morphology and size of the
crystals were determined by scanning electron microscopy (SEM) with a
JEOL JSM-6400 microscope and transmission electron microscopy (TEM)
with a JEOL JEM-200 FX microscope.
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Metal-Induced Assembling/Disassembling of Fluorescent
Naphthalenediimide Derivatives Signalled by Excimer Emission


Maurizio Licchelli,*[a] Laura Linati,[b] Alessio Orbelli Biroli,[a] Eleonora Perani,[b]
Antonio Poggi,[a] and Donatella Sacchi[a]


Abstract: The new quadridentate bis-
chelating ligands 2 and 3 display in
solution the typical absorption and emis-
sion properties expected for naphtha-
lenediimide derivatives. Spectrophoto-
metric studies show that systems 2 and 3
interact with ZnII, CdII and CuI in CHCl3
or MeCN according to an apparent 1:1
stoichiometry. Molecular modelling,
ESI-MS and 1H NMR experiments in-
dicate that the complex species formed
in the presence of stoichiometric
amounts of metal ion are nonhelical


[2�2] adducts. The metal-induced self-
assembling process is signalled by an
intense excimer-type emission caused by
the intramolecular interaction of two
naphthalenediimide subunits that face
each other in the [2�2] adduct, as shown
by molecular modelling studies. In the
presence of excess metal ion, a disas-


sembling process takes place, leading to
a dinuclear complex with a 2:1 metal/
ligand stoichiometry, in which the intra-
molecular excimer is no longer allowed
to form because the interaction between
the naphthalenediimide subunits has
been lost. Thus, the overall metal-in-
duced assembling/disassembling process
is signalled by the appearance and dis-
appearance of the excimer band in the
emission spectrum.


Keywords: excimers ¥ fluorescence
¥ naphthalenediimides ¥ N ligands ¥
self-assembly ¥ zinc


Introduction


The application of metal ± ligand interactions to self-assem-
bling processes has proved to be a fruitful strategy to prepare
discrete supramolecular species.[1] Complex molecular archi-
tectures, such as helicates,[2] knots,[3] catenanes,[4] grids[5] and
cylinders[6] have been produced in the last years by the self-
assembly of multidentate ligands that is promoted by metal
ions. Owing to their particular features, several of these metal-
containing supramolecular assemblies find application in
molecular recognition (host ± guest chemistry)[1f±h, 7] and in
the design of supramolecular devices that display a variety of
functions.[8]


In several cases, the self-assembled species involve light-
emitting components whose photophysical properties can be
exploited for different applications, including molecular
sensing. For instance, tri- and tetrametallic assemblies that
contain rhenium(�)tricarbonyl subunits, either at the corners


of a triangle[7c] or of a square,[7c, 9] have been described as
luminescent hosts for molecules of different size.
A recent paper by Fages[10] reports the self-assembly of the


fluorescent pyrene-containing hydroxamate ligand 1 driven
by Ga3� or Fe3� ions. The formation of the self-assembled
system, in the case of gallium(���), is signalled by an intense
pyrene excimer emission, which is attributed to an intra-
molecular excimeric excited species.


Examples of self-assembled systems that involve d10 cations
(e.g., CuI, ZnII, CdII) and quadridentate ditopic ligands that
contain potentially fluorescent aromatic spacers (e.g. naph-
thalene, pyrene) have been reported by Harding et al.[11] In
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these cases, the assembling process was investigated mainly by
NMR studies and the possible effects induced by the
interaction with metal ions on the photophysical properties
displayed by the ligands were not mentioned.
This paper describes the metal-directed assembling process


involving the naphthalenediimide derivatives 2 and 3, whose
photophysical properties are strongly affected by interactions
with metal ions. In particular, the interaction with ZnII (or
CdII) according to a 2:2 stoichiometry brings the two
naphthalenediimide subunits in a face-to-face position that
favours the formation of an intramolecular excimer; this is
signalled by a specific fluorescent emission. Moreover,
addition of an excess of metal ion causes the disassembling
of the [2�2] adduct to give the complex with 2:1 metal/ligand
stoichiometry and the disappearance of the excimeric species.
Thus, the assembling and disassembling processes can be


monitored by the increase and decrease, respectively, of the
intensity of a characteristic and intense band in the emission
spectrum.


Experimental Section


General remarks : Unless otherwise stated, commercially available reagent
grade chemicals were used as received. Cadmium(��) trifluoromethane
sulfonate[12] and tetraacetonitrilecopper(�) perchlorate[13] were prepared
according to literature methods. Monoprotected derivatives of ethylenedi-
amine and 1,3-diaminopropane, BOC-en and BOC-pn respectively, were
obtained as previously described.[14]


Column chromatography was carried out on silica gel60 (Merck 9385).


Spectrophotometric or fluorimetric grade solvents were used for spectro-
scopic measurements.


UV/Vis spectra were recorded on a Hewlett-Packard8452A diode array
spectrophotometer; emission spectra were recorded on a Perkin ±Elmer
LS-50B luminescence spectrometer.


NMR spectra were recorded on a Bruker AMX400 spectrometer.


Mass spectra were obtained with an LCQDECA ion trap mass spectrom-
eter equipped with an electrospray ionization (ESI) ion source and
controlled by Xcalibur software 1.1 (Thermo-Finnigan). For sample
injection, the instrument syringe pump was used at a flow rate of
5 �Lmin�1. Experiments with solutions containing equimolecular amounts
of metal ion (ZnII or CuI) and ditopic ligand (2 or 3) in acetonitrile were
carried out under constant instrumental conditions: source voltage 0.5 kV,
capillary voltage 41 V, sheet gas flow 60 (arbitrary units), capillary temper-
ature 100 �C, tube lens voltage �20 V. Resolution was usually set at 10000
to obtain high-resolution spectra.


Spectrophotometric and spectrofluorimetric titrations were performed on
10 mL samples of solutions of the bis-chelate ligand (10�5�) in CHCl3 or
CH3CN, by microadditions of CH3CN stock solutions of Zn(CF3SO3)2,
Cd(CF3SO3)2 or [Cu(CH3CN)4]ClO4. In each experiment, the overall
addition was limited to �200 �L, so that both volume increment and
solvent polarity variation were not significant.


The fluorescence decay curves were recorded on an Edinburgh Instruments
Model FL900 time-correlated single-photon counting spectrometer, at the
Centro Grandi Strumenti (Universita¡ di Pavia). The instrument was
operated with a flash lamp filled with H2 at a pressure of 0.4 atm, with a
frequency of 40 kHz and a pulse-width of 1.0 ns.


The relative fluorescence quantum yields were obtained by the optically
diluted method,[15] with anthracene (�� 0.27 in EtOH) as a reference.[16]
N,N�-Bis(tert-butoxycarbonylaminoethyl)-1,8:4,5-naphthalenetetracarbox-
ylicdiimide (4): BOC-en (1.46 g, 9.1 mmol) and Et3N (0.7 mL, 5 mmol)
were added to a mechanically stirred suspension of 1,8:4,5-naphtalene
dianhydride (1.20 g, 4.55 mmol) in iPrOH (70 mL). The resulting mixture
was refluxed for 72 h. After cooling to room temperature, a white solid
formed that was filtered, washed with MeOH and purified by liquid
chromatography (SiO2, CHCl3/MeOH 98:2, Rf� 0.62). Yield: 81.3%;


1H NMR (400 MHz, [D6]DMSO, 25 �C): �� 1.3 (s, 18H; CH3), 3.4 (t, 4H;
CH2), 4.3 (t, 4H; CH2), 7.0 (t, 2H; NH), 8.7 (s, 4H; ArH); MS (ESI): m/z
(%): 575.2 (100) [M��Na], 519 (12); elemental analysis calcd (%) for
C28H32N4O8: C 60.84, H 5.84, N 10.14; found: C 59.89, H 5.6, N 9.49.


N,N�-Bis(tert-butoxycarbonylaminopropyl)-1,8:4,5-naphthalenetetracar-
boxylicdiimide (5): Diimide 5 was obtained by the procedure described for
compound 4, starting with BOC-pn. Yield: 58.7%; 1H NMR (400 MHz,
[D6]DMSO, 25 �C): �� 1.3 (s, 18H; CH3), 1.7 (m, 4H; CH2), 3.0 (m, 4H;
CH2), 4.0 (t, 4H; CH2), 6.8 (t, 2H; NH), 8.7 (s, 4H; ArH); MS (ESI): m/z
(%): 603.3 (100) [M��Na], 554.7 (26), 547.3 (14).
N,N�-Bis(aminoethyl)-1,8:4,5-naphthalenetetracarboxylicdiimide (6): Tri-
fluoroacetic acid (15 mL) was added dropwise to a stirred suspension of 4
(1.98 g, 3.6 mmol) in CH2Cl2 (15 mL). The resulting pale yellow solution
was stirred for 2 h. The solvent was removed on a rotary evaporator. The
residue was treated with n-heptane (2� 50 mL), and the azeotropic
mixture trifluoroacetic acid/n-heptane was evaporated in vacuo[17] to afford
a yellow solid, which is the trifluoromethanesulfonate salt of diamine 6 and
was used as a reagent in the following step. Yield: 86.6%; 1H NMR
(400 MHz, [D6]DMSO, 25 �C): �� 3.1 (m, 4H; CH2), 4.3 (t, 4H; CH2), 7.8
(br s, 6H; NH3�), 8.7 (s, 4H; ArH); MS (ESI): m/z (%): 353.1 (100)
[M��H], 177.1 (25).
N,N�-Bis(aminopropyl)-1,8:4,5-naphthalenetetracarboxylicdiimide (7):
Diimide 7 was obtained from 5 by the procedure described for compound
6. Yield: 97.8%; 1H NMR (400 MHz, CD3OD, 25 �C): �� 2.15 (m, 4H;
CH2), 3.1 (t, 4H; CH2), 4.3 (t, 4H; CH2), 8.7 (s, 4H; ArH); MS (ESI): m/z
(%): 761.0 (24) [2M��H], 381.1 (100) [M��H], 364.2 (39).
N,N�-Bis[(2-pyridylmethylene)aminoethyl]-1,8:4,5-naphthalenetetracar-
boxylicdiimide (2): A solution of 2-pyridinecarboxyaldehyde (previously
distilled under reduced pressure, 0.164 mL, 1.72 mmol) and Et3N (0.240 mL,
1.72 mmol) in dry MeOH (50 mL) was added dropwise to a solution of 6
(0.5 g, 0.86 mmol) in dry MeOH (100 mL). The resulting mixture was stirred
for 4 h, and the formation of a white precipitate was observed. The solid
product was filtered off and washed with diethyl ether. Yield: 98.6%;
1H NMR (400 MHz, CD3CN, 25�C): �� 4.0 (t, 4H; CH2); 4.5 (t, 4H; CH2);
7.35 (m, 2H; ArH); 7.8 (t, 2H; ArH); 7.9 (d, 2H; ArH); 8.35 (s, 2H; CH);
8.55 (d, 2H; ArH); 8.7 (s, 4H; ArH); MS (ESI): m/z (%): 553.3 (45)
[M��Na], 531.3 (100) [M��H], 442.4 (29); elemental analysis calcd (%) for
C30H22N6O4: N 15.84, C 67.92, H 4.18; found: N, 16.13, C 67.79, H 3.91.


N,N�-Bis[(2-pyridylmethylene)aminopropyl]-1,8:4,5-naphthalenetetracar-
boxylicdiimide (3): The bis-chelate ligand 3 was prepared from compound
7, by the procedure described for 2. Yield: 62.4%; 1H NMR (400 MHz,
CDCl3, 25 �C): �� 2.25 (m, 4H; CH2), 3.8 (t, 4H; CH2), 4.4 (t, 4H; CH2), 7.3
(m, 2H; ArH), 7.6 (t, 2H; ArH), 7.75 (s, 4H; ArH) 7.8 (d, 2H; ArH), 8.4 (s,
2H; ArH), 8.55 (d, 2H; ArH), 8.8 (s, 4H; ArH); MS (ESI): m/z (%): 559.3
(100) [M��H], 470.3 (11), 280.1 (55); elemental analysis calcd (%) for
C32H26N6O4: N 15.04, C 68.81, H 4.69; found: N, 14.79, C 68.91, H 4.55.


[Zn2(2)2](CF3SO3)4 : A solution of Zn(CF3SO3)2 (68 mg, 0.188 mmol) in
MeCN (20 mL) was addded dropwise to a solution of 2 (0.1 g, 0.188 mmol)
in CHCl3 (180 mL). The solution became cloudy and the pale yellow
precipitate, formed after stopping the magnetic stirring, was collected by
filtration. Yield: 72.1%; 1H NMR (400 MHz, CD3CN, 25 �C): �� 3.85 (t,
8H; CH2); 4.1 (t, 8H; CH2); 7.9 (m, 4H; ArH); 8.1 (d, 4H; ArH); 8.3 (s,
8H; ArH); 8.35 (t, 4H; ArH); 8.6 (d, 4H; ArH); 8.9 (s, 4H; CH); MS
(ESI): m/z : 1694.7 [M��CF3SO3]; elemental analysis calcd (%) for
C64H44F12N12O20S4Zn2: N 9.40, C 42.99, H 2.48; found: N, 9.69, C 43.18, H
2.61.


[Zn2(3)2](CF3SO3)4: The dizinc(��) complex formed by 3 was obtained by the
same procedure described for [Zn2(2)2](CF3SO3)4. Yield: 64.5%; MS (ESI):
m/z: 1638.8 [M��CF3SO3]; elemental analysis calcd (%) for
C68H52F12N12O20S4Zn2: N 9.13, C 44.35, H 2.85; found: N, 8.94, C 44.18, H 2.97.


Results and Discussion


Syntheses : Systems 2 and 3 were prepared according to the
general synthetic pathway shown in Scheme 1.
The diamino derivatives 6 and 7 could be obtained, in


principle, by direct reaction of 1,8:4,5-naphthalene dianhy-
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Scheme 1.


dride with excess diamine (ethylenediamine or 1,3-diamino-
propane), but all attempts to carry out this synthesis always
gave mixtures of unidentified products, possibly oligomeric
species. Therefore, the syntheses of the diamines 6 and 7 were
performed by a two-step procedure consisting of 1) reaction
of 1,8:4,5-naphthalene dianhydride with the monoprotected
diamine (mono-BOC-ethylenediamine, BOC-en or mono-
BOC-1,3-diaminopropane, BOC-pn previously prepared) in
the presence of a basic catalyst (e.g. Et3N); 2) deprotection of
the bis-BOC adducts 4 and 5 to afford the diamines as their
trifluoromethanesulfonate salts. The isolation of 6 and 7 as
neutral products was not necessary and their salts were
directly used in the final step, a Schiff condensation in MeOH,
in the presence of an equimolar amount of base (Et3N). The
bis-chelate systems 2 and 3 were obtained with overall yields
of 70 and 36%, respectively.
ZnII complexes were isolated as pale yellow microcrystal-


line compounds by slow evaporation of solutions containing
equimolecular amounts of the metal ion and the ditopic ligand
in MeCN. Although several attempts to grow X-ray quality
crystals by slow diffusion of diethyl ether in solutions of
complexes in CHCl3 or MeCN afforded pale yellow needles,
these were not of satisfactory quality for crystallographic
investigations.
CuI complexes were isolated as dark red solids that slowly


turned greenish-brown when exposed to air. The low stability
of copper(�) complexes could result from oxidation by
dioxygen and subsequent imine hydrolysis induced by cop-
per(��).


Absorption and emission properties of systems 2 and 3 : The
derivatives of naphthalenediimide are well-known chromo-
phores and fluorophores that display typical absorption and
emission spectra, and their photophysical properties have
been extensively studied.[18] The spectroscopic properties of
systems 2 and 3 are very similar to those reported in the
literature for analogous derivatives (see, for instance, N,N�-
dibutyl naphthalenediimide, 8).[18] Absorption and emission
data are summarised in Table 1.


The electronic absorption spectra of the naphthylamides 2
and 3 (the spectrum of 2 in CHCl3 is reported in Figure 1)
show a band centred at �� 270 ± 280 nm, ascribed to the �-
conjugated iminopyridine moiety, and the typical bands in the
range �� 330 ± 390 nm, attributed to the diimido-aromatic
system, whose intensities (see � values in Table 1) are very
close to those reported for the reference compound N,N�-
dibutylnaphthalenediimide 8.


Figure 1. Absorption and emission spectra of system 2 : a) absorption
spectrum in CHCl3 (10�5�); b) emission spectrum in CHCl3 (10�5�);
c) emission spectrum in CHCl3 (2.5� 10�5�).


The emission spectra, which are the mirror images of the
corresponding long-wavelength absorption bands (see Fig-
ure 1), show a weak intensity, and the low quantum yield
values (�� 0.0017 ± 0.0018) are in agreement with those
reported for related naphthalenediimides (e.g., �� 0.0018 in
MeCN and 0.0019 in CH2Cl2 has been found for compound


Table 1. Absorption and emission data for systems 2, 3 (in CHCl3) and for
reference compound 8 (in CH2Cl2).[18b]


�abs [nm] � [��1 cm�1] �em [nm][a] �


2 274 12600 386 0.0018
360 19900 409
382 24100


3 280 14600 387 0.0018
360 20800 409
382 25300


8 357 23500 386 0.0019
377 28300 407


[a] �exc : 351 nm (for 2 and 3) and 330 nm (for 8).
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8[18b]). Fluorescence lifetimes for compounds 2 and 3 were not
measured, because they are shorter than the resolution of our
equipment; however, in any case, experimental results
indicate that �f values are lower than 1 ns, in agreement with
the value reported for similar derivatives (�20 ps[18a]).
The poor emissivity and the very short lifetimes should be


caused by a fast deactivation of the singlet ��* state to a close-
lying triplet state, as previously observed for the reference
naphthalenediimide 8[18b] and other related compounds.[19]


An interesting feature arises from the ability of naphtha-
lenediimide systems to form excimeric species, even in dilute
solutions (e.g. �2� 10�5� for the dibutyl derivative in
MeCN).[18b] Systems 2 and 3 display similar behaviour as a
broad band centred at �� 480 nm appears in their emission
spectra at concentration values higher than 10�5� (see
Figure 1).


Interaction of system 2 with metal ions–spectrophotometric
ESI-MS and 1H NMR studies : The interaction with different
metal ions in solution was initially studied with spectrophoto-
metric titration experiments in order to assess the stoichiom-
etry of the assembled species. Solutions (10�5�) of the ditopic
ligands in CHCl3 or MeCN were titrated with metal ions (CuI,
ZnII, CdII) and the absorption spectra taken after each
addition of metal. In each case, a substantial variation of the
initial spectrum was observed: the band at �� 274 nm,
assigned to the absorption of the iminopyridine moiety and
directly involved in the coordination process, underwent both
a red shift (by �12 nm) and a distinct intensity increase. The
absorption bands ascribed to the naphthalenediimide moiety
experienced a less clear red-shift (2 ± 4 nm) and an intensity
decrease. These changes are observed until one equivalent of
metal ion is added, then less evident spectral changes take
place; in particular, a small intensity decrease of the band at
�� 286 nm is observed.
Absorption spectra registered during the titration experi-


ment of 2 with zinc(��) triflate are reported in Figure 2.


Figure 2. Absorption spectra recorded during the titration of a CHCl3
solution of 2 (10�5�) with zinc(��).


The titration with copper(�) also induces the appearance and
the development of a new broad band in the visible range
(maximum at �� 470 nm, �max� 5990); this kind of absorption
band is very common in copper(�) complexes of ligands
containing donor sp2 nitrogen atoms and can be ascribed to an
MLCT transition.[8e, 20]


The titration profiles (see Figure 3) obtained by plotting the
absorbance value at 390 nm versus n (metal equiv/ligand
equiv) indicate the formation of adducts with an apparent 1:1
stoichiometry in all cases. However, the slight spectral


Figure 3. Profiles obtained in the spectrophotometric titration experi-
ments of 2 (10�5�) in CHCl3 with CuI, ZnII and CdII (n� equiv of added
metal ion/equiv of 2).


changes observed at higher metal ion concentrations (i.e. the
intensity variation of the iminopyridine band) and the loss of
the distinct isosbestic points towards the end of the titrations
cannot exclude the formation of complexes with different
stoichiometry, when excess metal ion is present in solution.
These results can be interpreted at first on the basis of


molecular modelling studies, which lead to the conclusion that
the formation of a complex species with an actual 1:1
stoichiometry is sterically disfavoured because the rigidity of
the naphthalenediimide spacer prevents the ditopic ligand
from wrapping around a single metal ion. Molecular models
clearly indicate that dinuclear complexes, namely [2�2]
species, are highly favoured for all the considered metal ions.
Figure 4 shows the energy-minimized structures obtained with
the HyperChem software package for the two adducts
[Cu2(2)2]2� and [Zn2(2)2(MeCN)4]4�.
The formation of [2�2] adducts satisfies the coordinative


demands of tetrahedral copper(�), while anionic ligands or


Figure 4. Molecular models for a) [Cu2(2)2]2� and b) [Zn2(2)2(MeCN)4]4�,
which were obtained by the HyperChem software package (MM� force
field). Two perspective views, elaborated by SymApps software (Bio-Rad
laboratories), are reported for each adduct to show the face-to-face
position of the naphthalenediimide moieties. Hydrogen atoms are omitted
for clarity.
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solvent molecules can complete the coordination spheres of
zinc(��) and cadmium(��), which more usually form five- or six-
coordinate complexes. However, the apparent 1:1 stoichiom-
etry determined by titration experiments could correspond to
the formation of other oligonuclear complexes: in principle,
[3�3] or [4�4] adducts may coexist in solution with the
dinuclear species.
In order to assess more clearly the identity of the complex


species formed in solution by the ditopic ligand 2, further
investigations have been performed by electrospray ioniza-
tion mass spectroscopy (ESI-MS). In recent years, the ESI-MS
technique has been successfully used for the detection of
supramolecular species in solution and has been particularly
helpful for identifying polynuclear metal complexes.[21]


The ESI-MS spectrum of a solution containing equimolec-
ular amounts of zinc(��) triflate and 2 (5� 10�5�) in acetoni-
trile is shown in Figure 5. It shows peaks at m/z 1638.9
(corresponding to [Zn2(2)2(CF3SO3)3�]) and 745.2
([Zn2(2)2(CF3SO3)2�], base peak). Peaks of lower intensity
have been also observed atm/z 447.4 ([Zn2(2)2CF3SO33�]) and
297.9 ([Zn2(2)24�]). The charge-state determination of the
peaks was performed by high-resolution scan experiments. A
peak separation of 0.5 is observed in the high-resolution
spectrum corresponding to the main peak at m/z 745.2 (see


Figure 5. ESI-MS spectrum of an equimolar mixture of 2 and Zn(CF3SO3)2
in acetonitrile (5� 10�5�). The high-resolution spectra, reported in the
insets, show typical peak separations (0.5, 0.33 and 0.25 for [2� ], [3� ] and
[4� ] species, respectively) which confirm the multiple charge states of the
depicted ions. [�]:[Zn2(2)2CF3SO3)3�]; [2� ]: [Zn2(2)2(CF3SO3)22�]; [3� ]:
[Zn2(2)2CF3SO33�] ; [4� ]: [Zn2(2)24�].


Figure 5), confirming the authenticity of the dinuclear com-
plex species [Zn2(2)2(CF3SO3)2�]. Moreover, peak separations
of 0.33 and 0.25 have been observed in the isotopic
distributions corresponding to the peaks at m/z 447.4 and
297.6, respectively, as expected for the tri- and tetrapositive
ions to which they have been assigned.
ESI-MS spectrum of solutions containing equimolecular


amounts of [Cu(MeCN)4]ClO4 and 2 (5� 10�5�) in acetoni-
trile exhibits peaks at m/z 1287.6 (corresponding to
[Cu2(2)2ClO4�], base peak) and 594.5 ([Cu2(2)22�]; peak
separation in the high-resolution spectrum: 0.5). Moreover,
a peak of lower intensity (�10%) has been observed at m/z
1980.7. It can be ascribed to the [Cu3(2)3(ClO4)2�] species,
showing that, in the case of copper(�), the [3�3] adduct is
present in solution as a minor component, in equilibrium with
the main species, the dinuclear complex.
Tetradentate bis-chelating ligands, as previously reported in


analogous examples,[8e, 11] can form, in principle, either helical
or nonhelical [2�2] complexes with tetrahedral or octahedral
metal centres. The stereochemistry of the possible adducts has
been assessed for copper(�) complexes: the helical form can
exist as a couple of enantiomers (S,S and R,R configurations),
while the nonhelical form is represented by the two super-
imposable meso isomers (R,S and S,R configurations).[11a]


Analogous considerations can be made for complexes with
nontetrahedral metal centres (e.g., ZnII or CdII).[11]


Although molecular models indicate that the nonhelical (or
box form) is preferred for all the complexes formed by 2,
NMR studies have been performed in order to gain a better
insight on which stereoisomer (or mixture of stereoisomers)
exists in solution.
The spectra of the free ligand 2 and of its adduct [Zn2(2)2]4�


in CD3CN are reported in Figure 6.


Figure 6. 1H NMR spectra of 2 (top) and [Zn2(2)2]4� (bottom) in CD3CN
(25 �C, 5� 10�4�).


The spectrum pertaining to the zinc(��) complex can be
measured either on a solution of [Zn2(2)2](CF3SO3)2 (5�
10�4�) or 2 (5� 10�4�) and an equimolecular amount of
Zn(CF3SO3)2 in CD3CN. The identical results obtained from
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the two measurements indicate that the same species (or
mixture of species) is present in solution both when the
preformed complex is dissolved in CD3CN and when 2 and the
metal ion are allowed to react in situ. The low solubility of the
complex in CHCl3 prevents analogous 1H NMR measure-
ments in CDCl3 from being carried out.
When compared to the spectrum of 2, the spectrum of the


zinc(��) complex shows a downfield shift of the resonances of
the protons belonging to the iminopyridine moieties that are
directly involved in the interaction with the metal ion, and an
upfield shift for naphthalene and aliphatic protons. If the two
aromatic spacers are forced to face each other by the
coordination of the two metal ions, as predicted by molecular
models (see Figure 4), this shielding effect can be interpreted
in terms of a ring-current effect exerted by each naphtha-
lenediimide system on the protons belonging to the other
ligand molecule.
The much less intense series of signals in the spectrum of


the complex can be ascribed to the existence of small amounts
of other species in equilibrium with the [2�2] adduct.
Particular attention should be devoted to the signals from


the naphthalene and ethylene protons (a singlet and a double
triplet, respectively, in both spectra) for which no significant
multiplicity variation is observed upon metal ion coordina-
tion.
Previous studies carried out on different metal helicates


(CuI, AgI or ZnII) containing [2�2] adducts[11a, 22] showed that
1H NMR spectra of the complexes, when compared with the
spectra of the uncoordinated ligands, display an increased
complexity. In particular, the diastereotopic nature of the
methylene protons close to a stereogenic metal centre results
in an increased multiplicity of their signals.
The interaction of 2 with ZnII does not induce any


detectable variation in the multiplicity of the signals attrib-
uted to the potentially diastereotopic methylene protons, and
this allows us to exclude the formation of helical species in
solution. Indeed the single set of signals displayed by the
[Zn2(2)2]4� spectrum, on the NMR timescale at room temper-
ature, is consistent with the existence in solution of only one
main species (the presence of undetectable amounts of other
isomers cannot be excluded), namely, the highly symmetrical
nonhelical [2�2] adduct.
More information on the interaction of 2 with metal ions


has been obtained by performing NMR measurements on
solutions of the ditopic ligand in the presence of an increasing
amount of zinc(��) triflate (0.5, 1.0, 1.5, 2.0, 4.0 equiv) in
CD3CN. The spectral variations observed for the signals from
the aliphatic protons are summarized in Figure 7.
The spectrum obtained in the presence of 0.5 equivalents of


zinc(��) is more complex than those of the simple system 2 and
of the [2�2] adduct, as expected for the occurrence in solution
of more than one species.
Interesting considerations arise from an analysis of the


spectra obtained in the presence of excess metal ion. The
signals ascribed to the �CH2�CH2� chain change from two
triplets (at �� 3.84 and 4.10) to four triplets (at �� 3.84, 4.10,
4.17 and 4.51), as two new signals at lower fields appear when
the metal/ligand ratio, n, is increased from 1 to 1.5 (see
Figure 7). The relative intensity of the new triplets increases


Figure 7. 1H NMR spectra of a solution of 2 in CD3CN (25 �C, 5� 10�4�) in
the presence of increasing amounts of zinc(��) where n� equiv of ZnII/equiv
of 2. Signals corresponding to aliphatic protons (labelled as b and c in
Figure 6) are reported. (#): free ligand 2 ; (ß): [Zn2(2)2]4� ([2�2] adduct);
(*): [Zn2(2)]4�.


with the metal ion concentration and they are the only signals
pertaining to the aliphatic protons when a fourfold excess of
zinc(��) is added. This suggests the formation of a new complex
species in solution when the metal ion concentration exceeds
the 1:1 ratio according to the disassembling process described
in Equation (1):


[Zn2(2)2]4�� 2Zn2� � 2[Zn2(2)]4� (1)


As in the disassembled species, the ring-current effect is no
longer active (the two naphthalenediimide moieties are now
separated from each other), and the resonances of the
aliphatic protons undergo a downfield shift ; this accounts
for the appearance of the new set of signals.
Similar considerations can be made by observing the history


of the singlet pertaining to the naphthalene protons. The
signal at �� 8.68 gradually disappears as a new singlet at ��
8.26 grows, when the assembling process takes place; the
resonance of this signal is again shifted to lower fields (��
8.74) as the increase of metal ion concentration induces the
disassembling of the [2�2] adduct, confirming the role of the
face-to-face interaction between the naphthalenediimide
moieties.
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Probing the assembling and disassembling processes by
steady-state and time-resolved spectrofluorimetry : The ef-
fects of the metal-ion coordination on the emission properties
of 2 were studied by carrying out spectrofluorimetric titration
experiments. Figure 8 shows the emission spectra registered
during the titration of a CHCl3 solution of 2 with zinc(��): a
broad band centred at �� 480 nm appears and its intensity
increases until one equivalent of metal ion is added; at higher
concentrations of zinc(��), the intensity of this band decreases
(it almost disappears after the addition of 4 equiv of metal
ion).


Figure 8. Emission spectra recorded during the titration of 2 (10�5� in
CHCl3) with zinc(��): a) the intensity of the broad band at �� 480 nm
increases as n (equiv of ZnII/equiv of 2) is increased from 0 to 1; b) the band
at �� 480 nm decreases as n becomes higher than 1.


The addition of cadmium(��) induces similar spectral
variations, in a similar manner to the addition of zinc(��),
whereas, in the case of copper(�), no substantial change in the
emission spectrum of the ligand was observed.
The following considerations can be made on the basis of


these results:
1) The formation of [2�2] adducts (1:1 formal stoichiometry)
is confirmed.


2) The broad emission band at �� 480 nm formed uponmetal
ion (ZnII or CdII) addition is very similar to the excimeric
band observed for concentrated solutions of the ligands
and can be ascribed to an excimeric species derived from
the intramolecular interaction between the two naphtha-
lenediimide moieties, which in the [2�2] assemblies lie on
parallel planes facing each other, as shown by molecular
models (see Figure 4).


3) The decrease of the excimeric emission intensity at metal
concentration values exceeding the 1:1 stoichiometry can
be accounted for by the disassembling of the [2�2] species
according to Equation (1). It should be noted that this
process is not clear on the basis of the spectrophotometric
titration results, since only slight variations in the absorp-
tion spectrum of 2 were observed when metal ions in
solution exceeded the 1:1 ratio (see above).


4) The absence of the excimer band in emission spectra of the
copper(�) complex could be ascribed to an auto-absorption
process, since the complex displays the strong MLCT
absorption band in same the spectral region (�max�
480 nm); however, addition of excess Cu� ion results in a
disassembling process and a consequent slight enhance-
ment of the locally excited state emission (�� 380 ±
420 nm).
The solution behaviour of system 2 in the presence of


zinc(��) or of cadmium(��) can be summarized by commenting
on the titration profile in which the emission intensity at ��
480 nm is plotted versus the equivalents of metal ion (see
Figure 9). The plots can be imagined as being split into two
parts: 1) the left (rising) arm (with 0� n� 1) in which the


Figure 9. Profiles obtained in the spectrofluorimetric titration of 2 (10�5�
in CHCl3) with zinc(��) and cadmium(��): assembly and disassembly of the
[2�2] adduct are signalled by the increasing (left-hand part of the plot) and
decreasing (right-hand part) of the excimeric band intensity. n� equiv of
added metal ion/equiv of 2.


assembling process takes place; the formation of the [2�2]
adduct is signalled by the formation of an excimeric species
and the development of its characteristic emission band;
2) the right (decreasing) arm (n� 1), in which the [2�2]
species gradually disassembles as the metal ion concentration
increases in solution. The disassembling process is signalled by
the disappearance of the excimer and of its emission band.
The overall assembling/disassembling process for the


system Zn2�/2 was also investigated by time-resolved fluo-
rescence measurements, observing the effects on the fluo-
rescence decay behaviour of system 2 induced by its
interaction with metal ions.
The free ligand 2 displays a single exponential fluorescence


decay, with a lifetime shorter than 1 ns, as mentioned above
for all derivatives studied.
When the metal ion (Zn2� or Cd2� ) is added to a solution


containing 2 (10�5�) in CHCl3, the fluorescence decay profile
can only be fitted by employing two exponential terms and
reveals the presence of a double lifetime (�1� 1 ns and �2�
15.9 ns, respectively): the longer lifetime can be ascribed to
the expected intramolecular excimer. The abundance of the
long-lived component increases (up to 70%) with the
concentration of the metal ion until 1:1 stoichiometry is
reached. On further addition of Zn2�, the abundance of the
long-lived species decreases and it is equal to 19% when two
equivalents have been added.
The roughly bell-shaped profile obtained by plotting the


abundance values of the long-lived species versus the
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Figure 10. Effect of the interaction with ZnII on the fluorescence decay of
2 : the abundance of the long-lived component (�2� 15.9 ns) increases up to
70% in the 0�n� 1 range (n� equiv of added metal ion/equiv of 2), as
expected for the formation of an intramolecular excimer from the [2�2]
adduct; the disassembling process and consequent excimer disappearance
is confirmed by the decrease of the long-lived component abundance when
n� 1.


equivalents of added metal ion (see Figure 10) again repre-
sents the overall assembling/disassembling process which
system 2 undergoes in the presence
of zinc(��).


Solution behaviour of system 3 : The
interaction of bis-chelate 3 with
metal ions in solution has been
studied mainly by spectrophotomet-
ric and spectrofluorimetric experi-
ments. The results are quite similar
to those already described for sys-
tem 2, indicating that the variation
of the length of aliphatic chains
between the iminopyridine frag-
ments and the naphthalenediimide
moiety (tri- rather than dimethylene
spacers are present in system 3) does
not induce particular effects on the
solution behaviour of the quadri-
dentate ditopic ligand. In fact, bis-
chelate 3 forms complexes with CuI,
ZnII and CdII according to an appa-
rent 1:1 stoichiometry (see the spec-
trophotometric titration profile in
Figure 11).
ESI-MS experiments have been


carried out on solutions containing 3
and the metal ion (ZnII or CuI) in
acetonitrile in order to identify the
complex species present in solution.
In the case of zinc(��), the ESI-MS


spectrum (Figure 12) shows peaks at
m/z 1695.0 ([Zn2(3)2(CF3SO3)3�])
and 773.3 ([Zn2(3)2(CF3SO3)2�],
base peak). Low-intensity peaks
are also observed at m/z 465.5
([Zn2(3)2CF3SO33�]) and 311.5
([Zn2(2)24�]). The authenticity of
the multiple charged species (di-,
tri- and tetrapositive ions) are con-
firmed by the high-resolution spec-


tra in which peak separations of 0.5, 0.33 and 0.25, respec-
tively, are observed.
The ESI-MS spectrum obtained in the case of copper(�)


exhibits peaks at m/z 1343.1 (corresponding to


Figure 11. Profiles obtained in the spectrophotometric (�) and spectro-
fluorimetric (�) titrations of 3 (10�5� in CHCl3) with zinc(��). The
assembling process (the formation of the adduct with a 1:1 stoichiometry)
is signalled by an increase of the excimeric fluorescence intensity (0� n� 1
range) while the disassembling process induces a decrease (n� 1).


Figure 12. ESI-MS spectrum of an equimolar mixture of 3 and Zn(CF3SO3)2 in acetonitrile (5�10�5�).
Typical peak separations (0.5, 0.33 and 0.25 for [2� ], [3� ] and [4� ] species, respectively) are observed in
the high-resolution spectra, reported in the insets, confirming the multiple charge states of the depicted ions.
[�]: [Zn2(3)2(CF3SO3)3� ]; [2� ]: [Zn2(3)2(CF3SO3)22�]; [3� ]: [Zn2(3)2CF3SO33�] ; [4� ]: [Zn2(3)24�].
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[Cu2(3)2ClO4�], base peak) and 621.6 ([Cu2(2)22�]; peak
separation in the high-resolution spectrum: 0.5). Low-inten-
sity peaks at m/z 2065.3 (10%) and 2786.7 (15%), which can
be ascribed to the trinuclear ([Cu3(3)3(ClO4)2�]) and tetranu-
clear complex ([Cu4(3)4(ClO4)3�]), respectively, have been
also observed. These results suggest that the polynuclear
species (i.e., the [3�3] and/or [4�4] adducts) form in solution,
as minor species, when the metal ion is the tetrahedral
copper(�), but they are not favoured (as observed also in the
case of system 2) when the assembling process is driven by
zinc(��) and, in any case, the [2�2] adduct represents the main,
if not the unique, assembled species in solution.
Spectrofluorimetric measurements show that the interac-


tion of 3with ZnII or CdII induces the appearance of the strong
excimeric band centred at �� 480 nm in the emission
spectrum of the ligand. The intensity of this band, as already
described for system 2, increases until a 1:1 metal/ligand ratio
is reached and decreases when excess metal ion is added (see
the spectrofluorimetric titration profile in Figure 11).
This behaviour indicates, as in the case of 2, the formation


of a [2�2] adduct in which an intramolecular interaction
between the two naphthalenediimide subunits can generate
an excimer excited species. Again, the assembling and the
disassembling of the [2�2] adduct, which are controlled by the
concentration of the metal ion (ZnII or CdII) in solution, can
be therefore signalled by the appearance and the disappear-
ance, respectively, of the excimeric band in the emission
spectrum.
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Post-Assembly Processing of [2]Rotaxanes**
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Abstract: The concept of using [2]ro-
taxanes that carry one or more surrogate
stoppers which can subsequently be
converted chemically into other struc-
tural units, resulting in the formation of
new interlocked molecular compounds,
is introduced and exemplified. Starting
from simple NH2


�-centered/crown-
ether-based [2]rotaxanes, containing ei-
ther one or two benzylic triphenylphos-
phonium stoppers, the well-known Wit-
tig reaction has been employed to make,
1) other [2]rotaxanes, 2) higher order
rotaxanes, 3) branched rotaxanes, and 4)
molecular shuttles–all isolated as pure


compounds, following catalytic hydro-
genations of their carbon ± carbon dou-
ble bonds, obtained when aromatic al-
dehydes react with the ylides produced
when the benzylic triphenylphosphoni-
um derivatives are treated with strong
base. The two starting [2]rotaxanes were
characterized fully in solution and also
in the solid state by X-ray crystallogra-


phy. The new interlocked molecular
compounds that result from carrying
out post-assembly Wittig reactions on
two [2]rotaxanes were characterized by
(dynamic) 1H NMR spectroscopy. In the
case of a molecular shuttle in which the
crown ether component is dibenzo[24]-
crown-8 (DB24C8), shuttling is slow on
the 1H NMR timescale, even at high
temperatures. However, when DB24C8
is replaced by benzometaphenylene[25]-
crown-8 as the ring component in the
molecular shuttle, the frequency of the
shuttling is observed to be around
100 Hz in [D4]methanol at 63 �C.


Keywords: mechanical bond ¥
molecular recognition ¥ molecular
shuttle ¥ template synthesis ¥ Wittig
reactions


Introduction


Mechanically interlocked molecules[1] are composed of two or
more components between which there are no covalent
bonds; only noncovalent bonds usually and at least one
mechanical bond are present. Examples include the rotax-


anes.[2] They are molecules in which one or more rings become
trapped on a dumbbell-shaped component by two bulky
terminal stoppers. They represent a major subset of inter-
locked molecular compounds[3] and have attracted much
attention in recent years because of their potential shuttling[4]


and switching[5] properties. On account of these properties,
they provide a means[6] of constructing linear motor-mole-
cules[7] and other forms of artificial molecular machinery[8] on
the tiniest of scales, namely the nano one. Also, as a
consequence of their mechanical characteristics and bistable
hysteretic attributes, they are now being fine-tuned and
fashioned for fabrication and incorporation[9] into molecular
electronic devices.[10] So far, these devices have included
electronically configurable[11] and reconfigurable[12] switches,
which have made it possible[13] very recently to create[11, 12]


both memory and logic circuits–two crucial milestones that
must be reached if a finite-state molecular computer[14] is ever
going to become a reality.
During the past 15 years, the exploitation of the funda-


mental aspects of molecular recognition,[15] together with the
development of the concept of self-assembly,[16] also referred
to as noncovalent (supramolecular) synthesis,[17] has led to the
evolution of highly efficient template-directed proce-
dures[18]–sometimes called supramolecular assistance to co-
valent synthesis[19]–for constructing interlocked molecular
compounds.[1]
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Although a wide range of supramolecular synthons[20] have
already been employed[1] as recognition motifs to bring
together the separate components of catenanes and rotaxanes,
our discovery[21] in the early 90s, that secondary dialkylam-
monium ions (R2NH2


�) will spontaneously thread through the
cavities of appropriately sized crown ethers has led, in
addition to our publishing more than 60 short communica-
tions and full papers, to an enormous amount of interest being
shown by other research workers[22] in this simple and
appealing way to assemble a whole new class of interlocked
molecular compounds from inexpensive or readily available
starting materials. It remains an attractive proposition to look
for new synthetic protocols to aid and abet the further
covalent modification and planned manipulation of inter-
locked molecules constructed originally using this particular
recognition motif.
We can use [2]rotaxane I (Figure 1), which carries a


surrogate stopper that can be chemically converted into
another terminal group and results in a new interlocked


Figure 1. Graphical representation of the threading-followed-by-stopper-
ing approach to [2]rotaxanes and the subsequent stopper-exchange
concept.


molecule II, as a building block
to construct infinitely more
complex interlocked molecules.
Here, we apply the well-known
Wittig reaction, starting from
simple [2]rotaxanes that con-
tain either one or two benzylic
triphenylphosphonium stop-
pers, to make other 1) [2]rotax-
anes, 2) higher order rotaxanes,
3) branched rotaxanes, and 4)
molecular shuttles. The results,
which amount to an important
and convincing proof of princi-
ple, have already been present-
ed in skeleton format in a
couple of short communica-
tions.[23]


Results and Discussion


The syntheses of two mono(tri-
phenylphosphonium)-ion-stop-
pered [2]rotaxanes are shown in
Scheme 1. On account of the


fact that the free species and the pseudorotaxane are in slow
exchange on the 1H NMR timescale, the ability of the bromo-
thread[23a] 1 a-H ¥ PF6 to form a [2]pseudorotaxane [DB24C8�
1 a-H]PF6 with DB24C8 was demonstrated by 1H NMR
spectroscopy. A Ka value of 400��1 was calculated, based on
the single-point method[24] in CD3CN. Building on this
complexation, the template-directed synthesis of the [2]ro-
taxane 2 a-H ¥ 2PF6 was accomplished in 80% yield, simply by
adding PPh3 to a mixture of 1 a-H ¥ PF6 and DB24C8 in
CH2Cl2, followed by counterion exchange.
To demonstrate the generality of this new synthetic


approach toward triphenylphosphonium-stoppered [2]rotax-
anes, we decided to synthesize rotaxanes with the slightly
larger crown ether, benzometaphenylene[25]crown-8
(BMP25C8). Since the p-tert-butylbenzyl group is not large
enough to prevent dethreading of the BMP25C8 macro-
cycle,[25] we prepared 1 b-H ¥ PF6 (Scheme 1), a thread-like
dialkylammonium salt,[26] containing a bromomethylphenyl
group, and the sterically more demanding 3,5-di-tert-butyl-
benzyl group. Addition of PPh3 to a solution of BMP25C8 and
1 b-H ¥ PF6 in CH2Cl2 yielded the [2]rotaxane 2 b-H ¥ 2PF6 in
32% yield. This lower yield, when compared to the formation
of the DB24C8-containing rotaxane 2 a-H ¥ 2PF6, is presum-
ably a consequence of the much weaker binding[27] exhibited
by BMP25C8 toward DBA� ions relative to that exhibited by
DB24C8.
Single crystals, suitable for X-ray crystallography, were


grown by liquid diffusion of MeOH into a CH2Cl2 solution of
the [2]rotaxane 2 a-H ¥ 2PF6. The solid-state structure of the
[2]rotaxane 2 a-H ¥ 2PF6 shows (Figure 2) that the DB24C8
component has a conventional U-shaped conformation with
the two catechol rings inclined by approximately 55� to each
other. The dicationic dumbbell component is tethered to the


Scheme 1.







FULL PAPER J. F. Stoddart, D. J. Williams et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0822-5172 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 225172


Figure 2. The cationic portion of the solid-state structure of the [2]rotax-
ane 2a-H ¥ 2PF6. The hydrogen bonding geometries, X ¥¥¥O, H ¥¥¥O [ä],
and X�H ¥¥¥O [�]: a) 3.05, 2.21, 156; b) 3.14, 2.30, 154; c) 3.27, 2.40, 150;
d) 3.23, 2.34, 153.


crown ether by weak N��H ¥¥¥O
and C�H ¥¥¥O hydrogen bonds
(a ± d in Figure 2), a binding that
is supplemented by � ±� stacking
between one of the catechol rings
of the DB24C8 component and
the central phenylene ring of the
dumbbell component (centroid ¥¥ ¥
centroid distance and mean inter-
planar separation: 3.74, 3.49 ä,
respectively). There are no � ±�
interactions between the catechol
rings and the phenyl rings of the
Ph3P� stopper. There are also no
inter-[2]rotaxane interactions of
note.
After having made and charac-


terized two different mono(tri-
phenylphosphonium)-stoppered
[2]rotaxanes, 2 a-H ¥ 2PF6 and 2 b-
H ¥ 2PF6, we became interested in synthesizing bis(triphenyl-
phosphonium)-stoppered [2]rotaxanes, which are not only
more highly symmetrical, but also carry functionality at both
termini of their dumbbell components. Again, since the free
species and the pseudorotaxane [DB24C8� 3-H]PF6 are in
slow exchange on the 1H NMR timescale, the single-point
method[24] was used to obtain Ka values of 350��1 and
1800��1 for the 1:1 complex formed in CD3CN and CD2Cl2/
CD3CN (1:1), respectively. The binding constant in CD2Cl2/
CD3CN of this bis(4-bromomethyl)-substituted thread 3-H ¥
PF6 with DB24C8 is slightly smaller than that (Ka� 2000��1)
of the bis(4-bromo)-substituted dibenzylammonium salt,[24b]


but larger than that (Ka� 960��1) of the bis(4-methyl)-
substituted one.[24b]


The [2]rotaxane 4 a-H ¥ 3PF6 was assembled (Scheme 2) by
adding PPh3 to a mixture of 3-H ¥ PF6 (100m�) and DB24C8
(174m�) in CH2Cl2/CH3CN (1:1). A CH2Cl2/MeCN mixed-
solvent system was utilized because of the poor solubility of 3-


H ¥ PF6 in CH2Cl2 alone. After counterion exchange, 4 a-H ¥
3PF6 was isolated in 55% yield. Based on the moderately high
Ka for the formation of the [2]pseudorotaxane precursor
[DB24C8� 3-H]PF6 in the reaction solvent, as well as the
relatively high concentration of the host and guest in solution,
�99% of the total amount of 3-H ¥ PF6 is expected to be
complexed as the [2]pseudorotaxane. Nonetheless, we ob-
served a large amount of unthreaded dumbbell being formed
at the expense of a higher yield of the corresponding
[2]rotaxane 4 a-H ¥ 3PF6. The mixture of counterions present
after PPh3 displaces bromide ions from 3-H ¥ PF6 results
presumably in the formation of a tight ion-pair between the
Br� and the NH2


� center of both the 3-H� and the
intermediate mono(triphenylphosphonium)-substituted ions,
a situation which reduces the strength of the binding between
them and DB24C8 and, consequently, hinders the formation
of the [2]rotaxane 4 a-H ¥ 3X and encourages the production
of the free dumbbell-shaped compound (see Experimental
Section).


By using a similar protocol to that employed in the
synthesis of 4 a-H ¥ 3PF6, the [2]rotaxane 4 b-H ¥ 3PF6, in
which the crown ether BMP25C8 is the macrocyclic compo-
nent, was assembled in 43% yield. Again, we believe that the
slightly lower yield of 4 b-H ¥ 3PF6, relative to that of the
[2]rotaxane 4 a-H ¥ 3PF6, is a consequence of the weaker
binding between the dialkylammonium thread 3-H ¥X and the
larger BMP25C8 macrocycle relative to that of DB24C8.[28]


Single crystals, suitable for X-ray crystallography, were
grown by slow evaporation of a CH2Cl2/MeOH solution of the
[2]rotaxane 4 a-H ¥ 3PF6. The solid-state structure of the
[2]rotaxane 4 a-H ¥ 3PF6 shows (Figure 3) that the DB24C8
component adopts a U-shaped conformation, very similar to
that observed in 2 a-H ¥ 2PF6, with the two catechol rings
subtending an angle of about 54�. The tricationic dumbbell
component is threaded approximately centrally through the
crown ether and is held in position by a combination of weak
N��H ¥¥¥O and C�H ¥¥¥O hydrogen bonds (a ± e in Figure 3).


Scheme 2.
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Figure 3. The cationic portion of the solid-state structure of the [2]rotax-
ane 4a-H ¥ 3PF6. The hydrogen bonding geometries, X ¥¥¥O, H ¥¥¥O [ä],
and X�H ¥¥¥O [�]: a) 3.05, 2.26, 147; b) 2.96, 2.15, 151; c) 3.33, 2.44, 153;
d) 3.21, 2.41, 156; e) 3.22, 2.33, 156.


In contrast to the near parallel
� ±� stacking between one of
the phenylene rings of the di-
cation and one of the catechol
rings observed in 2 a-H ¥ 2PF6,
here, the analogous ring sys-
tems are inclined by approxi-
mately 20� (with a centroid ¥¥ ¥
centroid separation of 4.14 ä),
thus reducing appreciably any
potential � ±� stabilization.
The only inter[2]rotaxane inter-
action of note is � ±� stacking
between the phenylene ring on
the convex side of the DB24C8
component in one molecule
and one of the phenyl rings of
the Ph3P� stoppers positioned
on the convex face of the crown
ether in another. These rings
are inclined by 6� with cent-
roid ¥¥¥ centroid and mean interplanar separations of 3.75 and
3.56 ä, respectively.
With this selection of triphenylphosphonium-ion-stoppered


[2]rotaxanes (2 a-H ¥ 2PF6, 2 b-H ¥ 2PF6, 4 a-H ¥ 3PF6, and 4 b-
H ¥ 3PF6) at our disposal, we were able to start examining
their potential as interlocked synthetic intermediates inWittig
reactions by treating them with a range of mono-, di-, and tri-
aldehydes in the presence of base.
To demonstrate that the triphenylphosphonium-ion stop-


pers of these rotaxanes can be converted into alternative
stoppers throughWittig reactions, we first examined reactions
with the mono(triphenylphosphonium)-ion-stoppered rotax-
ane 2 a-H ¥ 2PF6. Reaction of 2 a-H ¥ 2PF6 with p-tert-butyl-
benzaldehyde in the presence of an excess of NaH in CH2Cl2
afforded 5 a-H ¥ PF6 (Scheme 3)–as a mixture of E and Z
isomers–in 80% yield, after acidic work up and counterion
exchange (NH4PF6/H2O). One might expect dethreading to


occur under the basic Wittig reaction conditions, since the
noncovalent stabilizing interactions between DB24C8 and the
dialkylammonium ion will be ™switched off∫ by the deproto-
nation of the NH2


� center. We have demonstrated, however,
that the triphenylphosphonium ion stopper on [2]rotaxane
2 a-H ¥ 2PF6 can be exchanged for a 4-tert-butyl one to
generate a new [2]rotaxane 5 a-H ¥ PF6, while maintaining
the interlocked nature of the [2]rotaxanes. This important
observation can be explained by examining the mechanism
(Scheme 3) of the Wittig reaction. This examination reveals
that at each stage of the reaction–ylide, betaine, oxaphos-
phetane, and alkene–the DB24C8 macrocycle is trapped
along the axle of the dumbbell-shaped component because of
the presence of triphenylphosphine- and tert-butylphenyl-
derived stoppers, irrespective of the presence or lack of
hydrogen bonding interactions between the two components.
To convert both the Z and E isomers into a common product,
hydrogenation of the cis and trans double bonds in the
rotaxane was achieved by using Adams× catalyst[29] (PtO2)/H2,


and the homogeneous [2]rotaxane 6 a-H ¥ PF6 was obtained in
61% yield (Figure 4). 1H NMR spectra recorded during the
transformation become much simpler after hydrogenation of
5 a-H ¥ PF6. Two pairs of tert-butyl signals in the region ��
1.21 ± 1.32 of the spectrum of 5 a-H ¥ PF6, which indicate that
the ratio of the E/Z isomers is around 1:2, were converted into
only one pair of signals in the spectrum of 6 a-H ¥ PF6 after
hydrogenation of the double bonds. The disappearance of the
signals for the olefinic protons and the appearance of the
corresponding signal at �� 2.83 for the bismethylene protons
confirms that the reduction proceeded to completion. The
upfield shifts of the signals for the �-, �-, and �-OCH2 protons
of the DB24C8 macrocycle (�� 4.08, 3.75, and 3.47, respec-
tively), compared to those for uncomplexed DB24C8 (��
4.24, 3.76, and 3.61), support the interlocked nature of the two
components of 6 a-H ¥ PF6 and the existence of strong hydro-
gen bonding interactions between the DB24C8 ring and the


Scheme 3.
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dialkylammonium ion center with dumbbell-shaped compo-
nent.
After successfully exchanging the one single triphenylphos-


phonium stopper in the [2]rotaxane 2 a-H ¥ 2PF6, we decided
to examine the possibility of exchanging two triphenylphos-
phonium ion stoppers in one step to build a symmetrical
[2]rotaxane. And so, the Wittig chemistry was repeated, but
this time with the [2]rotaxanes 4 a-H ¥ 3PF6 and 4 b-H ¥ 3PF6 as
substrates. Reaction of 4 a-H ¥ 3HF6 with p-tert-butylbenzal-
dehyde in the presence of an excess of NaH in CH2Cl2
(Scheme 4) afforded an E/Z mixture of olefins after proton-
ation (1� HCl) and counterion exchange (NH4PF6/H2O). This
isomeric mixture of olefins was hydrogenated with the aid of
PtO2 as a catalyst to produce the [2]rotaxane 7 a-H ¥ PF6 from
4 a-H ¥ 3PF6 in 50% yield.
The challenge of synthesizing a sterically bulky aldehyde


for the Wittig reaction can easily be resolved by using a


Scheme 4.


protecting-group approach, that is, by adding sterically bulky
groups to a small aldehyde in order to increase its steric size
and transform it into a true stopper for the synthesis of a
rotaxane. To demonstrate this approach, 2,5-bis(benzyloxy-
methoxy)benzaldehyde (10) was prepared from methyl 2,5-
dihydroxybenzoate by 1) benzyloxymethoxy (BOM) protec-
tion to give the ester 8, 2) LiAlH4 reduction of the ester to
yield the alcohol 9, and 3) Swern oxidation of the alcohol to
afford the aldehyde 10 in 72% overall yield (Scheme 5). The


Scheme 5.


[2]rotaxane 4 a-H ¥ 3PF6 was treated with the aldehyde 10 to
yield a [2]rotaxane 11 a-H ¥ PF6 after catalytic hydrogenation
(Scheme 6); this rotaxane bears potentially removable BOM
groups at its termini. The BMP25C8-derived [2]rotaxane 4 b-
H ¥ 3PF6 also undergoes the Wittig reaction with 2,5-bis(ben-
zyloxymethoxy)benzaldehyde, followed by hydrogenation, to
yield the corresponding [2]rotaxane 11 b-H ¥ PF6 in 63% yield.
These results suggest that the 2,5-bis(benzyloxymethoxy)-
phenyl groups are sterically impassable by both the DB24C8
and BMP25C8 macrocycles. When the BOM protecting
groups of the rotaxane 11 a-H ¥ PF6 were removed under
acidic conditions (5% HCl/THF), substituted hydroquinone
rings were revealed at the termini of the thread. A large
amount of free DB24C8 was observed, however, in the crude
reaction mixture; this suggests that the hydroquinone rings


Figure 4. Partial 1H NMR spectra (400 MHz, CD3CN, 298 K) of a) the E/Z isomer mixture of [2]rotaxanes 5a-H ¥ PF6 and b) the hydrogenated [2]rotaxane
6a-H ¥ PF6.
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are not large enough to serve as mechanical stoppers for
DB24C8 and so decomplexation of the macrocycle from the
thread occurs. Since the BOM-protected hydroquinone units
are true stoppers, while the simple hydroquinone units are
not, the procedures described above represent a simple
method for constructing a [2]rotaxane by a protecting-group
approach and its conversion into a [2]pseudorotaxane by the
removal of the protecting groups under acidic conditions.
Having demonstrated that new [2]rotaxanes can be gen-


erated by reacting mono- and bis(triphenylphosphonium) ion-
stoppered [2]rotaxanes with mono-aldehydes, we turned our
attention to the reaction of these same rotaxanes with
dialdehydes (Scheme 7). When 2,5-dimethoxyterephthalde-
hyde and 2,5-bis(benzyloxymethoxy)terephthaldehyde[30]


were used as the partners to 2 a-H ¥ 2PF6 in Wittig reactions,
the [3]rotaxanes 12 a-2H ¥ 2PF6 and 13 a-2H ¥ 2PF6, respec-
tively, were isolated after hydrogenation. These results
suggest that the 2,5-dimethoxyphenylene unit is also sterically
bulky enough to prevent the dethreading of the DB24C8
macrocycles during the Wittig reaction.
The bulky BOM groups that separate the two DB24C8


macrocycles in 13 a-2H ¥ 2PF6 were removed under acidic
conditions to give a [3]rotaxane with a hydroquinone-core:
14 a-2H ¥ 2PF6. Since the bridging unit no longer contains the
BOM groups, the DB24C8 macrocycles may be able, in
theory, to traverse the linker between the two ammonium
centers. However, the [3]rotaxane 14 a-2H ¥ 2PF6 was not
stable. It decomposed in less than seven days at ambient
temperature. Evidence for free DB24C8 was observed in the
resulting 1H NMR spectrum, suggesting that the backbone of


the dumbbell-shaped component undergoes cleavage. The
hydroquinone ring is most likely to be the site of this cleavage,
possibly as a result of an oxidative free-radical process.
Having treated 2 a-H ¥ 2PF6 and 2 b-H ¥ 2PF6 with dialde-


hydes to produce [3]rotaxanes, we were intrigued at the
prospect of treating a triphenylphosphonium-ion-stoppered
rotaxane with a trialdehyde, namely triformylbenzene, and so
possibly providing a route to dendrimer-like rotaxanes. When
1,3,5-triformylbenzene[31] was added to a CH2Cl2 solution of
2 a-H ¥ 2PF6 in the presence of an excess of NaH, the branched
[4]rotaxane 15 a-3H ¥ 3PF6 was isolated as a complex mixture
of stereoisomers (Scheme 8). No rotaxanes were isolated in
which the three Wittig reactions had occurred with the loss of
one or more DB24C8 rings. If it is assumed that the first step is
the addition of a single ylide derived from [2]rotaxane 2 a-H ¥
2PF6 to C6H3(CHO)3, then the formyl groups on the 3� and 5�
positions of the benzene ring in the putative intermediate
must presumably be large enough to prevent dethreading of
the DB24C8 macrocycle, otherwise the analogue of 15 a-3H ¥
3PF6, having lost one DB24C8, would also have been isolated.
The complicated 1H NMR spectrum (Figure 5) of the olefinic
[4]rotaxane mixture 15 a-3H ¥ 3PF6 was dramatically simpli-
fied after hydrogenation, an outcome that suggests the
formation of the highly symmetrical dendritic [4]rotaxane
16 a-3H ¥ 3PF6. The interlocked nature of the macrocycles was
confirmed by the upfield shifts of the �-, �-, and �-OCH2


proton signals. The 1H NMR signal of the methylene groups
adjacent to the NH2


� center was found to be a triplet and
shifted downfield to �� 4.59, an observation which suggests
the existence of hydrogen bonding between the crown ethers


Scheme 6.


Scheme 7.
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Figure 5. Partial 1H NMR spectra (400 MHz, CD3CN, 298 K) of a) the E/Z
isomer mixture of [4]rotaxanes 15a-3H ¥ 3HF6 and b) the hydrogenated
[4]rotaxane 16a-3H ¥ 3HF6.


and the encircled ammonium ion centers in 16 a-3H ¥ 3PF6.
The dendritic [4]rotaxane 16 a-3H ¥ 3PF6 was obtained in an
impressive 47% yield after the sequence of six reactions,
namely three Wittigs followed by three hydrogenations.


Thus far, we have demonstrat-
ed that, when the hydrogen
bonding between the crown
ether and the NH2


� center is
™switched off∫ under basic Wit-
tig reaction conditions, the tri-
phenylphosphonium ion-stop-
pered [2]rotaxanes 2 a-H ¥ 2PF6,
2 b-H ¥ 2PF6, 4 a-H ¥ 3PF6, and
4 b-H ¥ 3PF6 can react with steri-
cally bulky aldehydes to form a
variety of new [2]-, [3]-, and
[4]rotaxanes without losing their
macrocyclic components.
We now describe how we ex-


tended our studies of these sys-
tems to utilize aldehydes with
little steric bulk in order to take


advantage of the expected dethreading of the rotaxanes×
components during the Wittig reaction (Scheme 9). Interest-
ingly, we discovered that reaction of 2 a-H ¥ 2PF6 under basic
conditions with terephthaldehyde–an aldehyde that is not
large enough to prevent the dethreading of DB24C8 after the
first Wittig reaction–affords only a mixture of the unsatu-
rated [2]rotaxanes (Scheme 9). Hydrogenation of this olefin
mixture was achieved by using H2/PtO2 to yield (66% overall
yield from 2 a-H ¥ 2PF6) a molecular shuttle 17 a-2H ¥ 2PF6,
which contains only one DB24C8 ring that is shared between
its two degenerate NH2


� recognition sites. The [3]rotaxane,
which would have contained two DB24C8 rings, that is, one
ring located at each recognition site, was not observed as a
product of the reaction sequence outlined in Scheme 9.
The outcome of this reaction sequence is significant for at


least two reasons. Firstly, it demonstrates that the aldehyde
which was used in the Wittig reaction is not large enough to
prevent the dethreading of the crown ether once its NH2


�


binding site has been deprotonated. In the synthesis of


Scheme 8.


Scheme 9.
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[2]rotaxane 17 a-2H ¥ 2PF6, after the first Wittig reaction of
2 a-H ¥ 2PF6 with OHCC6H4CHO, the DB24C8 ring slips off
the semirotaxane[32] because the formyl-terminated end of the
rivet-shaped component is not large enough to prevent
dethreading of the macrocycle. However, during the second
Wittig reaction, this time using the formyl-terminated inter-
mediate, with another equivalent of 2 a-H ¥ 2PF6, dethreading
is impossible because both ends of the newly created dumb-
bell-shaped component are sufficiently large (tert-butylphen-
yl) to retain the DB24C8 macrocycle. Secondly, it gives
immediate access to [2]rotaxanes that can behave as molec-
ular shuttles[4] and so provides a simple means of building this
kind of prototypical molecular machinery. A previous study[4c]


on bis(dialkylammonium)-ion-containing molecular shuttles
(which was prepared by a more laborious route) has
demonstrated that the passage of a DB24C8 macrocycle
across a p-phenylene ring is slow on the 1H NMR timescale at
400 MHz, even at elevated temperatures and in highly polar
solvents. The slightly larger ring macrocycle BMP25C8 is
expected, however, to shuttle along such a thread with
somewhat greater ease. Therefore, we prepared the analogous
BMP25C8-containing [2]rotaxane 17 b-2H ¥ 2PF6 (Scheme 9)
by utilizing the mono(triphenylphosphonium)-ion-stoppered
rotaxane 2 b-H ¥ 2PF6 with the Wittig reaction/hydrogenation
protocol. The resulting [2]rotaxane 17 b-2H ¥ 2PF6 does be-
have as a molecular shuttle on the 1H NMR timescale.
Consequently, we examined the shuttling of the BMP25C8
macrocycle along the linker, which contains three p-phenyl-
ene rings-positioned between the two NH2


� centers. The
partial 1H NMR spectrum (Figure 6a) of 17 b-2H ¥ 2PF6 in
CD3CN at ambient temperature shows that the dumbbell has
two distinct halves, as highlighted by the observation of two
peaks at �� 2.73 and 2.86 for the two pairs of CH2CH2 groups
that link the three p-phenylene rings of the spacer unit
together, suggesting that the BMP25C8 macrocycle shuttles
slowly between the NH2


� centers on the 1H NMR timescale at
400 MHz. In one of these halves, the NH2


� center is encircled,
in characteristic fashion, by the BMP25C8 macrocyclic ring,
while in the other it is free, that is, not encircled. Since kinetic


studies in most nonpolar solvents are limited by the slow rate
of exchange of the macrocycle between the NH2


� centers, we
investigated the kinetic behavior of molecular shuttle 17 b-
2H ¥ 2PF6 in CD3OD, which is polar enough to weaken the
BMP25C8/dialkylammonium-ion interaction and so make
coalescence easier to achieve. The 1H NMR spectrum of 17 b-
2H ¥ 2PF6 in CD3OD at ambient temperature also shows two
distinct signals for two pairs of Ar-CH2CH2-Ar groups.
However, these two signals coalesce (Figure 6b) at 336 K
with a limiting frequency difference (��) of 46.8 Hz, which
corresponds to a value of kc of 104 s�1 for the process of the
macrocycle shuttling between the NH2


� centers. By using the
Eyring equation, a free energy of activation of 16.6 kcalmol�1


was obtained[4c] for the shuttling process at the coalescence
temperature Tc of 336 K.


Conclusion


Unless we can devise the means to modify covalently the
constitutions of rotaxanes by transforming them into yet more
organized and sophisticated arrays, they are destined to
occupy a place in the hall of fame for chemical compounds
that earns them the accolade of being exotic and only very
occasionally, potentially useful. Hence, there is a need to bring
about the ways and means to be able to process rotaxanes
after their initial supramolecularly assisted template-directed
syntheses. In this full paper, we have described how Wittig
chemistry can be called into action to achieve a whole range of
different structural objectives of a post-assembly nature.
Some of the transformations that can be carried out on
benzylic triphenylphosphonium-stoppered, NH2


�-centered/
crown-ether-based [2]rotaxanes, although routine in nature,
establish a principle of considerable significance to the
chemistry of interlocked molecular compounds beyond sim-
ple catenanes and rotaxanes: they open up, for example,
completely new pathways to intriguing interlocked macro-
molecules, including polyrotaxanes of the conventional,[33]


dendritic,[34] and daisy chain[35] types. Yet other carefully
designed transformations make
it possible to construct, with
incredible control, molecular
machines–for example, the
molecular shuttle reported
herein–of a precisely defined
nature that are preordained by
the reagents and conditions
employed in carrying out the
Wittig reactions. The story that
begins to unfold in this full
paper about how Wittig chem-
istry can be used in a post-
assembly fashion to take rotax-
anes, as starting materials in
synthesis, onto a higher level
of structure and function, is
surely no more than a begin-
ning. Post-assembly processing
of rotaxanes (and catenanes)


Figure 6. a) Partial 1H NMR spectrum (400 MHz, CD3CN, 298 K) of the two-station molecular shuttle 17 b-2H ¥
2PF6 depicting the asymmetrical nature of the shuttle at ambient temperature. b) Partial variable temperature
1H NMR spectra (400 MHz, CD3OD) of molecular shuttle 17 b-2H ¥ 2PF6 highlighting the signals of the Ar-
CH2CH2-Ar groups, which coalesce at 336 K.
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will extend far beyond the influence of Wittig chemistry in the
fullness of time. A principle has been established and it is
bound to find expression elsewhere in this branch of
chemistry: it is one in which the mechanical bond can be
preserved totally or modified very precisely, according to the
diktat of the synthetic chemist.


Experimental Section


Materials and methods : All glassware, stirrer-bars, syringes, and needles
were either oven- or flame-dried prior to use. All reagents, unless otherwise
indicated, were obtained from commercial sources. Anhydrous CH2Cl2 and
MeCN were obtained by distillation from CaH2 under Ar. Anhydrous THF
was obtained by distillation from Na/Ph2CO under N2. Reactions were
carried out under a N2 or Ar atmosphere. Thin-layer chromatography
(TLC) was performed on Analtech 0.25 mm silica gel GHLF. Column
chromatography was carried out over silica gel 60F (Merck 9385, 0.040 ±
0.063 mm). Melting points were determined on an Electrothermal 9100
apparatus and are uncorrected. 1H and 13C NMR spectra were recorded on
either Bruker AC360 (360 and 90 MHz, respectively) or ARX400 (400 and
100 MHz, respectively) spectrometers. The deuterated solvent was used as
the lock, while either the solvent×s residual protons or TMS was employed
as the internal standard. Chemical shifts are reported in parts per million
(ppm). Mutiplicities are given as s (singlet), d (doublet), t (triplet), q
(quartet), m (mutiplet), and br (broad). Coupling constants are in hertz.
Fast-atom bombardment (FAB) mass spectra were obtained using a ZAB-
SE mass spectrometer, equipped with a krypton primary atom beam,
utilizing am-nitrobenzyl alcohol matrix. Microanalyses were performed by
Quantitative Technologies, Inc (USA).


{[2]-{(N-4-tert-Butylbenzyl)-N-{4-[(triphenylphosphonio)methyl]benzyl}-
ammonium}(dibenzo[24]crown-8)rotaxane} bis(hexafluorophosphate)
(2 a-H ¥ 2 PF6): A solution of 1 a-H ¥ PF6 (1.0 g, 2.0 mmol) and DB24C8
(1.0 g, 2.2 mmol) in CH2Cl2 (10 mL) was stirred at room temperature for
10 min. PPh3 (0.6 g, 2.3 mmol) was added, and the reaction mixture was
stirred for 12 h at ambient temperature. The solvent was evaporated under
reduced pressure, and the solid residue was dissolved in MeCN (30 mL),
aqueous NH4PF6 (2 g in 30 mL H2O) was added, and the organic solvent
was evaporated under reduced pressure. The residue was partitioned
between CH2Cl2 (100 mL) and H2O (50 mL), and the organic phase was
washed with H2O (2� 50 mL). The organic layer was dried (MgSO4) and
concentrated. The product was purified by column chromatography (SiO2;
MeCN/CH2Cl2 (1:9)). The rotaxane 2a-H ¥ 2PF6 was isolated as a white
solid (2.0 g, 80%). M.p. 229 ± 231 �C; 1H NMR (400 MHz, CD3CN, 298 K):
�� 1.22 (s, 9H), 3.45 ± 3.55 (m, 8H), 3.59 ± 3.75 (m, 8H), 3.94 ± 4.00 (m,
8H), 4.39 (d, J� 14.8 Hz, 2H), 4.45 ± 4.52 (m, 2H), 4.70 ± 4.75 (m, 2H), 6.64
(dd, J� 2.4, 8 Hz, 2H), 6.70 ± 6.79 (m, 4H), 6.79 ± 6.88 (m, 4H), 7.15 (d, J�
8 Hz, 2H), 7.23 (s, 4H), 7.43 ± 7.49 (m, 6H), 7.61 ± 7.66 (m, 6H), 7.83 ± 7.87
(m, 3H); 13C NMR (100 MHz, CD3CN, 298 K): �� 29.4 (J(P,C)� 48.2 Hz),
30.5, 34.2, 51.7, 52.2, 67.8, 70.1, 70.6, 112.3, 117.1 (J(P,C)� 85.7 Hz), 121.3,
125.6, 127.6 (d, J(P,C)� 8.3 Hz), 128.7, 129.2, 129.8, 130.2 (d, J(P,C)�
12.5 Hz), 131.0 (d, J(P,C)� 5.3 Hz), 133.0 (d, J(P,C)� 3.3 Hz), 134.1 (d,
J(P,C)� 9.7 Hz), 135.3 (d, J(P,C)� 3 Hz), 147.3, 152.3; 31P NMR (162 MHz,
CD3CN, 298 K): ���143.6 (septet, J� 708 Hz, PF6


�), 22.6 (PhP�); MS
(FAB): m/z : 1122 [M�PF6]� , 976 [M�H� 2PF6]� ; elemental analysis
calcd (%) for C61H72NO8P3F12 (1268): C 57.77, H 5.72, N 1.10; found: C
57.54, H 5.54, N 1.05; Single crystals, suitable for X-ray crystallography,
were grown by liquid diffusion of MeOH into a solution of the [2]rotaxane
2a-H ¥ 2PF6 in CH2Cl2. Crystal data for 2 a-H ¥ 2PF6: [C61H72NO8P][PF6]2 ¥
CH2Cl2, Mr� 1353.0, triclinic, space group P1≈ (no. 2), a� 13.722(1), b�
15.241(1), c� 17.972(1) ä, �� 109.50(1), �� 102.75(1), �� 96.36(1)�, V�
3385.3(3) ä3, Z� 2, �calcd� 1.327 gcm�3, �(CuK�)� 22.6 cm�1, F(000)�
1408, T� 293 K; clear prismatic blocks, 0.47� 0.40� 0.13 mm, Siemens
P4/RA diffractometer, graphite-monochromated CuK� radiation, �-scans,
9779 independent reflections. The structure was solved by direct methods
and the full occupancy non-hydrogen atoms were refined anisotropically
(the phenyl rings of the triphenylphosphonium moiety were refined as
idealized rigid bodies). Disorder was found in the tert-butyl group of the
thread and in both of the hexafluorophosphate anions; in each case this was


resolved into two partial occupancy orientations and the non-hydrogen
atoms of the major occupancy orientations were refined anisotropically
(those of the minor occupancy orientations were refined isotropically). The
included dichloromethane solvent molecule was also found to be disor-
dered, but over three partial occupancy sites; again only the major
occupancy non-hydrogen atoms were refined anisotropically, the others
isotropically. The C�H hydrogen atoms were placed in calculated positions,
assigned isotropic thermal parameters, U(H)� 1.2Ueq(C) [U(H)�
1.5Ueq(C-Me)], and allowed to ride on their parent atoms. The N�H
hydrogen atoms were located from a �F map and refined isotropically
subject to an N�H distance constraint (0.90 ä). Refinements were by full
matrix least-squares based on F 2 to give R1� 0.076, wR2� 0.208 for 7278
independent observed reflections [�Fo �� 4	(�Fo � ), 2
�120�] and 850
parameters. All computations were carried out using the SHELXTL PC
program system.[36] CCDC-187101 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(�44)1223 ± 336 ± 033; or e-mail : deposit@ccdc.cam.ac.uk).


{[2]-{N-(3,5-Di-tert-butylbenzyl)-N-{4-[(triphenylphosphonio)methyl]ben-
zyl}ammonium}(benzometaphenylene[25]crown-8)rotaxane} bis(hexa-
fluorophosphate) (2 b-H ¥ 2PF6): A solution of 1 b-H ¥ PF6 (1.0 g, 1.8 mmol)
and BMP25C8 (1.0 g, 2.2 mmol) in MeNO2 (10 mL) was stirred at room
temperature for 10 min. PPh3 (0.6 g, 2.3 mmol) was added and the reaction
mixture was stirred for 12 h at ambient temperature. The solvent was
removed under reduced pressure, and the solid residue was dissolved in
MeCN (30 mL). Aqueous NH4PF6 (2 g) in H2O (30 mL) was added, and the
organic solvent was evaporated under reduced pressure. The residue was
partitioned between CH2Cl2 (50 mL) and H2O (30 mL). The organic layer
was washed with H2O (30 mL), dried (MgSO4), and evaporated to dryness.
The crude product was purified by column chromatography (SiO2; MeCN/
CH2Cl2 (1:9)). The rotaxane 2 b-H ¥ PF6 was isolated as a white solid (0.75 g,
32%). M.p. 123 ± 125 �C; 1H NMR (400 MHz, CD3CN, 298 K): �� 1.22 (s,
18H), 3.30 ± 3.97 (m, 20H), 4.01 ± 4.20 (m, 4H), 4.35 ± 4.50 (m, 6H), 6.49 ±
6.53 (m, 3H), 6.59 ± 6.64 (m, 2H), 6.64 ± 6.70 (m, 2H), 6.85 ± 6.90 (m, 2H),
7.09 ± 7.18 (m, 3H), 7.33 (d, J� 1.7 Hz, 2H), 7.46 ± 7.55 (m, 7H), 7.60 ± 7.68
(m, 6H), 7.72 ± 7.88 (m, 5H); 13C NMR (100 MHz, CD3CN, 298 K): �� 30.3
(J(P,C)� 48.3 Hz), 31.5, 35.6, 52.7, 53.8, 68.6, 68.9, 70.1, 71.0, 71.1, 72.0,
104.4, 108.4, 113.1, 118.2 (d, J(P,C)� 85.7 Hz), 122.5, 124.9 (d, J(P,C)�
13.6 Hz), 129.2 (d, J(P,C)� 8.4 Hz), 131.1, 131.2, 131.3, 131.4, 131.6, 132.0
(d, J(P,C)� 5.4 Hz), 132.5 (d, J(P,C)� 3.8 Hz), 135.0 (d, J(P,C)� 9.8 Hz),
136.4 (d, J(P,C)� 2.9 Hz), 147.1, 152.7, 160.8; 31P NMR (162 MHz, CD3CN,
298 K): ���143.6 (septet, J� 708 Hz, PF6


�), 22.6 (PhP�); MS (FAB):m/z :
1178 [M�PF6]� , 1033 [M�H� 2PF6]� ; elemental analysis calcd (%) for
C65H80NO8P3F12 (1324): C 58.93, H 6.09, N 1.06; found: C 58.53, H 6.09,
N 0.99.


{[2]-{Bis{4-[(triphenylphosphonio)methyl]benzyl}ammonium}(dibenzo-
[24]crown-8)rotaxane} tris(hexafluorophosphate) (4 a-H ¥ 3 PF6): PPh3
(287 mg, 1.1 mmol) was added to a solution of 3-H ¥ PF6 (200 mg,
0.38 mmol) and DB24C8 (508 mg, 0.66 mmol) in CH2Cl2/MeCN (1:1,
3.8 mL), and the reaction was then left to stir at room temperature
overnight. MeCN (50 mL) and NH4PF6 (0.5 g) in H2O (10 mL) were added,
the organic solvent was removed under reduced pressure and then the
milky aqueous solution was partitioned between CH2Cl2 (50 mL) and H2O
(50 mL). The organic layer was dried (MgSO4) and concentrated. The
crude product was purified by column chromatography (SiO2; CH3CN/
CH2Cl2 (1:9)), to yield the [2]rotaxane 4a-H ¥ 3PF6 (340 mg, 55%). M.p.
147 ± 149 �C; 1H NMR (400 MHz, CD3CN, 298 K): �� 3.48 ± 3.55 (m, 8H),
3.65 ± 3.66 (m, 8H), 3.91 ± 3.93 (m, 8H), 4.42 (d, J� 14.8 Hz, 4H), 4.55 ±
4.62 (m, 4H), 6.66 ± 6.70 (m, 8H), 6.79 ± 6.85 (m, 4H), 7.13 (d, J� 8 Hz,
4H), 7.45 ± 7.50 (m, 14H), 7.61 ± 7.66 (m, 12H), 7.83 ± 7.87 (m, 6H); 13C NMR
(100 MHz, CD3CN, 298 K): �� 29.4 (J(P,C)� 48.5 Hz), 51.9, 67.6, 70.1, 70.6,
112.2, 117.4 (d, J(P,C)� 85.7 Hz), 121.3, 128.0 (d, J(P,C)� 8.3 Hz), 129.8,
130.2 (d, J(P,C)� 12.5 Hz), 131.2 (d, J(P,C)� 5.4 Hz), 132.6 (d, J(P,C)�
3.8 Hz), 134.1 (d, J(P,C)� 9.7 Hz), 135.4 (d, J(P,C)� 3 Hz), 147.1; 31P NMR
(162 MHz, CD3CN, 298 K): ���143.6 (septet, J� 708 Hz, PF6


�), 22.8
(PhP�); MS (FAB) m/z : 1486 [M�PF6]� , 1341 [M�H� 2PF6]� ; elemen-
tal analysis calcd (%) for C76H80NO8P5F18 (1631): C 55.92, H 4.94, N 0.86;
found: C 55.73, H 4.78, N 0.75. Single crystals, suitable for X-ray
crystallography, were grown by slow evaporation of a CH2Cl2/MeOH
solution of the [2]rotaxane 4a-H ¥ 3PF6. Crystal data for 4 a-H ¥ 3PF6:
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[C76H80NO8P2][PF6]3 ¥ 5CH3OH, Mr� 1792.5, monoclinic, space group I2/a
(no. 15), a� 29.055(7), b� 16.315(5), c� 38.179(12) ä, �� 102.67(2)�, V�
17659(9) ä3, Z� 8, �calcd� 1.348 gcm�3, �(MoK�)� 2.00 cm�1, F(000)�
7472, T� 293 K; clear blocks, 1.00� 0.93� 0.83 mm, Siemens P4/PC
diffractometer, graphite-monochromated MoK� radiation, �-scans, 11433
independent reflections. The structure was solved by direct methods and
the non-hydrogen atoms of the [2]rotaxane and the hexafluorophosphate
anions were refined anisotropically (the phenyl rings of the triphenylphos-
phonium moieties were refined as idealized rigid bodies). The included
methanol solvent molecules were found to be both highly disordered and
distributed over numerous full and partial occupancy sites; only the major
occupancy non-hydrogen atoms were refined anisotropically, the others
isotropically; their associated C�H and O�H hydrogen atoms were not
located. The C�H hydrogen atoms of the [2]rotaxane were placed in
calculated positions, assigned isotropic thermal parameters, U(H)�
1.2Ueq(C), and allowed to ride on their parent atoms. The N�H hydrogen
atoms were located from a �F map and refined isotropically subject to an
N�H distance constraint (0.90 ä). Refinements were by full matrix least-
squares based on F 2 to give R1� 0.092, wR2� 0.223 for 4889 independent
observed reflections [�Fo �� 4	(�Fo � ), 2
�45�] and 1037 parameters. All
computations were carried out using the SHELXTL PC program system.[36]


CCDC-187102 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223 ±
336 ± 033; or e-mail : deposit@ccdc.cam.ac.uk). The corresponding dumb-
bell compound (179 mg, 35%) was also isolated. M.p. 222 ± 224 �C;
1H NMR (400 MHz, CD3CN, 298 K): �� 4.12 (br, 4H), 4.65 (d, J�
14.9 Hz, 4H), 6.99 (dd, J� 2.4, 8 Hz, 4H), 7.29 (d, J� 8 Hz, 4H), 7.50 ±
7.56 (m, 12H), 7.65 ± 7.69 (m, 12H), 7.84 ± 7.89 (m, 6H); 13C NMR
(100 MHz, CD3CN, 298 K): �� 29.4 (J(P,C)� 48.5 Hz), 50.7, 117.3
(J(P,C)� 85.8 Hz), 129.0 (J(P,C)� 8.4 Hz), 130.2 (J(P,C)� 12.5 Hz), 130.9
(J(P,C)� 3 Hz), 131.1 (J(P,C)� 3.9 Hz), 131.5 (J(P,C)� 5.4 Hz), 134.1
(J(P,C)� 9.8 Hz), 135.4 (J(P,C)� 3 Hz); 31P NMR (162 MHz, CD3CN,
298 K): ���143.6 (septet, J� 708 Hz, PF6


�), 23.7 (PhP�); HRMS (FAB):
m/z calcd for C52H47NP3F6 [M�H� 2PF6]�: 892.2826; found: 892.2826.


{[2]-{Bis{4-[(triphenylphosphonio)methyl]benzyl}ammonium}(benzome-
taphenylene-[25]crown-8)rotaxane} tris(hexafluorophosphate) (4 b-H ¥
3PF6): PPh3 (600 mg, 2.3 mmol) was added to a solution of 3-H ¥ PF6


(400 mg, 0.75 mmol) and BMP25C8 (1.0 g, 2.2 mmol) in MeNO2 (4 mL),
and the reaction was then left to stir at room temperature overnight. MeCN
(50 mL) and NH4PF6 (1.0 g) in H2O (10 mL) were added, the organic
solvent was removed under reduced pressure, and then the milky aqueous
solution was partitioned between CH2Cl2 (50 mL) and H2O (50 mL). The
organic layer was dried (MgSO4) and concentrated. The crude product was
purified by column chromatography (SiO2; MeCN/CH2Cl2 (1:9)). [2]Ro-
taxane 4 b-H ¥ 3PF6 (380 mg, 43%) was recovered as a white solid. M.p.
124 ± 126 �C; 1H NMR (400 MHz, CD2Cl2, 298 K): �� 3.42 ± 3.51 (m, 8H),
3.53 ± 3.62 (m, 4H), 3.70 ± 3.91 (m, 8H), 4.05 ± 4.15 (m, 4H), 4.30 ± 4.49 (m,
8H), 6.45 (s, 1H), 6.50 ± 6.55 (m, 2H), 6.60 ± 6.70 (m, 2H) 6.75 ± 6.95 (m,
6H), 7.10 ± 7.20 (m, 5H), 7.40 ± 7.50 (m, 12H), 7.60 ± 7.95 (m, 20H); 13C NMR
(100 MHz, CD2Cl2, 298 K): �� 30.3 (d, J(P,C)� 49.4 Hz), 52.2, 68.0, 68.1,
69.7, 70.7, 70.8, 71.7, 103.5, 107.5, 112.2, 116.2, 117.1, 121.7, 128.2 (d, J(P,C)�
8.3 Hz), 130.0, 130.4 (d, J(P,C)� 12.6 Hz), 131.5, 131.6 (d, J(P,C)� 5.3 Hz),
133.9 (d, J(P,C)� 9.6 Hz), 135.6 (d, J(P,C)� 2.8 Hz), 146.0, 159.8; MS
(FAB): m/z : 1486 [M�PF6]� , 1341 [M�H� 2PF6]� ; elemental analysis
calcd (%) for C76H80NO8P5F18 (1631): C 55.92, H 4.94, N 0.86; found: C
55.83, H 4.80, N 0.84. The corresponding dumbbell compound (450 mg,
51%) was also isolated and characterized. See the previous subsection.


{[2]-{N-(4-tert-Butylbenyl)-N-{4-[2-(tert-butylphenyl)ethyl]benzyl}ammo-
nium}(dibenzo[24]crown-8]rotaxane} hexafluorophosphate (6 a-H ¥ PF6):
4-tert-Butylbenzaldehyde (0.2 mmol) was added to a mixture of 2 a-H ¥
2PF6 (100 mg, 80 �mol) and NaH (8 mg, 0.3 mmol) in CH2Cl2 (2.6 mL),
and the mixture was left to stir at ambient temperature for 12 h. The
reaction was quenched with 1� HCl (10 mL) and the aqueous phase was
extracted with CH2Cl2. The solvent was evaporated, the residue was
dissolved in MeCN (10 mL), and saturated aqueous NH4PF6 was added
until no further precipitation was observed. The precipitate was filtered off,
washed with water and then dried under vacuum. Flash column chroma-
tography (SiO2; CH2Cl2/MeOH 100:0� 95:5), yielded the rotaxane 5a-H ¥
PF6 as a white solid, which was then dissolved in THF (2 mL). PtO2 (3 mg)


was added and the mixture was stirred under an H2 atmosphere for 30 min.
The mixture was then filtered, the solvent evaporated, and the residue
purified by flash column chromatography (SiO2; CH2Cl2/MeOH 100:0�
95:5) to yield the hydrogenated [2]rotaxane 6 a-H ¥ PF6 as a clear oil (33 mg,
49%). 1H NMR (400 MHz, CDCl3, 298 K): �� 1.24 (s, 9H), 1.30 (s, 9H),
2.83 (br, 4H), 3.44 ± 3.48 (m, 8H), 3.74 ± 3.76 (m, 8H), 4.05 ± 4.10 (m, 8H),
4.50 ± 4.62 (m, 4H), 6.73 ± 6.78 (m, 4H), 6.85 ± 6.90 (m, 4H), 7.03 (d, J�
8 Hz, 2H), 7.11 (d, J� 8 Hz, 2H), 7.16 ± 7.19 (m, 4H), 7.21 (d, J� 8 Hz, 2H),
7.35 (d, J� 8 Hz, 2H), 7.55 (br, 2H); 13C NMR (100 MHz, CDCl3, 298 K):
�� 31.2, 31.4, 34.4, 34.6, 36.8, 37.0, 52.2, 52.3, 68.2, 70.1, 70.6, 112.6, 121.6,
125.2, 125.5, 128.1, 128.6, 128.7, 128.9, 129.3, 138.3, 143.1, 147.5, 147.8, 148.8,
152.4; HRMS (FAB): m/z calcd for C54H72NO8 [M�PF6]�: 862.5258;
found: 862.5257.


{[2]-{Bis{4-[2-(4-tert-butylphenyl)ethyl]benzyl}ammonium}(dibenzo[24]-
crown-8)rotaxane} hexafluorophosphate (7 a-H ¥ PF6): A mixture of 4a-H ¥
3PF6 (100 mg, 60 �mol) and NaH (10 mg, 0.4 mmol) in CH2Cl2 (1 mL) was
stirred at room temperature for 30 min, and then a solution of p-tert-
butylbenzaldehyde solution (28 mg, 0.17 mmol) in CH2Cl2 (1 mL) was
added slowly. The mixture was stirred at room temperature for 18 h before
MeOH (0.2 mL) was added to quench the reaction. The mixture was
partitioned between CH2Cl2 (30 mL) and H2O (30 mL). The organic layer
was washed with 5% HCl (2� 30 mL), dried (MgSO4), and concentrated.
The crude product was dissolved in MeCN (1 mL), and saturated aqueous
NH4PF6 was added until no further precipitation was observed. The solid
was filtered, washed with H2O, and dried under vacuum. The dry solid was
dissolved in THF (4 mL), PtO2 (6 mg) was added, and the mixture stirred
under an H2 atmosphere for 30 min. The solvent was removed under
reduced pressure, and the residue was partitioned between CH2Cl2 (30 mL)
and H2O (30 mL). The organic layer was washed with 5%HCl (2� 30 mL),
dried (MgSO4), and evaporated to dryness. The crude product was
dissolved in MeCN (1 mL) and saturated aqueous NH4PF6 was added
until no further precipitation was observed. After filtration, the solid was
purified by column chromatography (SiO2; MeOH/CH2Cl2 1:24) yielding
the [2]rotaxane 7 a-H ¥ PF6 (30 mg, 50%). 1H NMR (400 MHz, CD3CN,
298 K): �� 1.26 (s, 18H), 2.79 (s, 8H), 3.69 (s, 8H), 3.60 ± 3.70 (m, 8H),
3.95 ± 4.03 (m, 8H), 4.51 ± 4.60 (m, 4H), 6.70 ± 6.86 (m, 8H), 6.98 (d, J�
8.1 Hz, 4H), 7.10 (d, J� 7.5 Hz, 4H), 7.28 (d, J� 7.5 Hz, 4H), 7.46 (d, J�
8.1 Hz, 4H), 7.45 (br, 2H); 13C NMR (100 MHz, CD3CN, 298 K): �� 30.6,
34.0, 36.3, 36.6, 52.1, 67.9, 70.1, 70.5, 112.5, 121.3, 125.1, 128.1, 128.5, 129.3,
129.5, 138.6, 142.9, 147.5, 148.7; HRMS (FAB): m/z calcd for C62H80NO8


[M�PF6]�: 966.5884; found: 966.5910.


Methyl 2,5-bis(benzyloxymethoxy)benzoate (8): A mixture of methyl 2,5-
dihydroxybenzoate (1.5 g, 8.9 mmol) and NaH (0.63 g, 26 mmol) was
cooled to 0 �C. DMF (25 mL) was added slowly, and the reaction mixture
was stirred at 0 �C for 1 h. Benzyloxymethyl chloride (3.3 mL) was added to
the reaction mixture dropwise by syringe for 30 min. The solution was
warmed up slowly to room temperature and stirred for 18 h. MeOH (3 mL)
was added to quench the reaction. The mixture was partitioned between
CH2Cl2 (200 mL) and H2O (200 mL). The organic layer was separated,
washed with 5% HCl(aq) (3� 100 mL), dried (MgSO4), and concentrated.
Purification by column chromatography using an EtOAc/hexanes (1:2)
mixture as the eluent gave the ester 8 (3.36 g, 92%). 1H NMR (400 MHz,
CD3CN): �� 3.83 (s, 3H), 4.69 (s, 2H), 4.73 (s, 2H), 5.26 (s, 2H), 5.27 (s,
2H), 7.13 ± 7.21 (m, 2H), 7.22 ± 7.40 (m, 10H), 7.41 (s, 1H); 13C NMR
(100 MHz, CD3CN): �� 52.7, 70.9, 71.0, 94.0, 95.0, 118.3, 119.4, 119.8, 122.3,
124.1, 128.7, 128.9, 128.9, 129.3, 138.6, 138.6, 151.9, 152.7, 167.0 (one signal is
™missing∫, presumably because of two overlapping signals); HRMS (EI):
m/z calcd for C24H24O6: 408.1573; found: 408.1573.


2,5-Bis(benzyloxymethoxy)benzylalcohol (9): LiAlH4 (1.43 g, 37.6 mmol)
was added in small portions to a solution of ester 8 (3.1 g, 7.5 mmol) in THF
(30 mL) over a period of 1 h. The reaction mixture was stirred at room
temperature for 18 h. MeOH (10 mL) was slowly added to quench the
reaction. The mixture was partitioned between CH2Cl2 (200 mL) and H2O
(200 mL). The organic layer was separated, washed with 5% HCl(aq) (3�
100 mL), dried (MgSO4), and concentrated. Purification by column
chromatography by using an EtOAc/hexanes (1:3) mixture as the eluent
gave the alcohol 9 (2.45 g, 85%). 1H NMR (400 MHz, CD3CN): �� 3.22 (t,
J� 6 Hz, 1H), 4.63 (d, J� 6 Hz, 2H), 4.70 (s, 4H), 5.25 (s, 2H), 5.26 (s, 2H),
6.94 (dd, J� 3 Hz, 8.9 Hz, 1H), 7.06 (d, J� 8.9 Hz, 1H), 7.17 (d, J� 3 Hz,
1H), 7.21 ± 7.41 (br, 10H); 13C NMR (100 MHz, CD3CN): �� 60.1, 70.7,
70.9, 94.1, 94.2, 116.4, 116.5, 117.3, 118.3, 128.7, 128.7, 128.8, 128.9, 129.3,
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133.5, 138.8, 138.8, 150.2, 153.1; HRMS (FAB): m/z calcd for C23H24O5:
380.1624; found: 380.1623.


2,5-Bis(benzyloxymethoxy)benzaldehyde (10): A mixture of oxalyl chlor-
ide (0.31 mL, 3.55 mmol) and CH2Cl2 (10 mL) was cooled to �78 �C.
DMSO (0.42 mL, 5.9 mmol) was added slowly to the mixture, and the
solution was stirred at �78 �C for 30 min. Compound 9 (0.89g, 2.17 mmol)
in CH2Cl2 (10 mL) was slowly added into the solution mixture by means of
a syringe. The reaction mixture was stirred at �78 �C for 40 min. Et3N
(1.4 mL, 10 mmol) was added, and the reaction mixture was slowly warmed
up to room temperature. The mixture was partitioned between CH2Cl2
(200 mL) and H2O (200 mL). The organic layer was separated, washed with
H2O (3� 100 mL), dried (MgSO4), and concentrated. Purification by
column chromatography with an EtOAc/hexanes (1:2) mixture as the
eluent gave the aldehyde 10 (0.825 g, 93%). 1H NMR (400 MHz, CD3CN):
�� 4.68 (s, 2H), 4.74 (s, 2H), 5.27 (s, 2H), 5.38 (s, 2H), 7.20 ± 7.38 (m, 12H),
7.44 (d, J� 3 Hz, 1H), 10.37 (s, 1H); 13C NMR (100 MHz, CD3CN): ��
70.9, 71.5, 94.0, 94.4, 114.8, 118.3, 118.3, 125.6, 127.2, 128.7, 128.8, 128.9,
129.0, 129.3, 138.5, 138.6, 152.9, 155.7, 190.0; HRMS (EI): m/z calcd for
C23H22O5: 378.1467; found: 378.1475.


{[2]-{Bis{4-[2-(2,5-bis(benzyloxymethyleneoxy)phenyl]ethyl}benzyl}am-
monium}(dibenzo[24]crown-8)rotaxane} hexafluorophosphate (11 a-H ¥
PF6): A mixture of 4 a-H ¥ 3PF6 (100 mg, 60 �mol) and NaH (10 mg,
0.4 mmol) in CH2Cl2 (1 mL) was stirred at room temperature for 30 min,
and then a solution of 10 (70 mg, 0.17 mmol) in CH2Cl2 (1 mL) was added
slowly. The mixture was stirred at room temperature for 18 h beforeMeOH
(0.2 mL) was added to quench the reaction. The mixture was partitioned
between CH2Cl2 (50 mL) and H2O (50 mL). The organic layer was washed
with 5% HCl (2� 30 mL), dried (MgSO4), and concentrated. The crude
product was dissolved in MeCN (1 mL), and saturated aqueous NH4PF6


was added until no further precipitation was observed. The solid was
filtered, washed with H2O, and dried under vacuum. The dry solid was
dissolved in THF (4 mL), PtO2 (6 mg) was added, and the mixture stirred
under an H2 atmosphere for 30 min. The solvent was removed under
reduced pressure, and the residue was partitioned between CH2Cl2 (30 mL)
and H2O (30 mL). The organic layer was washed with 5%HCl (2� 30 mL),
dried (MgSO4), and evaporated to dryness. The crude product was
dissolved in MeCN (1 mL), and saturated aqueous NH4PF6 was added
until no further precipitation was observed. After filtration, the solid was
purified by column chromatography (SiO2; MeOH/CH2Cl2 1:24) yielding
the [2]rotaxane 11a-H ¥ PF6 as a clear, thick oil (45 mg, 48%). 1H NMR
(400 MHz, CD3CN, 298 K): �� 2.70 ± 2.90 (m, 8H), 3.40 ± 3.52 (m, 8H),
3.68 ± 3.80 (m, 8H), 3.97 ± 4.10 (m, 8H), 4.56 ± 4.64 (m, 4H), 4.65 (s, 4H),
4.70 (s, 4H), 5.18 (s, 4H), 5.24 (s, 4H), 6.70 ± 6.91 (m, 12H), 6.91 ± 7.10 (m,
6H), 7.16 (d, J� 7.8 Hz, 4H), 7.21 ± 7.40 (m, 20H), 7.45 (br, 2H); 13C NMR
(100 MHz, CD3CN, 298 K): �� 32.5, 36.2, 53.1, 68.8, 70.7, 71.0, 71.0, 71.5,
94.2, 94.3, 113.4, 115.8, 116.5, 119.7, 122.2, 128.7, 128.7, 128.8, 128.8, 129.3,
129.4, 129.5, 130.3, 130.5, 133.0, 138.8, 138.9, 143.9, 148.4, 151.2, 152.8; MS
(FAB): m/z : 1399.5 [M�PF6]� ; elemental analysis calcd (%) for
C86H96NO16PF6 (1545): C 66.87, H 6.26, N 0.91; found: C 66.56, H 6.47, N
0.82.


{[2]-{Bis{4-{2-[2,5-bis(benzyloxymethyleneoxy)phenyl]ethyl}benzyl}am-
monium}(benzometaphenylene[25]crown-8)rotaxane} hexafluorophos-
phate (11 b-H ¥ PF6): A mixture of 4b-H ¥ 3PF6 (100 mg, 60 �mol) and
NaH (10 mg, 0.4 mmol) in CH2Cl2 (1 mL) was stirred at room temperature
for 30 min, and then 10 (70 mg, 0.17 mmol) in CH2Cl2 (1 mL) was added
slowly. The mixture was stirred at room temperature for 18 h, and then
MeOH (0.2 mL) was added to quench the reaction. The mixture was
partitioned between CH2Cl2 (50 mL) and H2O (50 mL). The organic layer
was washed with 5% HCl (2� 30 mL), dried (MgSO4), and concentrated.
The crude product was dissolved in MeCN (1 mL), and then saturated
aqueous NH4PF6 was added until no further precipitation was observed.
The precipitate was filtered, washed with H2O, and dried under vacuum.
The dry solid was dissolved in THF (4 mL), PtO2 (6 mg) was added, and the
mixture was stirred under an H2 atmosphere for 30 min. The solvent was
removed under reduced pressure, and the residue was partitioned between
CH2Cl2 (30 mL) and H2O (30 mL). The organic layer was washed with 5%
HCl (2� 30 mL), dried (MgSO4) and concentrated. The crude product was
dissolved in MeCN (1 mL) and saturated aqueous NH4PF6 was added until
no further precipitation was observed. After filtration, the solid was
purified by column chromatography (SiO2; MeOH/CH2Cl2 1:24) yielding
the [2]rotaxane 11 b-H ¥ PF6 as clear thick oil (60 mg, 63%). 1H NMR


(400 MHz, CD3CN, 298 K): �� 2.73 ± 2.88 (m, 8H), 3.44 ± 3.51 (m, 8H),
3.52 ± 3.61 (m, 4H), 3.72 ± 3.85 (m, 8H), 4.10 ± 4.17 (m, 4H), 4.28 ± 4.38 (m,
4H), 4.65 (s, 4H), 4.70 (s, 4H), 5.18 (s, 4H), 5.24 (s, 4H), 6.49 ± 6.59 (m,
3H), 6.60 ± 6.65 (m, 2H), 6.78 ± 6.90 (m, 6H), 7.10 ± 7.35 (m, 31H), 7.64 (br,
2H); 13C NMR (100 MHz, CD3CN, 298 K): �� 32.5, 36.2, 53.0, 68.6, 68.9,
70.3, 70.7, 71.0, 71.1, 71.3, 72.0, 94.2, 94.3, 104.4, 108.4, 113.0, 115.8, 116.5,
119.7, 122.3, 128.7, 128.7, 128.8, 128.8, 129.3, 129.4, 129.5, 129.7, 130.5, 131.4,
132.9, 138.8, 138.9, 144.4, 147.4, 151.2, 152.8, 160.8; MS (FAB): m/z : 1398.8
[M�PF6]� ; elemental analysis calcd (%) for C86H96NO16PF6 (1545): C
66.87, H 6.26, N 0.91; found: C 66.87, H 6.48, N 0.55.


{[3]-(Dibenzo[24]crown-8){2,5-bis{2-[4-(4-tert-butylbenzylammoniometh-
yl)phenyl]ethyl}-1,4-dimethoxybenzene}(dibenzo[24]crown-8)rotaxane}
bis(hexafluorophosphate) (12 a-2 H ¥ 2 PF6): A mixture of 2a-H ¥PF6


(50 mg, 40 �mol) and NaH (6 mg, 0.25 mmol) in CH2Cl2 (2 mL), and the
mixture was stirred at room temperature for 30 min before 2,5-dimethoxy-
terephthaldehyde (4 mg, 20 �mol) in CH2Cl2 (0.5 mL) was added slowly by
means of a syringe. The reaction mixture was stirred for 12 h at ambient
temperature, H2O (0.1 mL) was added to quench the reaction, and the
mixture was partitioned between CH2Cl2 (30 mL) and H2O (30 mL). The
organic layer was washed with H2O (2� 30 mL), dried (MgSO4), and
evaporated to dryness. The residue was purified by column chromatog-
raphy (SiO2; MeCN/CH2Cl2 1:9). The [3]rotaxane 12a-2H ¥ 2PF6 was
isolated as a white solid (21 mg, 56%). M.p. 155 ± 157 �C; 1H NMR
(360 MHz, CD3CN, 298 K): �� 1.20 (s, 18H), 2.73 (s, 8H), 3.50 (s, 16H),
3.69 (s, 6H), 3.73 ± 3.80 (m, 16H), 3.99 ± 4.08 (m, 16H), 4.53 ± 4.66 (m, 8H),
6.70 (s, 2H), 6.70 ± 6.88 (m, 16H), 7.00 (d, J� 9.1 Hz, 4H), 7.14 ± 7.25 (m,
12H), 7.48 (br, 4H); 13C NMR (90 MHz, CD3CN, 298 K): �� 31.4, 32.4,
35.2, 36.3, 53.1, 53.2, 56.8, 69.0, 71.1, 71.5, 113.5, 114.3, 122.3, 126.4, 129.1,
129.5, 130.1, 130.2, 130.3, 130.5, 144.2, 148.6, 152.3, 153.1; MS (FAB): m/z :
1741 [M�PF6]� , 1595 [M�H� 2PF6]� .


{[3]-(Dibenzo[24]crown-8){2,5-bis{2-[4-(4-tert-butylbenzylammonio)meth-
ylphenyl]ethyl}-1,4-bis(benzyloxymethyleneoxy)benzene}(dibenzo[24]-
crown-8)rotaxane} bis(hexafluorophosphate) (13 a-2 H ¥ 2 PF6): A mixture
of 2 a-H ¥ 2PF6 (150 mg, 0.12 mmol) and NaH (16 mg, 0.67 mmol) in CH2Cl2
(2 mL) was stirred at room temperature for 30 min before 2,5-bis(benzy-
loxymethyleneoxy)terephthaldehyde (24 mg, 60 �mol) in CH2Cl2
(0.75 mL) was added slowly by means of a syringe. The mixture was
stirred overnight at room temperature before H2O (0.3 mL) was added to
quench the reaction. The mixture was partitioned between CH2Cl2 (50 mL)
and H2O (50 mL), and the organic layer was washed with H2O (2� 50 mL),
dried (MgSO4), and evaporated to dryness. The residue was purified by
column chromatography (SiO2; MeOH/CH2Cl2 1:19), and the [3]rotaxane
13a-2H ¥ 2PF6 was isolated as a white solid (70 mg, 56%). M.p. 104 ±
106 �C; 1H NMR (400 MHz, CD2Cl2, 298 K): �� 1.26 (s, 18H), 2.83 (s,
8H), 3.42 ± 3.52 (m, 16H), 3.68 ± 3.78 (m, 16H), 4.00 ± 4.10 (m, 16H), 4.52 ±
4.63 (m, 8H), 4.75 (s, 4H), 5.28 (s, 4H), 6.72 ± 6.94 (m, 16H), 7.00 (s, 2H),
7.03 ± 7.12 (m, 4H), 7.20 ± 7.40 (m, 22H), 7.55 (br, 4H); 13C NMR (100 MHz,
CD2Cl2, 298 K): �� 31.3, 32.5, 34.8, 36.3, 52.6, 52.6, 68.4, 70.4, 70.6, 71.0,
93.8, 112.8, 116.8, 121.9, 125.8, 128.1, 128.2, 128.7, 129.0, 129.1, 129.3, 129.6,
129.7, 129.8, 138.0, 143.8, 147.9, 150.3, 152.7; MS (FAB): m/z : 1952 [M�
PF6]� , 1806 [M�H� 2PF6]� ; elemental analysis calcd (%) for
C110H138N2O20P2F12 (2098): C 62.96, H 6.63, N 1.33; found: C 62.56, H
6.71, N 1.17.


{[3]-(Dibenzo[24]crown-8){2,5-bis{2-[4-(4-tert-butylbenzylammoniometh-
yl)phenyl]ethyl}-2,5-dihydroxybenzene}(dibenzo[24]crown-8)rotaxane}
bis(hexafluorophosphate) (14 a-2 H ¥ 2PF6): The [2]rotaxane 13a-2H ¥ 2PF6


(20 mg, 10 �mol) in 5% HCl/THF (1:19; 5 mL) was heated under reflux
overnight before being cooled to room temperature. A solution of NH4PF6


(20 mg) in H2O (2 mL) was added, the THF was evaporated, and the
residue was partitioned between H2O (20 mL) and CH2Cl2 (20 mL). The
organic layer was washed with H2O (2� 20 mL), dried (MgSO4), and then
the solvent was evaporated. The residue was purified by column
chromatography (SiO2; MeCN/CH2Cl2 1:9), and the [3]rotaxane 14a-
2H ¥ 2PF6 was isolated (11 mg, 64%). 1H NMR (400 MHz, CD3CN, 298 K):
�� 1.21 (s, 18H), 2.60 ± 2.80 (m, 8H), 3.44 ± 3.52 (m, 16H), 3.63 ± 3.72 (m,
16H), 3.93 ± 4.04 (m, 16H), 4.52 ± 4.67 (m, 8H), 6.22 (s, 2H), 6.49 (s, 2H),
6.71 ± 6.87 (m, 16H), 6.99 (d, J� 8.1 Hz, 4H), 7.16 ± 7.23 (m, 12H), 7.55 (br,
4H); 13C NMR (100 MHz, CD3CN, 298 K): �� 31.4, 32.1, 35.1, 36.0, 53.0,
53.1, 68.9, 71.1, 71.5, 113.4, 117.5, 122.2, 126.3, 127.1, 129.5,130.0, 130.2,
130.3, 130.5, 144.2, 148.5, 148.5, 153.0; MS (FAB): m/z : 1711 [M�PF6]� ,
1565 [M�H� 2PF6]� .







[2]Rotaxanes 5170±5183
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{[4]-{1,3,5-Tris{2-[4-(4-tert-butylbenzylammoniomethyl)phenyl]ethyl}ben-
zene}tris(dibenzo[24]crown-8)rotaxane} tris(hexafluorophosphate) (16 a-
3H ¥ 3 PF6): Benzene-1,3,5-tricarboxaldehyde (8.5 mg, 50 �mol) was added
to a solution of 2a-H ¥ 2PF6 (200 mg, 0.16 mmol) and NaH (15 mg,
0.6 mmol) in CH2Cl2 (2.6 mL), and the mixture was then left to stir at
room temperature for 16 h. The reaction was quenched with 1� HCl
(10 mL), and the aqueous phase was then extracted with CH2Cl2. The
solvent was removed from the combined organic phases, the residue was
dissolved inMeCN (10 mL) and then saturated aqueous NH4PF6 was added
until no further precipitation was observed. The precipitate was filtered off,
washed with water, and then dried under vacuum. The resulting solid was
further purified by dissolving it in a small amount of CH2Cl2 and then
reprecipitated with Et2O. The crude rotaxane 15 a-3H ¥ 3PF6 was dissolved
in THF (1.5 mL), PtO2 (6 mg) was added and the mixture stirred under an
H2 atmosphere for 2 h. The reaction mixture was then filtered and purified
by flash column chromatography (SiO2; CH2Cl2/MeOH 100:0� 95:5),
yielding the fully hydrogenated [4]rotaxane 16a-3H ¥ 3PF6 as a clear oil
(67 mg, 47%). 1H NMR (400 MHz, CDCl3, 298 K): �� 1.21 (s, 27H), 2.72
(br, 12H), 3.44 ± 3.48 (m, 24H), 3.74 ± 3.76 (m, 24H), 3.99 ± 4.01 (m, 24H),
4.56 ± 4.63 (m, 12H), 6.75 ± 6.80 (m, 12H), 6.81 ± 6.88 (m, 12H), 6.88 (s, 3H),
6.99 (d, J� 8 Hz, 6H), 7.15 ± 7.23 (m, 18H), 7.48 (br, 6H); 13C NMR
(100 MHz, CDCl3, 298 K): �� 30.4, 34.2, 36.8, 37.0, 52.1, 67.9, 70.1, 70.5,
112.4, 121.2, 125.3, 126.1, 128.5, 129.0, 129.2, 129.4, 129.6, 141.7, 142.9, 147.5,
152.0 (one signal is ™missing∫, presumably because of two overlapping
signals); MS (FAB): m/z : 2554 [M�PF6]� , 2408 [M�H� 2PF6]� .


{[2]-{1,4-Bis{2-[4-(4-tert-butylbenzylammoniomethyl)phenyl]ethyl}ben-
zene}(dibenzo[24]crown-8)rotaxane} bis(hexafluorophosphate) (17 a-2 H ¥
2PF6): A solution of terephthaldehyde (10.5 mg, 80 �mol) in CH2Cl2
(2.5 mL) was added, over a period of 2 h, to a solution of 2 a-H ¥ 2PF6


(200 mg, 0.2 mmol) and NaH (15 mg, 0.6 mmol) in CH2Cl2 (2.5 mL). The
reaction was then left to stir at room temperature for 15 h, before being
quenched with 1� HCl (10 mL), and the aqueous phase was then extracted
with CH2Cl2. The solvent was evaporated from the combined organic
phases, the residue was dissolved in MeCN, and then saturated aqueous
NH4PF6 was added until no further precipitation was observed. The
precipitate was filtered off, washed with H2O, and then dried under
vacuum. The resulting solid was further purified by dissolving it in a small
amount of CH2Cl2 and then reprecipitating it by the addition of Et2O. The
crude product was dissolved in THF (3 mL), PtO2 (6 mg) was added, and
the mixture was stirred under an H2 atmosphere for 1 h. The mixture was
then filtered, the solvent evaporated, and the residue purified by flash
column chromatography (SiO2; CH2Cl2/MeOH 100:0� 95:5) to yield the
[2]rotaxane 17 a-2H ¥ 2PF6 as a clear oil (72 mg, 66%). 1H NMR (400 MHz,
CD3CN, 298 K): �� 1.19 (s, 9H), 1.29 (s, 9H), 2.78 (s, 4H), 2.83 (s, 4H),
3.41 ± 3.54 (m, 8H), 3.70 ± 3.73 (m, 12H), 3.99 ± 4.02 (m, 8H), 4.54 ± 4.62 (m,
4H), 6.75 ± 6.81 (m, 4H), 6.81 ± 6.88 (m, 4H), 6.93 ± 6.98 (m, 2H), 7.01 ± 7.08
(m, 4H), 7.11 ± 7.30 (m, 12H), 7.34 ± 7.39 (m, 2H), 7.48 (br, 2H); 13C NMR
(100 MHz, CDCl3, 298 K): �� 30.4, 30.5, 34.1, 34.2, 36.4, 36.7, 36.8, 37.0,
51.9, 52.0, 52.1, 52.2, 67.9, 70.1, 70.5, 112.5, 121.3, 125.2, 125.3, 128.1, 128.3,
128.4, 128.6, 129.0, 129.2, 129.3, 129.6, 139.0, 139.4, 140.8, 142.8, 147.5, 147.8,
150.1, 152.0 (three signals are ™missing∫, presumably because of signal
overlap); MS (FAB): m/z : 1086 [M�H� 2PF6]� .


{[2]-{1,4-Bis{2-[4-(3,5-di-tert-butylbenzylammoniomethyl)phenyl]ethyl}-
benzene}(benzometaphenylene[25]crown-8)rotaxane} bis(hexafluoro-
phosphate) (17 b-2 H ¥ 2 PF6): A solution of 2b-H ¥ 2PF6 (57 mg, 45 �mol)
and NaH (5 mg, 22 �mol) in CH2Cl2 (0.6 mL) was stirred at room
temperature for 30 min, and then terephthaldehyde (3 mg, 22 �mol) in
CH2Cl2 (0.6 mL) was added slowly. The mixture was stirred at room
temperature for 18 h before MeOH (0.1 mL) was added to quench the
reaction. The mixture was partitioned between CH2Cl2 (30 mL) and H2O
(30 mL). The organic layer was separated, washed with 5% HCl (2�
20 mL), dried (MgSO4), and evaporated to dryness. The residue was
dissolved in MeCN (1 mL) and then saturated aqueous NH4PF6 was added
until no further precipitation was observed. The solid was filtered, washed
with H2O, and dried under vacuum. The solid was dissolved in THF (2 mL),
PtO2 (3 mg) was added, and the mixture was stirred under an H2


atmosphere for 40 min. The solvent was evaporated under reduced
pressure, and the residue was then partitioned between CH2Cl2 (30 mL)
and H2O (30 mL). The organic layer was washed with 5%HCl (2� 20 mL),
dried (MgSO4), and concentrated. The crude product was dissolved in
MeCN (1 mL), and saturated aqueous NH4PF6 was added until no further


precipitation was observed. After filtration, the solid was purified by
column chromatography (SiO2; MeOH/CH2Cl2 1:19) to yield the [2]rotax-
ane 17b-2H ¥ 2PF6 as a white solid (16 mg, 24%). 1H NMR (400 MHz,
CD3CN, 298 K): �� 1.21 (s, 18H), 1.31 (s, 18H), 2.73 (s, 4H), 2.86 (s, 4H),
3.35 ± 4.00 (m, 24H), 4.10 ± 4.21 (m, 4H), 4.30 ± 4.40 (m, 2H), 4.42 ± 4.53 (m,
2H), 6.50 ± 6.65 (m, 3H), 6.65 ± 6.80 (m, 2H), 6.81 ± 7.00 (m, 4H), 7.00 ± 7.50
(m, 17H), 7.80 (br, 4H); 13C NMR (90 MHz, CD3CN, 298 K): �� 31.6, 31.7,
35.5, 35.6, 37.4, 37.7, 37.8, 38.1, 53.1, 53.3, 53.6, 53.8, 68.6, 69.0, 70.2, 71.0, 71.2,
71.9, 104.4, 108.4, 113.1, 118.3, 122.4, 122.4, 123.8, 124.8, 124.9, 129.4, 129.5,
129.6, 130.6, 131.5, 131.7, 140.1, 140.4, 147.4, 151.9, 152.5 (seven signals are
™missing∫, presumably because of signal overlap); MS (FAB): m/z : 1344
[M�PF6]� , 1198 [M�H� 2PF6]� .
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Abstract: We have synthesized and characterized novel, copper-metalated, poly-
meric templates that contain adenine nucleobases. These promote hydrolysis of non-
natural and natural phosphate ester substrates in a highly efficient and catalytic
fashion. The crystal structure of the copper-containing adenylated monomer reveals
the formation of a polymeric array, through coordination to both N1 and N7 atoms.
Possible implications of these studies for prebiotic catalysis, involving synergism
between adenine and copper ions, are also discussed.


Keywords: adenine ¥ copper ¥
heterogeneous catalysis ¥ prebiotic
¥ polymerization


Introduction


A hypothetical scenario of a prebiotic RNA world, in which
RNA served as a genetic template and possessed catalytic
features necessary for self-replication, has long been postu-
lated.[1] However, due to the lack of a credible mechanism for
prebiotic RNA synthesis and RNA×s inherent instability, it
seems likely that life processes originated with a nucleic-acid-
like polymer possessing the desired templating and catalytic
features.[2] Although artificial selection has discovered nucleic
acid enzymes with predetermined catalytic activities,[3] a
plausible mechanism for de novo nucleic-acid template
synthesis still remains elusive. In this context, numerous
chemical and biochemical studies under simulated prebiotic
conditions have appeared, thanks to pioneering efforts by
Orgel, Miller, Ferris, and others.[4]


Studies pertaining to prebiotic catalysis and the chemical
origin of life have attracted considerable attention over the
years.[5] One theme of these investigations relates to the
preponderance of homogenous versus heterogeneous catal-


ysis in the primordial era. In this context, Bernal pointed
towards the possible assistance of mineral surfaces for bio-
logical polymerization reactions.[6] Towards this end, adsorp-
tion of adenine and other nucleotides on graphite, zeolites,
feldspars, and montmorillonite, and a favorable assistance
from CuII for optimal binding to the mineral surfaces have
already been documented.[7]


In general, mimicry of artificial nucleases employs ligands
of synthetic or natural origin, in conjunction with an
appropriate metal ion, to accomplish phosphate ester hydrol-
ysis.[8, 9] Reaction catalysis is mostly homogenous; however,
some reports have also documented the use of these reagents
in a heterogeneous environment.[10] Most of the reported
examples use small, monomeric ligands that are often not
suited to mimic the intricate three-dimensional architectures
of biomolecules, such as protein enzymes. We have recently
described the activity of nucleobase-containing polymeric
frameworks, which conform to classical Michaelis ±Menten
kinetics, for the hydrolysis of activated phosphate esters.[11]


Interestingly, one such template also displayed a remarkable
enzyme-like activity for oxygen insertion in an aromatic C�H
bond,[12] a reaction catalyzed by hydroxylase/oxidase protein
enzymes and required for the biosynthesis of the essential
amino acid tyrosine and catecholamine neurotransmitters.[13]


As a bio-inspired approach, we report the construction of two
new adenylated polymeric templates and their catalytic
assistance of 2�,3�-cyclic adenosine monophosphate (2�,3�-
cAMP) cleavage. Thorough kinetic analyses have been
performed to confirm the true catalytic nature of metalated
polymeric adenylated templates, and preliminary attempts
have been made to understand the underlying mechanism, by
employing activated phosphate esters.
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Results and Discussion


Syntheses and characterization :
9-(4-Vinylbenzyl)adenine (9-
VBA) was synthesized by treat-
ment of 4-vinylbenzyl chloride
with adenine, in the pres-
ence of potassium carbonate
(Scheme 1). The vinyl group
was introduced in order to ach-
ieve more effective polymeriza-
tion than obtained with the
allylated monomer used by us
in previous studies,[11] which
resulted in a better product
yield. 9-VBA was co-polymer-
ized either with 1,4-divinylben-
zene or with ethyleneglycol di-
methacrylate in the presence of
azobis(isobutyronitrile) (AIBN),
followed by metalation with
CuCl2 in methanol. The extent
of nucleobase incorporation in
templates 1 (DVB) and 2
(EGDMA) was determined by
elemental analysis, while the
amount of copper in the meta-
lated templates was estimated
by atomic absorption spectrosco-
py (AAS). The coordination around copper in the polymeric
matrix was partially characterized by EPR spectroscopy.
Templates 1 and 2 were found to display isotropic symmetry
with giso� 2.112 and 2.120, respectively (Figure 1). Both the
templates 1 and 2 were hydrophobic and completely insoluble
in common solvents. To make the polymer compatible with
hydrolysis in aqueous buffer, it was necessary to pre-wet it
with the minimum possible volume of methanol. Thus, catalysis
of phosphate ester cleavage was heterogeneous in nature.


X-ray structural studies : Metal ± nucleobase coordination
complexes have received considerable attention over the past
several decades. Several strategies, pioneered by Lippert and


others, have used such complexes to generate novel coordi-
nation architectures.[14] We have determined the X-ray crystal
structure of the 9VBA-Cu complex in order to ascertain the
nature of coordination around the copper atom. Green, plate-
like 9VBA-Cu crystals were grown, with N,N-dimethyl
formamide (DMF) as a solvent and hexane as a precipitant.
The ORTEP diagram (Figure 2) of the unit cell shows two
pentacoordinate copper atoms. Coordination occurs through
the ring nitrogen atoms of modified adenine, two chlorine
atoms, and an oxygen atom of DMF. The geometry around
both copper atoms is distorted trigonal bipyramidal, with
nitrogens N19 and N21 occupying the axial positions around
Cu11, and N11 and N29 around Cu12. The equatorial
positions are taken up by Cl11, Cl12, and O11, and by Cl21,
Cl22, and O21, respectively. The axial angles N19-Cu11-N21
and N11-Cu12-N29 are close to linear, with angles of 170.3(3)�
and 168.6(3)�, respectively. Distortions of the two copper
centers from perfect trigonal bipryamidal geometry are
evident from the equatorial angles Cl1-Cu11-O (95.2(17)�
and 155.8(18)�), Cl2-Cu12-O (94.9(18)� and 158.0(18)�), and
Cl-Cu-Cl (108.9(8)� and 107.1(8)�). The rest of the angles
subtended at copper centers are close to right angles, as
expected for trigonal bipyramidal geometry. The distortion
may be due to the steric bulk of the vinylbenzyl substituent.
Important bond lengths and bond angles are listed in Table 1.
Simultaneous coordination to N1 and N7 has been observed
before in PtII-metalated modified purine crystal structures.[15]


In addition, coordination to other nitrogen atoms has also
been observed for various copper-metalated adenine crystal
structures.[16]


Scheme 1.


Figure 1. Solid-state EPR spectra for templates 1 and 2 at room temper-
ature.
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A notable feature of the 9-(4-vinylbenzyl)adenine ± copper
complex is that it extends into a coordinated polymeric array
assisted by metal centers (Figure 3). Such an extended
framework bears a striking resemblance to the periodicity of
single-strand nucleic acids. In this case, modified adenine
monomers appear to be tethered noncovalently through the
participation of copper ions, and this assembly extends in the
solid-state solely through coordination to copper ions, which
act in a fashion analogous to the phosphodiester bridges in
natural nucleic acids.
It is highly plausible that heterocyclic nucleobases, con-


taining various metal ion coordination sites, could have been
assembled in situ with the aid of metal ions, in the absence of
N-glycosyl substituents and the phosphodiester backbone.
Therefore, such nucleobase assemblies could have served the
role of protonucleic acids to accomplish initial, primordial
templating and catalytic reactions.
Furthermore, modified adenine has been cross-polymerized


and post-synthetically metalated to yield metalated tem-


plates.[7] This modification was introduced to mimic adenine
adsorbed on mineral surfaces, and it ensured that any
resulting catalytic assistance was heterogeneous in nature.
Analogously to mineral surfaces, the polymeric matrix
provided a constellation of adenine residues and a synthetic
scaffold for nucleobase/metal-ion coordination. All of the
kinetic studies were performed with the metalated polymeric
template to exploit their reusability[11] and are reported in
subsequent sections.
Efforts have been made to understand the coordination


around copper in metalated templates, as compared with
copper in the complex, by employing spectroscopic techni-
ques. The solid-state EPR spectrum of the monomeric copper
complex displayed an axial symmetry with g� � 2.160 and g��
2.044 (Figure 4), while both the polymeric templates dis-
played isotropic symmetry (Figure 1). Diffuse reflectance
UV/visible spectra were recorded for the complex as well as
for the templates 1 and 2. The polymeric templates were
found to follow similar UV/Vis patterns, with a d ± d transition
at 795 nm, ligand-to-metal charge transfer (LMTC) at 420 nm,
and a � ±�* transition at 282 nm. Though there was no change
in LMTC and � ±�* transitions for the copper ± adenine
complex, the d ± d transition was blue-shifted (717 nm). This
observation suggests a subtle difference between the coordi-
nation environments of copper at the monomer and at the
polymer level, which is not quite clear in the latter case.


Kinetic investigation of phosphate ester hydrolysis : Kinetic
parameters have been derived for the hydrolysis of activated
phosphate esters, such as p-nitrophenyl phosphate (pNPP),
bis(p-nitrophenyl) phosphate (bNPP) and 2-hydroxypropyl-p-
nitrophenyl phosphate (hNPP), under catalysis by templates 1
and 2. pNPP is an example of a phosphate monoester, bNPP is
a phosphodiester, while hNPP is a phosphate diester that also
serves as an RNAmodel, owing to the presence of an internal
hydroxyl group. Hydrolytic reactions catalyzed by copper-
adenylated templates were monitored at 400 nm as a function


Figure 2. POVRAY-rendered ORTEP diagram showing the asymmetric
unit of 9VBA-Cu complex. Hydrogen atoms are excluded for clarity.


Figure 3. POVRAY diagram showing the polymeric structure of the
9VBA-Cu complex. Hydrogen atoms are omitted for clarity.


Table 1. Important bond lengths [ä] and angles [�] for 9VBA-Cu
complex.[a]


Cu11�O11 2.000(5) N11�Cu12 2.027(6)
Cu11�N19 2.026(6) Cu12�O21 2.014(5)
Cu11�N21#1 2.037(6) Cu12�N29 2.015(6)
Cu11�Cl12 2.274(2) Cu12�Cl22 2.270(2)
Cu11�Cl11 2.572(2) Cu12�Cl21 2.576(2)


O11-Cu11-N19 87.8(2) O21-Cu12-N29 88.1(2)
O11-Cu11-N21#1 87.3(2) O21-Cu12-N11 87.6(2)
N19-Cu11-N21#1 170.3(3) N29-Cu12-N11 168.6(3)
O11-Cu11-Cl12 155.83(18) O21-Cu12-Cl22 157.96(18)
N19-Cu11-Cl12 92.44(18) N29-Cu12-Cl22 91.69(19)
N21#1-Cu11-Cl12 88.63(19) N11-Cu12-Cl22 88.38(19)
O11-Cu11-Cl11 95.20(17) O21-Cu12-Cl21 94.86(18)
N19-Cu11-Cl11 94.40(19) N29-Cu12-Cl21 95.34(18)
N21#1-Cu11-Cl11 94.3(2) N11-Cu12-Cl21 95.5(2)
Cl12-Cu11-Cl11 108.86(8) Cl22-Cu12-Cl21 107.09(8)


[a] Symmetry transformations used to generate equivalent atoms: #1: x� 1,
y, z ; #2: x�1, y, z.
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of release of p-nitrophenolate anion with respect to time
(1.65� 104��1 cm�1).
Significant rate acceleration was observed for the hydrol-


ysis of activated phosphate esters when catalyzed by tem-
plates 1 and 2, relative to uncatalyzed reaction. Pseudo-first-
order rate constants (kobs) for template-assisted hydrolysis
were determined from plots of ln [A�/(A��At)] versus time
(Table 2). For pNPP hydrolysis, kobs was found to be 3.52�
10�4 and 5.11� 10�4 min�1 for templates 1 and 2, correspond-
ing to rate enhancements of 7.15� 102- and 1.04� 103-fold,


respectively, relative to the uncatalyzed reaction.[17] The
values of kobs for the hydrolysis of bNPP by 1 and 2 were
found to be 1.23� 10�4 and 1.68� 10�4 min�1, respectively,
with relative rate enhancements relative to the uncatalyzed
reaction of 1.58� 105- and 2.15� 105-fold, respectively.[17]
Similarly, the kobs values for the hydrolysis of hNPP with
catalysis by templates 1 and 2 were determined to be 2.57�
10�3 and 3.54� 10�3 min�1, respectively, corresponding to rate
enhancements relative to the uncatalyzed reaction of 1.30�
103- and 1.79� 103-fold.[18] The higher rate enhancement
observed with template 2 than with 1 may be attributed to
higher copper loading in template 2.
Both of the templates followed Michaelis ±Menten satu-


ration kinetics, as was confirmed by plotting substrate
concentration versus initial velocity (Figure 5). Templates 1


and 2 were subjected to thorough kinetic analysis in order to
determine kinetic parameters for the hydrolysis of activated
substrates (Table 3, Figure 6), by means of Lineweaver ±Burk
plots (1/V against 1/[S]). For pNPP hydrolysis catalyzed by


template 1, Km, Vmax, and kcat were found to be 1.18m�,
4.01� 10�5m�min�1, and 5.51� 10�5min�1, while with 2 the
parameters were 1.42m�, 6.23� 10�5m�min�1, and 6.29�
10�5min�1, respectively. Similarly, Km, Vmax, and kcat values
for the hydrolysis of bNPP by 1 and 2 were found to be
0.62m�, 9.79� 10�5m�min�1, and 1.34� 10�4min�1 for 1 and
1.33m�, 1.72� 10�4m�min�1, and 1.75� 10�4min�1 for 2.
These parameters were also determined for the hydrolysis of
RNAmodel substrate hNPP with catalysis by templates 1 and
2 to give 2.95m�, 1.71� 10�3m�min�1, and 2.34� 10�3min�1
for 1, and 1.12m�, 8.70� 10�4m�min�1, and 8.79� 10�4min�1
for 2.
The catalytic proficiency ([kcat/Km]/kuncat), which is a meas-


ure of an enzyme×s ability to lower the activation energy of the
reaction, was also calculated for these templates for the
hydrolysis of activated substrates (Table 3).[19] These values
indicate that both templates have high affinities for the
substrates pNPP, bNPP, and hNPP, at concentrations of 10�3,
10�7, and 10�4�, respectively.
As in our previous studies with allyl polymers, the hydro-


lytic activity of templates 1 and 2 was found to be pH
dependent, with hydrolytic rates peaking at nearly pH 8.3


Figure 4. Solid-state EPR spectrum of the 9VBA-Cu complex.


Table 2. Pseudo-first-order rate constants for templates 1 and 2.[a]


Template Substrate[b] kobs [min�1] krel[c]


1 pNPP 3.52� 10�4 7.15� 102
bNPP 1.23� 10�4 1.58� 105
hNPP 2.57� 10�3 1.30� 103


2 pNPP 5.11� 10�4 1.04� 103
bNPP 1.68� 10�4 2.15� 105
hNPP 3.54� 10�3 1.79� 103


[a] All hydrolytic reactions were performed in duplicate in 3 mL of 0.01 m�
N-ethylmorpholine buffer in 10% aqueous methanol (pH 8.0, 30 �C). The
reference cell contained substrate without polymer to correct for back-
ground hydrolysis. The concentration of templates 1 and 2–pre-wetted
with methanol (15 �L)–was 1 mgmL�1. [b] Concentration of pNPP, bNPP,
and hNPP was 5.0 m�, 5.0 m�� and 3.0 m�, respectively. [c] krel is with
respect to the uncatalyzed reaction rate.


Figure 5. Michaelis ±Menten saturation kinetics for bNPP hydrolysis
catalyzed by template 2.


Table 3. Kinetic parameters for templates 1 and 2.[a]


Substrate Km [m�] Vmax [m�min�1] kcat [min�1] (kcat/Km)/kuncat [��1]


1[b] pNPP 1.18 4.01� 10�5 5.51� 10�5 9.49� 104
bNPP 0.62 9.79� 10�5 1.34� 10�4 2.77� 108
hNPP 2.95 1.71� 10�3 2.34� 10�3 4.01� 105


2[c] pNPP 1.42 6.23� 10�5 6.29� 10�5 9.00� 104
bNPP 1.33 1.72� 10�4 1.75� 10�4 1.69� 108
hNPP 1.12 8.70� 10�4 8.79� 10�4 3.96� 105


[a] All hydrolytic reactions were performed in duplicate in 3 mL of 0.01 m�
N-ethylmorpholine buffer in 10% aqueous methanol (pH 8.0, 30 �C). The
reference cell contained substrate without polymer to correct for back-
ground hydrolysis. Template concentrations were 1 mgmL�1, correspond-
ing to 0.73 and 0.99 m� of copper if the polymeric templates 1 and 2 were
completely soluble in the buffer. [b] [S] concentration ranges of pNPP,
bNPP, and hNPP for 1 were 1.0 ± 5.0m�, 0.50 ± 4.0m�� and 0.20 ± 1.0m�,
respectively. [c] [S] concentration ranges of pNPP, bNPP, and hNPP for 2
were 1.50 ± 3.0m�, 0.25 ± 3.0m�� and 0.80 ± 1.60m�, respectively.
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(data not shown). While solvent studies confirmed preferen-
tial involvement of metal ± hydroxy intermediates in phos-
phate ester hydrolysis, a linear dependence of assisted hydro-
lysis rate with respect to temperature revealed the high thermal
stability and activity of these templates (data not shown).


Cleavage of 2�,3�-cAMP : We have employed 2�,3�-cAMP to
evaluate the catalytic potential of our templates toward
natural, unactivated substrate (Scheme 2). Adenylated tem-
plates 1 and 2 catalyzed the hydrolysis of 2�,3�-cAMP with
appreciable rate enhancement and regioselectivity. Hydro-
lytic reactions were performed in N-ethylmorpholine buffer
(pH 8.0) at 30 �C, and the appearance of product was
monitored by C-18 reversed-phase HPLC (Figure 7).[20a]


Figure 7. HPLC traces for the cleavage of 2�,3�-cAMP at pH 8.0 and 30 �C.
1: 2�,3�-cAMP; 2: cleavage of 2�,3�-cAMP by template 2 ; 3: cleavage of 2�,3�-
cAMP by template 1; 4: recycled template 1. Retention times: 3�-AMP
6.91 min; 2�,3�-cAMP 8.33 min; 2�AMP 11.95 min.


First-order rate constants (kobs) for templates 1 and 2 were
2.43� 10�6 and 4.06� 10�7 s�1, respectively, which corre-
sponded to enhancements of �1600- and 270-fold relative
to the uncatalyzed reaction.[20b] Furthermore, the template-
assisted hydrolytic reaction led to preferential formation of 3�-
AMP as the major regioisomer, in 70% yield.
All cleavage reactions were performed under heteroge-


neous conditions, since the polymers are insoluble in aqueous
buffer. Consequently, attempts were made to recycle the
polymeric template for subsequent cleavage reactions. In a
simple procedure, after one complete cleavage reaction, the
polymer was filtered, washed with aqueous buffer, methanol,
and acetone, and air-dried. In one such recycling experiment,
template 1 was reused for 2�,3�-cAMP hydrolysis and,
interestingly, the extent of cleavage for the recycled template
remain unchanged when compared to the fresh catalyst
(Figure 7). The amounts of copper in 1 and 2 after one cycle
of hydrolytic cleavage of 2�,3�-cAMP were found to be 37.0 and
42.0 mg per gram of polymer, respectively. Atomic absorption
spectroscopy estimated similar copper contents for fresh and
recycled polymer, suggesting a lack of change in copper-ion
content during hydrolytic reactions. This observation was
further reinforced by arrest experiments as detailed below.
The reusability of the polymeric templates indicates that


such constructs act as rugged, insoluble scaffolds for holding
multiple adenine residues and copper ions. The rate enhance-
ments obtained with our polymers are comparable to those
given in recent reports,[20a,c] except for dinuclear and trinuclear
homogeneous copper complexes, for which relatively higher
rate accelerations have been achieved.[20b,c] However, the rare
reusability feature of these templates clearly suggests a
rugged and catalytic nature of our systems.


31P NMR spectroscopy: Efforts were made to establish a
working mechanism for these templates by study of assisted
hydrolysis of hNPP. This reaction could yield either a mono-
phosphorylated product, through an intermolecular nucleo-
philic attack, or a cyclic phosphate, through an intramolecular
attack. It has already been shown for certain artificial systems


Figure 6. Lineweaver ±Burk plots for hydrolysis of pNPP (top), bNPP
(middle), and hNPP (bottom) by templates 1 (�) and 2 (�).


Scheme 2.
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that metal-ion-promoted hNPP hydrolysis proceeds through
an intramolecular pathway to yield a cyclic phosphate.[21]


Exclusive, time-dependent formation of a cyclic phosphate
product as a result of template-mediated hNPP hydrolysis was
detected in this study, thus suggesting the activation of the
internal hydroxyl group by metalated templates for trans-
esterification (Figure 8). However, in the absence of an


Figure 8. 31P NMR spectra for the hydrolysis of hNPP by template 2.
Chemical shifts for hNPP and for the cyclic phosphate product are
�4.32 ppm and 18.58 ppm, respectively.[21d] The chemical shifts are with
respect to 85% H3PO4 as external reference.


internal nucleophile for 2�,3�-cAMP, an intermolecular attack
by metal-bound hydroxyl seems a probable mechanism. A
Fenton-type, free-radical-mediated cleavage of activated non-
natural phosphate esters has already been ruled out for such
polymeric templates.[11a] However, it is worth mentioning that
these templates might display an alternative mechanism of
action while interacting with natural substrates.


Arrest experiments : Implications for a crucial role of
coordinated copper ions was obtained from ™reaction arrest∫
experiments. In this assay, 2 was incubated with bis(p-nitro-
phenyl) phosphate (bNPP) as a model phosphodiester
substrate for 6 h, followed by its removal by filtration. This
resulted in the complete abrogation of bNPP hydrolysis when
observed over a time period of 75 h (Figure 9), thus indicating


Figure 9. Reaction arrest experiment for bNPP hydrolysis by template 2.


intricate involvement of coordinated copper ions, and not the
leached out ions, for the catalytic activity of the polymeric
templates. As control reactions, nonmetalated template or
copper salt alone did not support 2�,3�-cAMP hydrolysis under
the reaction conditions.


Rate inhibition by vanadate ions : Phosphatases are inhibited
by vanadate ions, as they mimic the transition state of
phosphate ester hydrolysis.[22] We have studied the inhibitory
effect of vanadate ion on phosphate ester hydrolysis catalyzed
by our templates, and Lineweaver ±Burk plots were conse-
quently derived for bNPP hydrolysis catalyzed by 2 in the
presence or absence of ammonium vanadate (0.10m�) at
pH 8.0 (Figure 10). The values of Km and Vmax in the presence


Figure 10. Lineweaver ±Burk plots for bNPP hydrolysis by template 2 : (�)
in absence of inhibitor; (�) in the presence of inhibitor.


of inhibitor were found to be 0.69m� and 8.99�
10�5m�min�1, respectively, and in its absence 1.33m� and
1.72� 10�4m�min�1. The kinetic data obtained suggest an
uncompetitive mode of inhibition by vanadate ions, with Ki�
0.11m�. A precise explanation for this uncompetitive inhib-
ition is not available at present.


Conclusion


Curiously, the crystal structure of metalated vinylbenzyl
adenine monomer has the form of an extended strand-like
structure, which bears a resemblance to single-strand nucleic
acids. Copper ions act as tethers (or the backbone), in the
absence of sugar residues and phosphodiester linkage, to
stabilize the metalated assembly.
The adenylated polymeric templates described here are


insoluble due to cross-linking, and act heterogeneously to
accomplish non-natural and natural phosphate ester hydrol-
ysis. Their prolonged and sustained reactivity, as demonstrat-
ed by recycling experiments and reaction arrest assay, indicate
that they can retain metal-ion-dependent catalytic properties
for long durations, without altered reaction rates. Hence, we
propose that these insoluble templates, containing multiple
adenine residues, mimic metal-coordinated adenine aggre-
gates or primordial adenine-based oligomers adsorbed on
mineral surfaces. Favorable CuII interactions observed in this
study also allude to synergistic interactions between nucleo-
bases and metal ions in the prebiotic era for catalyzing
fundamental biochemical reactions.[23] Interestingly, a modi-
fied adenosine moiety has previously been examined for its
role in catalyzing ester hydrolysis.[24]


In short, the metalated adenine-containing polymers de-
scribed in this report combine a scaffold for substrate binding
and a nucleobase matrix for copper-ion coordination, to
produce a catalytically active, nucleic-acid-like polymeric
template with a biological function. It is proposed that studies
with such model constructs might provide further insight into
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primitive organization of nucleic acid constituents and into
their cooperative interaction with metal ions for prebiotic
catalysis. Another intriguing possibility is that such metal ±
nucleobase assemblies could have functioned as short, pre-
biotic templates for recognition of other bases and amino
acids, for subsequent primordial oligomerization reactions.
We are currently evaluating these templates for nucleic acid
modification, while template-assisted biosynthetic reactions
have also been envisaged.


Experimental Section


Instrumentation : HPLC assay was performed on a Perkin ±Elmer 785 A
UV/Vis detector. 1H and 31P NMR spectra were recorded on a JEOL-JNM
LAMBDA 400 model operating at 400 and 161.7 MHz, respectively. EPR
spectra were recorded on a Varian 109E Line Century Series X-band
spectrometer. The amount of copper in the metalated nucleobase polymer
was determined by AAS spectrometry (GBC), at FEAT Laboratory, IIT-
Kanpur. Elemental analyses and mass spectra were recorded at the
Regional Sophisticated Instrumentation Centre, Lucknow (India). Reac-
tion kinetics were examined on a Shimadzu UV-160 UV/Vis spectropho-
tometer.


Chemicals and Reagents : 4-Vinylbenzyl chloride, ethyleneglycol dimeth-
acrylate (EGDMA), and 1,4-divinylbenzene (DVB) were purchased from
Fluka (Switzerland). 2�,3�-cAMP was purchased form Sigma. Azobis(iso-
butyronitrile) (AIBN; Ajax Chemicals, India) was recrystallized from
methanol. Copper chloride ¥ 2H2O (Merck, India), ammonium vanadate
(S.D. Fine Chemicals, India) and pNPP (SRL, Mumbai) were used as
supplied. Potassium carbonate was purchased from Lancaster (England).
The sodium salt of bNPP (Fluka, Switzerland) was prepared from the
commercial sample and used for kinetic assays. N-Ethylmorpholine,
methanol (spectroscopic grade), and ethyleneglycol were from S.D. Fine
Chemicals (India) and were distilled prior to use. 2-Hydroxypropyl-p-
nitrophenyl phosphate (hNPP) was synthesized by the literature proce-
dure.[25] Triply distilled water was used in all assays, and HPLC grade
solvents were used for HPLC analysis. All solvents were distilled or dried
when necessary by general procedures.


9-(4-Vinylbenzyl)adenine (9-VBA): 4-Vinylbenzyl chloride (0.5 mL,
3.5 mmol, 0.9 equiv) and K2CO3 (0.61 g, 4.4 mmol, 1.2 equiv) were stirred
in anhydrous DMSO (15 mL) at 30 �C for 5 h, under a nitrogen atmosphere.
The solvent was evaporated under reduced pressure, and silica gel column
chromatography afforded the pure compound [Rf� 0.6 (ethyl acetate/
methanol 9:1)] in 71% yield. M.p. 202 �C; 1H NMR (400 MHz, [D6]DMSO,
25 �C, TMS): �� 5.2 (d, 3J(H,H)� 11 Hz, 1H; C�H), 5.4 (s, 2H; CH2), 5.8
(d, 3J(H,H)� 18 Hz, 1H; C�H), 6.7 (dd, 3J(H,H)� 18, 11 Hz, 1H; C�H),
7.3 (d, 2J(H,H)� 8 Hz, 2H; ArC�H), 7.4 (d, 2J(H,H)� 8 Hz, 2H; ArC�H),
8.1 (s, 1H; ArC�H), 8.2 (s, 1H; ArC�H), 7.2 ppm (br; NH2); 13C NMR: ��
45.8, 114.5, 118.6, 126.3, 127.8, 136, 136.5, 136.6, 140.7, 149.4, 152.5,
155.9 ppm; MS [EI]: m/z (%): 251 (10) [M�], 250 (54) [M��H].
9VBA-Cu complex : 9VBA (0.10 g, 0.4 mmol, 1.0 equiv) was dissolved in
methanol/chloroform (4:1; 5.0 mL), and CuCl2 ¥ 2H2O (0.035 g, 0.20 mmol,
0.5 equiv) was added to this solution. The reaction mixture was stirred for
2 h at room temperature. A brownish-green precipitate was formed, and
this was isolated by filtration and washed with methanol (25 mL),
chloroform (25 mL), and acetone (25 mL). The complex was dried under
vacuum. Crystals suitable for X-ray studies were grown in N,N-dimethyl-
formamide by diffusion. A green plate crystal was coated with Para-
tone 8277 oil (Exxon) and mounted on a glass fiber. All measurements
were made on a Nonius Kappa CCD diffractometer with graphite
monochromated Mo-K� radiation.


Crystal data for the 9VBA-Cu complex : C40H54Cl4Cu2N14O4: Mr� 1063.85,
triclinic, space group P1≈, a� 13.255(7), b� 13.680(5), c� 14.500(8) ä, ��
67.16(2), �� 89.80(2), �� 88.46(3)�, V� 2422.1(2) ä3, �calcd� 1.459 Mgm�3,
T� 173(2) K, Z� 2, �(MoK�)� 1.15mm�1, 20508 reflections measured,
10984 unique (Rint� 0.13), final R1� 0.091, wR2� 0.212 [I� 2�(I)], R1�
0.223 and wR2� 0.262 (all data). The structure was solved with SIR92 and
expanded by Fourier techniques. Non-hydrogen atoms were refined


anisotropically, while hydrogen atoms were included at geometrically
idealized positions. The final cycle of full-matrix, least-squares refinement
by use of SHELXL97[26] converged with unweighted and weighted agree-
ment factors, R� 0.091 and wR� 0.262 (all data), respectively, and
goodness of fit, S� 0.998.
CCDC 181927 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.uk).


Cross-polymers of 9VBA with DVB and EGDMA : AIBN-initiated free-
radical polymerization was employed for the synthesis of nucleobase cross-
polymers. 9-VBA (1.0 g, 4.0 mmol, 1 equiv), DVB (0.23 mL, 0.8 mmol,
0.2 equiv) or EGDMA (0.15 mL, 0.8 mmol, 0.2 equiv), and AIBN (15 mg)
were taken up in dry DMSO (8.0 mL) and the reaction mixture was purged
with oxygen-free N2 gas for 45 min. Polymerization was performed at 80 �C
for 18 h in the presence of DVB and 6 h in the presence of EGDMA. A
white gel was formed in both cases, and this was filtered, washed with hot
DMSO (5� 20 mL), methanol (5� 20 mL), and acetone (3� 20 mL), and
dried under vacuum. The amounts of nucleobase cross-polymer obtained
with DVB and with EGDMAwere 0.85 g and 1.05 g, respectively.


Copper-metalated cross-polymer of 9VBA and DVB (template 1):
Unmetalated template 1 (0.75 g) and CuCl2 ¥ 2H2O (0.51 g) were taken
up in methanol (25 mL). The reaction mixture was allowed to stir at room
temperature for 24 h. Metalated polymer was isolated by filtration, washed
with methanol (4� 25 mL) and acetone (3� 10 mL), powdered, and dried
under vacuum. Template 1 was obtained as a green, amorphous powder
(0.84 g) and was found to be insoluble in common solvents.


Copper-metalated cross-polymer of 9VBA and EGDMA (template 2):
Unmetalated template 2 (0.80 g) and CuCl2 ¥ 2H2O (0.543 g) were taken up
in methanol (25 mL). The reaction mixture was allowed to stir at room
temperature for 24 h. Metalated polymer was isolated by filtration, washed
with methanol (4� 25 mL) and acetone (3� 10 mL), powdered, and dried
under vacuum. Template 2 was obtained as a green, amorphous powder
(0.99 g) and was found to be insoluble in common solvents.


Characterization of templates 1 and 2 : Powder EPR spectra at room
temperature indicated the presence of isotropic symmetry for templates 1
and 2, with giso� 2.112 and 2.120, respectively. Elemental analyses found
(%): Template 1: C 61.11, H 9.85, N 17.01; Template 2 : C 53.29, H 13.52, N
16.26. It is thus determined from elemental analyses that every gram of
templates 1 and 2 contains 610 mg (2.43 mmol) and 583 mg (2.32 mmol) of
monomer, respectively. Copper in the polymeric matrices was estimated by
AAS and was found to be 46.3 and 63.1 mg per gram of polymer for 1 and 2,
respectively.


General assay for the hydrolysis of pNPP, bNPP, and hNPP by 1 and 2
(spectrophotometric method): All hydrolytic reactions were performed in
duplicate in centrifuge tubes thermostatted at 30 �C. The assay mixture
contained 3 mL of substrate solution of appropriate concentration,
prepared in 0.01� N-ethylmorpholine buffer (pH 8.0) in 10% aqueous
methanol. The amount of polymer was 1 mgmL�1 of buffered substrate
solution, and the concentration of the catalyst corresponded to the amount
of copper present in the polymeric matrix. The polymers were pre-wetted
with methanol (15 �L). Initial velocities were determined as a function of
time-dependent release of p-nitrophenolate anion (�400� 1.65�
104��1cm�1). Michaelis ±Menten parameters were calculated from corre-
sponding Lineweaver ±Burk plots. Pseudo-first order rate constants were
derived from ln [A�/(A��At)] against time plots, whereA� andAt are the
absorbances at infinite time and at time t. All hydrolytic reactions were
performed over at least four half-lives of each substrate.
31P NMR experiment for hydrolysis of hNPP by 1 and 2 : Hydrolytic
reactions were performed in 1.0 mL N-ethylmorpholine buffer in 10%
aqueous methanol (0.01�, pH 8.0, 30 �C). The concentration of the
substrate, hNPP, was 5 m� and the polymer weight was 3 mgmL�1 for 1
and 2. 31P NMR spectra were recorded in solutions of reaction mixture and
D2O (2:1) at appropriate time intervals, and the reported chemical shifts
are with respect to 85% H3PO4 (40 m�) standard, in the same buffer.


Cleavage of 2�,3�-cAMP : Cleavage of cyclic phosphate catalyzed by
templates 1 and 2 was monitored by HPLC. In a typical procedure, 2�,3�-
cAMP solution (1.0 m�, 1.0 mL) in N-ethylmorpholine buffer (0.01� in
10% aqueous methanol, pH 8.0), was stirred in an Eppendorf tube at 30 �C.
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Polymer weights for 1 and 2 were 5 mgmL�1 and 3 mgmL�1 of buffer,
respectively. The reaction mixture was centrifuged and filtered to remove
any particulates. Samples (20 �L) were analyzed on a C-18 RP-HPLC
column (100 mm� 4.6 mm, Brownlee). An isocratic gradient of 95% A
and 5% B [A�KH2PO4 (10 m�); B�methanol/water (3:2)] was used for
elution and the eluents were monitored at 260 nm. First-order rate
constants were obtained as the slopes of plots of ln (A0/At) against time,
whereA0 andAt are the integrations of the area of the HPLC peak for 2�,3�-
cAMP at time� 0 and t, respectively.
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The Synthesis of a Novel Cyclo-Se3-Bridged Trinuclear Ru Complex


Shiho Hatemata, Hiroyasu Sugiyama, Jun Mizutani, and Kazuko Matsumoto*[a]


Abstract: The reaction of [{RuCl[P(OCH3)3]2}2(�-Se2)(�-Cl)2] with four equivalents
of NaPF6 gave [{Ru[P(OCH3)3]2(CH3CN)3}2(�-Se2)](PF6)3 and [{Ru[P(OCH3)3]2-
(CH3CN)(�-Cl)}2(�-cyclo-Se3){Ru[P(OCH3)3]2(CH3CN)3}](PF6)4. The former is a
RuIIRuIII mixed-valent paramagnetic compound. The X-ray structural analysis of the
latter compound revealed that it has a novel �-cyclo-Se3 neutral ligand and three RuII


atoms.


Keywords: bridging ligands ¥ cyclo-
triselenium ligand ¥ dinuclear RuIII


complex ¥ selenium ¥ trinuclear RuII


complex


Introduction


Chalcogen ligands have been recognized as an important
group, especially when they are in polymetallic complexes
such as the iron-sulfur clusters in nitrogenase[1] and synthetic
polymetallic chalcogenide clusters. The remarkably strong
donating ability of inorganic sulfur ligands and their structural
diversity in bridged-metal centers have for many years
tempted synthetic chemists to synthesize functionally and
structurally novel cluster complexes.[2] The syntheses and
reactions of polymetallic complexes containing heavier chal-
cogens have also been a research target.[3] The larger ionic
radii, the ligands× softer properties, and the increased
propensity for catenation would cause a significant difference
in the reactivity of the sulfur-analogue complexes. Since the
first report of the disulfide-bridged RuIII dinuclear complex,
[{RuCl[P(OCH3)3]2}2(�-S2)(�-Cl)2] (1), we have developed


novel reactions on the bridging disulfide ligand of 1 and
related complexes;[4, 5] for example reactions with alkenes and
ketones that involve C�H bond activation and C�S bond


formation on the bridging disulfide ligand.[6±8] These reactions
clearly show that, under certain conditions, a disulfide ligand
can act like a transition metal center in organometallic
complexes. This opens up a new area both in sulfur chemistry
and organometallic chemistry. Recently, we prepared the
selenium analogue of 1, [{RuCl[P(OCH3)3]2}2(�-Se2)(�-Cl)2]
(2) (Scheme 1),[9] and observed substitution reactions of the
terminal and bridging chloride ligands similar to those in 1. In
the present paper, the synthesis of the cyclo-Se3-bridged
trinuclear ruthenium complex prepared from 2 is reported.
The reaction is unique to 2, and is not observed for 1.


Results and Discussion


Treatment of 2 with an appropriate equivalent of AgCF3SO3


resulted in the formation of [{Ru[P(OCH3)3]2(CH3CN)}2-
(�-Se2)(�-Cl)2](CF3SO3)2 (3), and [{Ru[P(OCH3)3]2-
(CH3CN)3}2(�-Se2)](CF3SO3)4 (4), similar to the sulfur ana-
logue.[10] Although the elemental-analysis data of 3 were
satisfactory, several unassignable peaks were observed in the
1H and 31P{1H} NMR spectra. In solution, 3 seems unstable
and equilibrates with a couple of unknown species by
disproportionation. Nevertheless, in situ prepared 3 could be
treated with 2,3-dimethylbutadiene to give a complex carry-
ing a bridging ligand of a C4S2 six-membered ring,
[{Ru[P(OCH3)3]2(CH3CN)}2{�-SeCH2C(CH3)�C(CH3)CH2Se}-
(�-Cl)2](CF3SO3)2 (5).[11] This reaction parallels that of the
sulfur analogue.[12]


The reaction of 2with four equivalents of NaPF6 in CH3CN/
H2O gave a mixture of [{Ru[P(OCH3)3]2(CH3CN)3}2(�-Se2)]-
(PF6)3 (6) and an unknown diamagnetic complex, after
standard workup and recrystallization by layer diffusion of
Et2O onto a solution of the crude product in CH3CN
(Scheme 1).[13] In the 31P{1H} NMR spectrum of the recrystal-
lized products, a septet signal from the PF6


� counter anion at
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Scheme 1.


���143.1 (JPF� 704 Hz) and three signals (doublets at ��
120.9 and 123.8 (JPP� 71 Hz) and a singlet at �� 122.7) are
observed.


Since the paramagnetic compound 6 does not give any
31P{1H} NMR signal, the three signals must correspond to the
unknown complex. The three signals are always observed, and
the total intensity relative to that of the PF6 anion varies from
batch to batch. X-ray diffraction studies were carried out to
determine the structures of 6 and the unknown complex, and
the latter revealed the novel cyclo-Se3 structure of the
complex, [{Ru[P(OCH3)3]2(CH3CN)(�-Cl)}2(�-cyclo-Se3)-
{Ru[P(OCH3)3]2(CH3CN)3}](PF6)4 (7). In the 31P{1H} NMR
spectrum, the two doublets are assigned to the two non-
equivalent P(OCH3)2 ligands on the chloride-bridged two Ru
atoms, whereas the one singlet must arise from the two
equivalent P(OCH3)3 ligands on the remaining Ru atom.


Figure 1 shows the structure of 6. The Se�Se bond length in
6 (2.2623(12) ä) is similar to that in the starting complex 2


Figure 1. The structure of the complex cation 6 drawn at the 50%
probability level. Methyl H atoms are omitted for clarity.


(2.27 ä).[9] The structure of 7 is shown in Figure 2, in which the
novel cyclo-Se3 group bridges the three Ru atoms. Two of the
three Ru atoms are further doubly bridged by two chloride
ligands. The three Se�Se bond lengths in the cyclo-Se3


are approximately the same (2.4356(7), 2.4452(8), and
2.4454(8) ä), and are longer than the Se�Se bond in the
starting complex 2 (2.27 ä).[9] The major bond distances in 6
and 7 are listed in Tables 1 and 2, respectively. The oxidation
states of the three Ru atoms and the formal charge of the
cyclo-Se3 group can be assigned as three RuII and neutral Se3


by taking into account the charge of the complex cation of 7.
Considering the almost uniform Ru�P bond lengths for all


Figure 2. The structure of the complex cation of 7 drawn at the 50%
probability level. Methyl H atoms are omitted for clarity.


three metal sites, it is less probable that Se3
2� is the oxidation


state of the ligand.
A number of catena-polychalcogenide complexes have


been reported.[14, 15, 16, 17] For example, Ibers et al. found
[V2(�2-Se2)2(�-�2Se2)2(Se5)]2� to have a pentaselenide bridging
ligand with different Se�Se bond lengths (2.453(3), 2.360(3),
2.339(3), and 2.431(3) ä).[14] There are only a few examples of
fully characterized complexes that have a cyclo-trichalcogen.


Table 1. Selected structural parameters of 6.


Bond lengths [ä]
Ru1�P1 2.2310(18) Ru1�P2 2.225(2)
Ru1�Se1 2.4379(7)
Se1�Se1* 2.2623(12) Ru1�N1 2.078(6)
Ru1�N2 2.140(6) Ru1�N3 2.142(6)
Bond angles [�]
Ru1-Se1-Se1* 104.90(4)


Table 2. Selected structural parameters of 7.


Bond lengths [ä]
Ru1�Cl1 2.4480(14) Ru1�Cl2 2.4990(15)
Ru2�Cl1 2.4674(14) Ru2�Cl2 2.4965(15)
Ru1�P1 2.2433(16) Ru1�P2 2.2353(16)
Ru2�P3 2.2403(16) Ru2�P4 2.2463(16)
Ru3�P5 2.2514(17) Ru3�P6 2.2569(15)
Ru1�Se1 2.3623(7) Se1�Se2 2.4452(8)
Ru2�Se2 2.3581(7) Se2�Se3 2.4356(7)
Ru3�Se3 2.3967(7) Se3�Se1 2.4454(8)
Ru1�N1 2.063(5) Ru2�N2 2.069(5)
Ru3�N3 2.067(5) Ru3�N4 2.113(5)
Ru3�N5 2.118(5)
Bond angles [�]
Se2-Se1-Se3 59.74(2)
Se3-Se2-Se1 60.13(2)
Se1-Se3-Se2 60.13(2)
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Novel cyclo-Te3
2� ligands were found in the mononuclear


molybdenum complex, [Mo(CO)4(�3-Te3)]2�[18] and tungsten
complex, [W(CO)4(�3-Te3)]2�.[19] As another example of a
cyclo-polychalcogen complex, [Te4Nb3O(Te)2I6]� , is found in
the literature and has Te4


4� as a bridging ligand.[20] Rozie¡re
et al. have reported the complex W2(CO)10Se4


2�, which has a
Se4


2� core and is regarded as the dimer of W(CO)5Se2
�, based


on the two different Se�Se bond lengths (2.208 (1) and
3.017(1) ä).[21] In the literature, neutral cyclo-Se7 is found in
[Re2I2(CO)6(Se7)], in which the Se�Se bond lengths are in the
range 2.309 ± 2.346 ä with the exception of 2.558(3) ä for the
bridging Se�Se bond.[22] A bicyclo-Se10


2� is found in
[Ph3PNPPPh3]Se10 ¥DMF, in which the Se�Se bond lengths
are 2.31 ± 2.46 ä with two exceptions of 2.572(3)
and 2.759(3) ä.[23] The novel cyclo-Te4 is found in
[Te4{Cr(CO)5}4].[24]


Complex 7 seems to consist structurally of 3 and a half unit
of 4. In a reaction solution, 7 was formed via the intermediate
complexes 3 and 4 by replacing the chloride ligands of 2
(Scheme 2), as the 31P{1H} NMR spectra of the reaction


solution showed. A solution of 2 in CD3CN with aqueous
NaPF6 was sealed in an NMR tube, and the room-temperature
aging was monitored by 31P{1H} NMR spectroscopy. After
15 minutes, a broad resonance arising from 3 appeared at ��
118.98 ppm, whereas the signal from 2 (�� 123.84, s) was not
observed because of the fast replacement of the chloride
ligands. As the reaction proceeded further, the signal of 3
decreased, and that of 7 arose and increased. Furthermore,
the reaction of 3 with 0.5 equivalents of 4 was examined in
CH2Cl2 and CH3CN to confirm the formation of 7� (CF3SO3


�


salt of 7) by 31P{1H} NMR spectroscopy as well as X-ray
diffraction and elemental analysis. The reaction showed that 3
is the key intermediate for the formation of 7. The cleavage of
the Se�Se bond in 4 may be one of the characteristic
reactivities of the bridging diselenide ligand, since the sulfur
analogue does not show such reactivity.


Experimental Section


All the experiments were carried out under a dry atmosphere of nitrogen or
argon by using standard Schlenk techniques, or in a dry N2 box. Dry
solvents were purchased from Kanto chemical Co. [D3]Acetonitrile was
dried over CaH2 and then distilled by trap-to-trap prior to use. Complexes 3
and 4 were prepared as described in the literatures.[11] The NMR spectra
were recorded on a JEOL Lambda270 spectrometer operating at 270 MHz
for 1H and at 109 MHz for 31P. The chemical shifts are reported in � (ppm)
downfield from Me4Si for 1H and from H3PO4 (85%, external reference)


for 31P. Carbon, hydrogen, and nitrogen analyses were carried out on a
Perkin-Elmer PE2400II Elemental Analyzer.


Complex 4 : Complex 4 was prepared similarly to the sulfur analogue, as
described in the literature.[8] Complex 2 (399 mg, 0.40 mmol) and AgCF3-


SO3 (417 mg, 1.62 mmol) were dissolved in a mixture of CH3CN (2 mL) and
acetone (4 mL), and the solution was stirred for 3 h at room temperature.
The resulting mixture was separated in a centrifuge to remove AgCl, and
the supernatant was evaporated to dryness in vacuo. The beige residue was
washed with Et2O (2� 10 mL) and THF (10 mL) to give the acetonyl
complex [{Ru(CH3CN)2(P(OCH3)3)2}(�-SeSeCH2COCH3){Ru(CH3CN)3-
(P(OCH3)3)2}](CF3SO3)3. This crude product was dissolved in CH3CN
(2 mL) and was treated with CF3SO3H (0.05 mL) with stirring for 1 h at
room temperature. After evaporation to dryness in vacuo, the residue was
washed with Et2O (2� 10 mL) to give 4 as a dark blue powder (609 mg,
0.36 mmol, 90%). 1H NMR (270 MHz, CD3CN): �� 3.84 (vt, 3JPH� 81 Hz,
36H; P(OCH3)3); 31P{1H} NMR (109 MHz, CD3CN): �� 115.15(s); UV/Vis
(CH3CN): �max (�max)� 704 (1.04� 104), 515 (9.19� 102), 338 nm (5.56�
103 cm�1��1); elemental analysis calcd (%) for C28H54F12N6O24P4Ru2S4Se2:
C 19.79, H 3.20, N 4.95; found: C 19.59, H 3.07, N 4.63.


Complexes 6 and 7: A degassed solution of NaPF6 (109.2 mg, 0.65 mmol) in
water (10 mL) was added to a solution of 2 (101.6 mg, 0.10 mmol) in
CH3CN (5 mL). After the mixture had been stirred for 3 h at ambient
temperature, CH2Cl2 (10 mL) was added to separate the organic- and
water-soluble compounds. The extracted organic phase was transferred to a


Schlenk tube with a syringe. The
CH2Cl2 solution was concentrated un-
der reduced pressure, then Et2O
(8 mL) was slowly layered onto it.
The brown needles of [{Ru-
[P(OCH3)3]2(CH3CN)3}2(�-Se2)](PF6)3
(6) together with the brown plates of
[{Ru[P(OCH3)3]2(CH3CN)(�-Cl)}2-
(�-cyclo-Se3){Ru[P(OCH3)3]2-
(CH3CN)3}](PF6)4 (7) were obtained.


Compound 6 : After separation of the
organic- and water-soluble com-
pounds, the volatile species were re-
moved under reduced pressure, and 6


was extracted from the residue with CH2Cl2. Recrystallization of the
CH2Cl2 solution gave analytically pure crystals of 6. Elemental analysis
calcd (%) for C24H54F18N6O12P7Ru2Se2: C 18.75, H 3.54, N 5.47; found: C
18.70, H 3.45, N 5.35.


Compound 7: After separation of the organic- and water-soluble com-
pounds, the volatile species were removed under reduced pressure. The
residue was washed with CH2Cl2, and was recrystallized from CH3CN/Et2O
to give analytically pure crystals of 7 in 38% yield. 31P{1H} NMR (109 MHz,
CD3CN): ���143.1 (sept, 1JPF� 704 Hz, PF6), 120.9 (d, 2JPP� 71 Hz),
122.7 (s), 123.8 (d); elemental analysis calcd (%) for C28H69Cl2F24N5O18-


P10Ru3Se3: C 15.71, H 3.25, N 3.27; found: C 16.23, H 3.21, N 3.53.


The CF3SO3 salt of 7, 7� was obtained by the reaction of 3 (160 mg,
0.12 mmol) with 5 (104 mg, 0.061 mmol) in CH2Cl2 (1.5 mL) and CH3CN
(0.5 mL). Yield: 215 mg (81%); elemental analysis calcd (%) for
C32H69Cl2F12N5O30P6Ru3S4Se3: C 17.82, H 3.22, N 3.25; found: C 18.01, H
3.20, N 3.39.


X-ray crystallography : Diffraction data for complexes 6 and 7 were
collected on a Bruker SMART1000 CCD diffractometer by using MoK�


radiation with �� 0.71069 ä. All the intensity data were processed with a
SAINT plus program package. Absorption correction was applied to the
integrated intensity with a SADABS program. The structure solution was
performed with a SHELXTL software package. Details of the two
crystallographic analyses are summarized in Table 3. The crystallographic
analysis of 7� was also carried out with the analogous procedure described
above.


CCDC-151559 (6), 151560 (7), and 178660 (7�) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.
cam.uk).


Scheme 2.
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Table 3. Crystallographic data for 6, 7 and 7�.


6 7 7�


empirical formula C24H54F18N6O12P7Ru2Se2 C28H69Cl2F24N5O18P10Ru3Se3 C32H69Cl2F12N5O30P6Ru3S4Se3


Mw 1537.58 2140.57 2156.97
T [K] 293(2) 293(2) 124(2)
space group P1≈ (No. 2) P21/n (No. 14) P21/n (No. 14)
cell dimensions
a [ä] 11.7740(10) 12.6862(8) 12.7589(15)
b [ä] 12.4173(10) 24.8375(15) 25.164(3)
c [ä] 12.4381(10) 24.1938(15) 24.145(3)
� [�] 111.0210(10) 90 90
� [�] 112.6310(10) 102.7110(10) 102.338(2)
� [�] 102.436(2) 90 90
V [ä3] 1428.9(2) 7436.5(8) 7573.3(16)
Z 1 4 4
� [ä] 0.71073 (MoK�) 0.71073 (MoK�) 0.71073 (MoK�)
dcalcd [gcm�3] 1.787 1.912 1.892
� [mm�1] 2.108 2.474 2.445
observed reflns. 4129 8410 11293
R1[a] [I� 2�(I)] 0.0647 0.0356 0.0507
wR2[b] [I� 2�(I)] 0.1791 0.0500 0.1207
R1 (all data) 0.0928 0.1069 0.0970
wR2 (all data) 0.1980 0.1148 0.1380
GOF[c] 1.001 1.022 0.897


[a] R1��(� �Fo �� �Fc � �)/� �Fo �. [b] wR2� [�w(F 2
o �F 2


c �/�w(F2
o�2]1/2. [c] GOF� [�w(F 2


o �F 2
c �/�(n�p)]1/2, in which n�number of reflections and p�number


of parameters.








Alkylation of Carbonyl Compounds in Water:
Formation of C�C and C�O Bonds in the Presence of Surfactants


Giorgio Cerichelli,*[a] Simona Cerritelli,[a] Marco Chiarini,[a] Paolo De Maria,[b] and
Antonella Fontana[b]


Abstract: The formation of C�C and C�O bonds by the reaction of enolate
intermediates with electrophilic substrates commonly requires strong bases, aprotic
solvents and very low temperatures. A way of performing the same reactions with
sodium hydroxide at moderate temperatures in aqueous surfactant solutions is
presented. Different halides, ketones and surfactants (cationic, zwitterionic and
anionic) have been used. The results obtained show that the amount of ketone
alkylation is much higher and that the reactions are faster in the presence than in the
absence of surfactant aggregates. The hydrolysis of the halide is minimised in the
presence of cationic or zwitterionic surfactants.


Keywords: alkylation ¥ aqueous
solutions ¥ carbonyl compounds ¥
C�C coupling ¥ C�O bond
formation ¥ micelles


Introduction


Enolate ions are important intermediates in C�O and C�C
bond-formation reactions[1] as they can behave effectively as
ambident nucleophiles towards many electrophiles. However,
simple monocarbonyl compounds bearing �-hydrogens gen-
erally have pKa values[2] (of �20) which are too high to allow
quantitative deprotonation in an aqueous base. Instead the
corresponding enolates are commonly obtained[1] by the use
of very strong bases in aprotic solvents at low temperatures
[e.g. LDA (or LICA; LHMDS, LTMP)[3] in THF or DME at
�78 �C]. Alternatively, enamines, hydrazones or oximes can
be used as the equivalent of enolate ions in Stork-type
reactions.[4]


We have recently shown[5] that the acidity of arylbenzylke-
tones in water can be considerably enhanced by the addition
of micelles from cationic surfactants, such as CTAB (cetyl-


trimethylammonium bromide), on account of a strong inter-
action of the enolate ions with the micellar aggregates. We
have suggested[5] that this fact might offer a way of generating
enolate ions from suitable monocarbonyl compounds to be
used in aqueous solutions for synthetic purposes.


In this work we have performed some alkylation reactions
of enolate ions obtained from the parent ketones in aqueous
sodium hydroxide in the presence of micellar aggregates.
Obvious advantages of working in aqueous solutions are that
there are no polluting organic solvents to dispose of, water-
insoluble reaction products can be isolated by simple filtration
and the micellar catalyst can generally be recovered by ultra-
filtration. Provided that the reactant electrophile is associated
with the nucleophilic enolate within the micelle and separated
from the aqueous region containing the hydroxide ion, side
products from the reaction of the electrophile with the base or
solvent can also be avoided. For example, benzyl alcohol was
not obtained[6] during formation of new C�C bonds in
reactions of benzyl bromide with �-dicarbonyl compounds
performed in aqueous solutions in the presence of cationic
micelles.


The investigated ketones are: benzyl phenyl ketone, cyclo-
hexanone, �-phenylcyclohexanone and �-tetralone. The in-
vestigated alkyl halides are: benzyl chloride, benzyl bromide,
methyl iodide, cyclohexyl bromide and cyclohexyl iodide.
These starting materials have been chosen for the following
reasons: benzyl phenyl ketone has a molecular structure and a
pKa value[7] (�15 in water) which are very similar to those of
2-phenylacetylthiophene, whose keto ± enol interconversion
has been kinetically investigated[5] in the presence of micelles
of CTAB and the binding constant of its enolate with the
micelle has been accurately measured. Cyclohexanone and �-
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NMR data, theoretical calculations and corresponding exhaustive
discussion on the stereochemistry of �-benzyl-�-phenylcyclohexanone.
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phenylcyclohexanone have quite different hydrophobic prop-
erties, but presumably very similar acidities. In the case of �-
tetralone there can be competition between position 2 and 4
as the site of the C-monoalkylation reaction. For all of the
above-mentioned ketones there is also the possibility of a
competitive O-alkylation reaction and the investigation of this
possibility, as a function of the structure of the substrate and
reaction conditions, is of some additional interest.


As for the alkyl halides, benzyl and methyl derivatives are
both known[1] to be reactive in SN2-type reactions; however,
they differ significantly in their hydrophobicities. On the other
hand, cyclohexyl halides are usually less reactive because they
are sterically hindered substrates.


Micelles from cationic surfactants are expected to be best-
suited[8] for inducing a decrease in the pKa of a suitable
enolizable ketone, while changing the counterion can modify
the competition of the different anions (counterions, hydrox-
ide and enolate ion) on the surface of the aggregate. However,
a description of the system under the adopted conditions in
terms of the ion exchange model is hardly worth attempting
because of the very high ion concentrations and of the strong
binding of the highly polarisable enolate ions to the micellar
surface. Moreover, to the best of our knowledge, no ion
exchange constants have been measured thus far when the
micellar surface is overcrowded by neutral reagents (in the
present case the ketone and the alkyl halide).


On the other hand, zwitterionic surfactants are known[9±11]


to strongly interact with polarisable and/or hydrophobic
anions. Moreover, with zwitterionic surfactants there is not


the complication arising from the introduction into the
reaction medium of anions other than those involved in the
stoichiometric reaction.


Results


The general process involves formation of an enolate ion from
the parent ketone (0.05 ± 1.00 moldm�3) by (1 or 2 moldm�3)
NaOH in an aqueous solution of 5� 10�2 moldm�3 surfactant,
and the subsequent reaction of the enolate with the alkyl
halide, R2X, (0.1 ± 1.0 moldm�3). In all cases, the surfactant
concentration is at least one order of magnitude higher than its
cmc (critical micelle concentration) and reactant concentra-
tions are equal to or in excess of the surfactant (when present).


The results for the alkylation of benzyl phenyl ketone are
collected in Tables 1 and 2, those for the alkylation of the other
ketones are collected in Table 3 and are discussed below.


Discussion


The various factors which affect the investigated reactions can
be analysed separately as follows.


Type of surfactant : The effect of varying the surfactant can be
interpreted in the light of the results obtained for reactions of
benzyl phenyl ketone with benzyl chloride and bromide
(Table 1), with cyclohexyl bromide and iodide (Table 2) and
with methyl iodide (see the Experimental Section).


Table 1. Reaction of benzyl phenyl ketone with benzyl halide: molar concentration of reagents, experimental conditions, yields and product distribution in the
reaction mixture.


Ph


O


Ph


Halide Halide NaOH Surfactant (0.05�) T [�C] t [h] Reacted
ketone


Product distribution in the reaction mixture[a] [mol%]


[�]


[�] [�] (or catalyst)
[mol%]


Ph


O


Ph


Ph


PhCH2OH (PhCH2)2O
Ph


O


Ph PhCH2X


0.1 PhCH2Cl 0.1 1 CTAB[b] 25 16 99.0 98 1 0 1 0
0.05 PhCH2Cl 0.05 1 CTAB 80 1 100 100 0 0 0 0
0.1 PhCH2Cl 0.2 1 CTAB 25 41 100 60 21 19 0 0
0.1 PhCH2Cl 0.2 1 CTAB 80 1 100 58 27 12 0 3
1 PhCH2Br 1 1 CTAB 25 12 95.0 96 2 0 2 0
0.1 PhCH2Cl 0.1 1 C16(CH2CH2OH)2MeNB[c] 25 1 94.0 94 0 0 6 0
0.1 PhCH2Cl 0.1 1 C16(CH2CH2OH)2MeNB 80 1 100 95 5 0 0 0
0.1 PhCH2Br 0.1 2 SB3-12[d] 25 1 100 99 1 0 0 0
0.1 PhCH2Cl 0.1 2 SB3-12 25 1 100 99 1 0 0 0
0.1 PhCH2Cl 0.1 1 SB3-12 25 1 97.0 94 3 0 3 0
0.1 PhCH2Cl 0.2 2 SDS[e] 60 20 40 16 58 2 24 0
0.1 PhCH2Br 0.2 2 SANa[f] 25 20 98.0 53 43 3 1 0
0.1 PhCH2Br 0.1 2 SANa 60 1 45.0 29 35 1 35 0
0.1 PhCH2Br 0.2 2 SANa 60 1 51.0 20 59 2 19 0
0.05 PhCH2Br 0.2 5 absent 25 20 38.1 8 78 1 13 0
0.1 PhCH2Br 0.2 2 absent 25 16 18.4 7 23 2 31 37
0.1 PhCH2Br 0.2 2 absent 25 24 22.0 8 43 3 28 18
0.5 PhCH2Br 0.5 1 TBAB[g] 25 1 67.0 50 11 0 25 14
0.5 PhCH2Br 0.5 1 TBAB 25 16 84.0 72 14 0 14 0


[a] Product distribution [mol%] determined experimentally by gas chromatography analyses. [b] CTAB� cetyltrimethylammonium bromide.
[c] C16(CH2CH2OH)2MeNB�bis(2-hydroxyethyl)cetylmethylammonium bromide. [d] SB3-12� 3-(dimethyldodecylammonium)propansulfonate. [e] SDS� sodi-
um dodecylsulfate. [f] SANa� sodium N-lauroylsarcosinate. [g] TBAB, tetrabutylammonium bromide, has been used as an example of non-micelle forming, phase-
transfer catalyst
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The major effect appears to concern the distribution of the
products. In the presence of cationic or zwitterionic surfac-
tants and with equimolar reagents, the amount of benzyl
alcohol produced by hydrolysis of the benzyl halide (and the
amount of dibenzyl ether obtained from reaction of benzyl
alcohol) is very small and the reaction goes to completion in a
few hours. On the other hand, if the reaction is carried out in
the presence of anionic surfactants [sodium dodecyl sulfate
(SDS) or sodium N-lauroyl sarcosinate (SANa)], substantial
amounts of benzyl alcohol and unreacted ketone are ob-
served.


The reaction mixture is a heterophase system where the
concentration of the surfactant is similar to or lower than that
of the reagents, but it is always higher than its cmc. According
to other studies in aqueous micelles and similar association
colloids,[12] in the present system it is assumed that the transfer
of reactants is a crucial but fast equilibrium process[13] and that
the reaction region is the micellar aqueous solution. Con-
sequently, the obtained results can be interpreted in the light
of current ideas on micellar catalysis[14] and of previous[5] data
obtained with surfactant/substrate ratios �1.


Thus, the results of Table 1 can be accounted for by the fact
that, in the presence of cationic or zwitterionic micelles, the
highly polarisable and hydrophobic enolate anion and the
benzyl halide are both located in a region of the aggregate
where the water activity is low, while the hydrophilic
hydroxide ion is strongly hydrated in a water-rich region.[15, 16]


On the contrary, in the presence of anionic micelles (SDS or
SANa), the enolate anion cannot be fully compartmentalised
with respect to the hydroxide anion because of electrostatic
repulsion. Moreover, it is known[17] that the surface of SDS
micelles is ™water-rich∫ and that water activity is not much
lower than in the bulk reaction medium. The benzyl halide is
therefore extensively hydrolysed while reacting with the
enolate in the presence of anionic micelles (Table 1).


Interestingly enough, we did not observe any surfactant
alkylation product in the case of C16(CH2CH2OH)2MeNB,
bis(2-hydroxyethyl)cetylmethylammonium bromide. The


amount of NaOH present in the reaction mixture is probably
enough to partly dissociate a choline-type hydroxide group
transforming it into a good nucleophile. The fact that this
surfactant did not react with benzyl chloride may depend on
the location of the benzyl phenyl ketone in the surface of the
aggregate, or on a very large reactivity difference between the
enolate and the alkoxide ion. It is worth mentioning that the
preference of the benzyl halide for a soft carbon nucleophile
over a hard O-nucleophile is in agreement with all the
experimental data of Table 1.


Comparison of the results obtained in the presence and in
the absence of surfactant shows that the amount of ketone
alkylation is much higher and that reactions are faster in the
presence of micelles. The main reaction in the absence of
surfactant is the (slow) hydrolysis of the benzyl halide to
benzyl alcohol.


In the case of cyclohexyl halides (Table 2), the reaction is
much slower (and more selective) than that of the benzyl
halides. A somewhat different behaviour of cationic and
zwitterionic surfactants can be envisaged with cyclohexyl
halides. Thus, the higher reactivity in the presence of cationic
surfactants can be understood in view of the higher electro-
static affinity of the enolate for the cationic head-groups of
CTAX (cetyltrimethylammonium halide)[9, 18, 19] and the con-
sequently higher binding constants[8] of the enolate with
cationic than with zwitterionic [3-(dimethyldodecylammo-
nium)propansulfonate (SB3-12)] micelles. Furthermore, the
interfacial region of zwitterionic micelles is quite open[20] and
accessible to water, and thus favours the hydrolysis of the
cyclohexyl halide.


Phase-transfer catalysis : In order to check that the micelle-
forming surfactants were not behaving as simple phase-
transfer catalysts, benzyl phenyl ketone (0.5 moldm�3) was
treated with an equimolar amount of benzyl bromide in the
presence of non-micellizing tetrabutylammonium bromide
(0.05 moldm�3) at 25 �C. After 1 h, only 67% of the ketone
had reacted, but in the reaction mixture the molar ratio of


Table 2. Alkylation of benzyl phenyl ketone (0.1�) with cyclohexylhalide (0.1�) in an aqueous solution of surfactant (0.05�) and NaOH (1�): experimental
conditions, yields and product distribution of the reaction mixture.


Halide Surfactant t [h] Reacted
ketone [mol%]


Product distribution in the reaction mixture[a] [mol%]


Ph


O


Ph


C6H11
Ph


O


Ph


C6H11
OH


Ph


O


Ph


60 �C
CyI CTAI 24 79 52.5 12.5 17.5 17.5
CyB CTAB 48 59 26.7 15.5 28.9 28.9
CyI SB3-12 48 55 31.1 6.9 31.0 31.0
CyB SB3-12 72 28 11.0 5.2 41.9 41.9


80 �C
CyI[b] CTAI[c] 2 59 32.6 9.2 29.1 29.1
CyB[d] CTAB[e] 4 49 36.6 16.0 23.7 23.7
CyI SB3-12[f] 4 54 24.8 11.8 31.7 31.7
CyB SB3-12 24 30 11.9 5.5 41.3 41.3


[a] Product distribution [mol%] determined experimentally by gas chromatography analyses. [b] CyI� cyclohexyl iodide. [c] CTAI� cetyltrimethylam-
monium iodide. [d] CyB� cyclohexyl bromide. [e] CTAB� cetyltrimethylammonium bromide. [f] SB3-12� 3-(dimethyldodecylammonium)-propansulfo-
nate.
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alkylation product and product of hydrolysis of the halide was
only 4.5 (50/11). After 16 h, 84% of the ketone had reacted
but the alkylation/hydrolysis ratio was essentially unchanged
(72/14� 5.0). The extensive hydrolysis of the halide observed
in the presence of tetrabutylammonium bromide provides
evidence that CTAB and SB3-12 promote the reaction in a
way which is different from simple phase-transfer catalysis.


Temperature : The major effect produced by an increase in
temperature on the reaction of both benzyl and cyclohexyl
halides with benzyl phenyl ketone is an increase in the rate of
hydrolysis of the halides (see Tables 1 and 2) according to
known effects of temperature on micellar aggregates. Ion
mobilities generally increase with increasing temperature, and
hydration of the micelles also increases at high temper-
atures[21] thereby favouring reactions that occur in regions that
are relatively richer in water.


Reagent ratios : �,�-(Dibenzyl)benzyl phenyl ketone was not
detected in the product mixture of the reactions of Table 1. In
other words, an excess of benzyl halide or of NaOH over
benzyl phenyl ketone does not cause dialkylation of the
ketone, probably because of steric reasons. An experiment
performed at 25 �C with equimolar quantities of the reagents
and reagent/CTAB ratio up to 20:1 (the fifth reaction in
Table 1) did not show any appreciable change in product
distributions [i.e., after 12 hours the molar composition of the
reaction mixture was: �-(benzyl)benzyl phenyl ketone 96%,
benzyl alcohol 2% and benzyl phenyl ketone 2%] with
respect to the first reaction in Table 1. This fact suggests that
the surfactant aggregates do behave as ™true catalysts∫.


Structure of the alkyl halide : Benzyl chloride and benzyl
bromide react very similarly with benzyl phenyl ketone
(Table 1) and, in the presence of cationic and zwitterionic
surfactants, give �-(benzyl)benzyl phenyl ketone as the major
product. With methyl iodide (see the Experimental Section),
which is sterically less hindered than benzyl halides, again
only a monoalkylation product was observed, even if a large
excess of MeI was used, probably as a consequence of the
lower hydrophobicity of MeI as compared to benzyl halide
and of the fact that methanol (the hydrolysis product) is
effective in disturbing the aggregation of the zwitterionic
surfactant.[21] The isolated �-methylbenzyl phenyl ketone did
not undergo further reaction with methyl iodide (under the
same reaction conditions) and only hydrolysis of the halide
could be observed. It should be noted that �-methylbenzyl
phenyl ketone has only one, less acidic, �-hydrogen and is
sterically more hindered than benzyl phenyl ketone.


Cyclohexyl bromide and cyclohexyl iodide were, as ex-
pected,[1] much less reactive than the benzyl halides towards
benzyl phenyl ketone under similar experimental conditions
(compare the results of Tables 1 and 2).


However, it is noteworthy that with the cyclohexyl halides,
in addition to the C-alkylation product, a large amount of
O-alkylation of benzyl phenyl ketone was observed, probably
as a result of steric hindrance between the electrophilic
carbon atom of the halide and the soft carbon atom of the
enolate anion in the transition state of the alkylation reaction.


An increase of temperature from 60 to 80 �C only slightly
changed the amount of O- versus C-alkylation products.
Cyclohexyl iodide, as expected, reacted faster than cyclohexyl
bromide and more C-alkylation product was obtained.


Alkylation of cyclohexanone, �-phenylcyclohexanone and �-
tetralone : Taking into account that with benzyl phenyl ketone
™best results∫ had been obtained in the presence of CTAB, the
reactions with the cyclohexanones and �-tetralone were
carried out only in the presence of aggregates of CTAB
(Table 3).


For both cyclohexanones the reactions were slower and
alkylation yields lower than those with benzyl phenyl ketone.
The product mixture contained a large percentage of benzyl
alcohol (an average of 24% for cyclohexanone and 15% for
�-phenylcyclohexanone) and dibenzyl ether (an average of
16% for cyclohexanone and 10% for �-phenylcyclohexa-
none). This is probably caused by the higher pKa of cyclo-
hexanone (18.09)[2] and �-phenylcyclohexanone compared
with that of benzyl phenyl ketone (14.75).[22] Less enolate was
formed under the experimental conditions used, more hy-
drolysis and/or etherification product was observed.


However, comparison of the results obtained for cyclo-
hexanone with those for the more hydrophobic �-phenyl-
cyclohexanone (see Table 3) shows a higher alkylation yield
(and less hydrolysis and etherification of benzyl halides) for
the latter ketone. The O-alkylation products were present
only in trace amounts for both ketones. The high hydro-
phobicity of �-phenylcyclohexanone suggests that this ketone
and the corresponding enol are located, together with the
halide, in a region of the aggregate where water activity is low,
namely away from the region where the hydrophilic hydrox-
ide ion resides. This should enhance the probability for the
halide to react with the enolate (whose nucleophilicity should
be higher in less polar environments) rather than with the
hydroxide ion or the solvent to give the hydrolysis product.
Moreover, the higher amount of bis-alkylation products
observed for �-phenylcyclohexanone could be attributed to
the fact that this compound is sterically more hindered than
cyclohexanone. Steric hindrance stabilizes[23] the enol of �-
phenylcyclohexanone and, to a greater extent, the enol of �-
benzyl-�-phenylcyclohexanone. This increases the concentra-
tion of the latter enol in the Stern layer of the micelles.


Let us finally look at the results obtained from the reaction
of �-tetralone with benzyl chloride (Table 3).


With regard to competition between positions 2 and 4 of �-
tetralone as the alkylation sites, we have observed that, under
the experimental conditions used, the C-monoalkylation
reaction occurred exclusively in position 2. The yield in
alkylation products (C-alkylation plus O-alkylation) was only
about 53% as the process was accompanied by extensive
hydrolysis and etherification of benzyl chloride. C-Alkylation
largely prevailed over O-alkylation, again presumably be-
cause of the higher nucleophilicity of the soft carbon atom, as
compared to the hard oxygen atom of the enolate ion.
Interestingly, the O-alkylation product underwent subsequent
aromatisation to give benzyl naphthyl ether as the final
product.
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Reactions in non-aqueous solvents : Analogous alkylation
reactions of the less reactive �-phenylcyclohexanone with
benzyl halides have been attempted in non-aqueous solvents.
In ethanol/ethoxide ion, and with the same reactant ratios and
temperature as in aqueous surfactant (Table 3), the only
isolated product was benzyl ethyl ether. However, in anhy-
drous DMSO and with KOH as the base, reaction yields and
products were similar to those obtained in aqueous solutions
of CTAB or the zwitterionic surfactants.


Experimental Section


Materials : 3-(Dimethyldodecylammonium)propansulfonate (SB3-12) and
cetyltrimethylammonium bromide (CTAB) were commercial samples
(Fluka) purified by recrystallisation from acetone and ethanol/diethyl
ether, respectively. Benzyl bromide, benzyl phenyl ketone, cyclohexyl
iodide, sodium N-lauroylsarcosinate (SANa), sodium dodecylsulfate
(SDS) were commercial samples from Fluka; cyclohexyl bromide, cyclo-
hexanone, �-phenylcyclohexanone, tetrabutylammonium bromide were
from Aldrich; �-tetralone was from Janssen; benzyl chloride and methyl
iodide were from Carlo Erba. These compounds were used without further
purification. Bis(2-hydroxyethyl)hexadecylmethylammonium bromide
[C16(CH2CH2OH)2MeNB] was synthesized following a described proce-
dure.[24]


Instruments : 1H and 13C NMR spectra were recorded in CDCl3 on a Bruker
AC200E (Bruker, Ettlingen, Germany) spectrometer and are reported in
ppm (�) relative to CDCl3 as the internal reference. Gas chromatographic
analyses, on a HP5890 gas chromatography system equipped with a flame-
ionisation detector (FID), were performed with a fused-silica wide-bore
column (30� 0.53 mm), using poly(5%diphenyl/95%dimethylsiloxane)
(CP� 8) or poly(dimethylsiloxane) (CP� 5) as the stationary phase. The
melting points were determined on a B¸chi510 melting point apparatus.
Mass spectra were recorded on a GC/MS Varian Saturn2000.


Alkylation of enolate ions : The reactions were performed either in an
aqueous solution containing the surfactant or in bidistilled water. The
temperature was kept constant in a thermostatted silicone bath. The
reaction mixture was then extracted with diethyl ether (4� 10 mL), and
when more than one product was obtained the separation was achieved by
silica gel chromatography with an hexane/ethyl acetate mixture as the
eluent. The product distribution was determined by gas chromatography.
The yields were calculated as percentage of reacted ketone. The measured
yields were in good agreement with those calculated according to ref. [25].
The products gave satisfactory 1H and 13C NMR and/or GC-MS spectra.


Alkylation of benzyl phenyl ketone : Benzyl phenyl ketone and the halide
(benzyl and cyclohexyl halide) were added with stirring to an aqueous
solution (10 mL) of 5� 10�2 moldm�3 surfactant and NaOH (1 or
2 moldm�3). No surfactant was added when the blank reaction was
performed. Product distribution in the reaction mixture, temperatures and
times of reaction are reported in Tables 1 and 2. The reagent molar ratio
ketone/halide was kept constant [1:1 (in the case of benzyl halides also the
ratio 1:2 was studied)] but the concentrations were varied in the range
0.05 ± 1 moldm�3 in order to test the effect of the surfactant when the ratio
substrate/surfactant was increased from 1:1 to 20:1.


Halide : methyl iodide : Benzyl phenyl ketone (1 mmol) and methyl iodide
(1 mmol) were added with stirring to an aqueous solution (10 mL) of 5�
10�2 moldm�3 SB3-12 and 1 moldm�3 NaOH. After 30 minutes, the
recovered product was identified as �-methylbenzyl phenyl ketone (yield:
97%). SB3-12 was used as the surfactant because CTAI is insoluble in the
reaction mixture at room temperature.


Benzylation of cyclohexanone : Cyclohexanone (1 mmol) and benzyl halide
(1 mmol) were added with stirring, to an aqueous solution (10 mL) of 5�
10�2 moldm�3 CTAB and 1 moldm�3 NaOH. The product distribution in
the reaction mixture and the experimental conditions are collected in
Table 3. A small amount of �,�-dibenzylcyclohexanone was also isolated.
No difference in product distribution was found when the concentration of
the starting material was increased.


Benzylation of �-phenylcyclohexanone : �-Phenylcyclohexanone (1 mmol)
and benzyl halide (1 mmol) were added with stirring to an aqueous solution
(10 mL) of 5� 10�2 moldm�3 CTAB and 1 moldm�3 NaOH. The product
distribution in the reaction mixture and the experimental conditions are


Table 3. Alkylation of cyclohexanone (0.1 moldm�3), �-phenylcyclohexanone (0.1 moldm�3) and �-tetralone (0.1 moldm�3) with benzyl halide
(0.1 moldm�3) in an aqueous solution of CTAB (0.05 moldm�3) and NaOH (1 moldm�3): concentration of reagents, experimental conditions, yields and
product distribution in the reaction mixture.


Ketone Halide T [�C] t [h] Reacted
ketone[mol%]


Product distribution in the reaction mixture [mol%][a]


O O


CH2Ph


O


CH2Ph


CH2Ph


PhCH2OH (PhCH2)2O
O


PhCH2Br 25 48 41 18 8 22 15 37
PhCH2Cl 25 72 33 16 4 24 16 40
PhCH2Br 60 12 30 15 3 25 16 41
PhCH2Cl 60 48 25 13 1 26 17 43


O


Ph


O


CH2PhPh


O


CH2Ph


CH2Ph


Ph PhCH2OH (PhCH2)2O
O


Ph


PhCH2Br 25 48 73 45 12 13 9 22
PhCH2Cl 25 72 69 47 5 14 10 24
PhCH2Br 60 12 69 41 11 14 10 24
PhCH2Cl 60 48 55 37 2 19 12 31


O O O


PhCH2OH (PhCH2)2O


O


PhCH2Cl 25 20 53 31 4 17 17 31


[a] Product distribution [mol%] determined experimentally by gas chromatography analyses.
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collected in Table 3. Further NMR experiments on a Varian Inova
500 MHz (the data are available in Table S1 of the Supporting Information)
and some theoretical calculations (Table S2 of the Supporting Information)
show that only the cis diastereomer is obtained from the alkylation reaction
under the experimental conditions used. An exhaustive discussion on this
point can be found in the section ™Structural analysis of �-benzyl-�-
phenylcyclohexanone∫ in the Supporting Information.


Benzylation of �-tetralone : �-Tetralone (1 mmol) and benzyl halide
(1 mmol) were added with stirring to an aqueous solution (10 mL) of 5�
10�2 moldm�3 CTAB and 1 moldm�3 NaOH. The product distribution in
the reaction mixture, recovered after 20 h at room temperature, is reported
in Table 3.


Identification of the products : Compounds were identified by their 1H and
13C spectra (see below). A software package from Advanced Chemistry
Development Inc. that calculates 13C NMR spectra was used to check the
assignments of the chemical shifts.


�-(Benzyl)benzyl phenyl ketone :[26] White crystalline solid; m.p. 121.5 ±
122.5 �C (hexane); 1H NMR (200 MHz, CDCl3, 25 �C): �� 3.06 (dd,
3J(H,H)� 7.0, 2J(H,H)� 13.8 Hz, 1H; CHaHb), 3.56 (dd, 3J(H,H)� 7.5,
2J(H,H)� 13.8 Hz, 1H; CHaHb), 4.81 (t, 3J(H,H)� 7.3 Hz, 1H; CH), 7.03 ±
7.47/7.85 ± 7.95 (m, 15H; Csp2H); 13C NMR (200 MHz, CDCl3, 25 �C): ��
40.12 (CH2), 55.91 (CH), 126.13 (Ph2 Csp2H4), 127.15 (Ph3 Csp2H4), 132.85
(Ph1 Csp2H4), 128.23 (Ph3 Csp2H3,5), 128.30 (Ph2 Csp2H3,5), 128.48 (Ph1


Csp2H3,5), 128.69 (Ph1 Csp2H2,6), 128.90 (Ph3 Csp2H2,6), 129.14 (Ph2


Csp2H2,6), 136.72 (Ph2 Csp2H1), 139.08 (Ph1 Csp2H1), 139.78 (Ph3 Csp2H1),
199.23 (CO).


�-Cyclohexylbenzyl phenyl ketone : White crystalline solid; m.p. 119 ±
120 �C (hexane) [lit. :[27] m.p. 118 ± 119 (petroleum ether)]; 1H NMR
(200 MHz, CDCl3, 25 �C): �� 0.70 ± 2.00 (m, 10H; CH2 cyclohexane),
2.37 (qt, 3J(H,H)� 3.3 Hz, 3J(H,H)� 10.6 Hz, 1H; CH cyclohexane), 4.38
(d, 3J(H,H)� 10.3 Hz, 1H; CH), 7.10 ± 8.05 (m, 10H; Csp2H); 13C NMR
(200 MHz, CDCl3, 25 �C): �� 26.05, 26.10, 26.40 (cyclohexane CH2 3,4,5),
30.64, 32.51 (cyclohexane CH2 2,6), 41.10 (cyclohexane CH), 59.94 (CH),
126.84 (Ph2 Csp2H4), 132.67 (Ph1 Csp2H4), 128.24, 128.38, 128.55, 128.77
(Csp2H2,3;5,6), 137.66 (Ph2 Csp2H1), 137.93 (Ph1 Csp2H1), 200.54 (CO).


Cyclohexyl �[�,�-diphenylethenyl] ether : Colourless liquid; 1H NMR
(200 MHz, CDCl3, 25 �C): �� 0.90 ± 2.0, (m, 10H; CH2 cyclohexane), 3.65 ±
3.85 (m, 1H; CH cyclohexane), 5.95 (s, 1H; CH), 7.10 ± 8.05 (m, 10H;
Csp2H); 13C NMR (200 MHz, CDCl3, 25 �C): �� 26.05, 26.10, 26.40 (cyclo-
hexane CH2 3,4,5), 30.64, 32.51 (cyclohexane CH2 2,6), 41.10 (cyclohexane
CH), 59.94 (CH), 126.84 (Ph2 Csp2H4), 132.67 (Ph1 Csp2H4), 128.24, 128.38,
128.55, 128.77 (Csp2H2,3;5,6), 137.66 (Ph2 Csp2H1), 137.93 (Ph1 Csp2H1),
200.54 (CO); MS (70 eV): m/z (%): 278 (8) [M]� , 196 (100), 118 (24), 67
(53), 39 (34).


�-Benzylcyclohexanone :[28] Colourless liquid (b.p.[28a] 110 �C at 1 mm Hg);
1H NMR (200 MHz, CDCl3, 25 �C): �� 1.10 ± 2.60 (m, 10H; CH2), 3.19 (dd,
3J(H,H)� 4.6, 2J(H,H)� 13.6 Hz, 1H; CHaHb), 7.05 ± 7.35 (m, 5H; Csp2H);
13C NMR (200 MHz, CDCl3, 25 �C): �� 24.48 (cyclohexane CH2 4), 27.46
(cyclohexane CH2 5), 32.82 (cyclohexane CH2 3), 34.95 (CH2), 41.50
(cyclohexane CH2 6), 51.73 (CH), 125.35 (Csp2H4), 127.70 (Csp2H3,5),
128.57 (Csp2H2,6), 139.82 (Csp2H1), 211.20 (CO).


�,�-Dibenzylcyclohexanone : White crystalline solid; m.p. 63 ± 65 �C (hex-
ane) [lit. :[29] 64.5 ± 65 �C (PhH/EtOH)]; 1H NMR (200 MHz, CDCl3, 25 �C):
�� 1.60 ± 2.60 (m, 8H; CH2), 2.77 (d, 2J(H,H) � 13.3 Hz, 2H; CH2), 3.17
(d, 2J(H,H) � 13.3 Hz, 2H; CH2), 7.12 ± 7.40 (m, 10H; Csp2H); 13C NMR
(200 MHz, CDCl3, 25 �C): �� 20.48 (cyclohexane CH2 4), 25.46 (cyclo-
hexane CH2 5), 33.37 (cyclohexane CH2 6), 39.43 (cyclohexane CH2 3),
41.88 (CH2), 53.65 (C), 126.08 (Csp2H4), 127.73 (Csp2H3,5), 130.50 (Csp2H2,
6), 137.36 (Csp2H1), 213.72 (CO).


�,�-Dibenzylcyclohexanone : White crystalline solid; m.p. 115 ± 117 �C
(hexane); m.p. 120 ± 121 �C (methanol) [lit. [29] m.p. 121 ± 122 �C (meth-
anol)]; cis-�,�-dibenzylcyclohexanone[30] m.p. 124 ± 125 �C; trans-�,�-diben-
zylcyclohexanone[30] m.p. 49 ± 51 �C); 1H NMR (200 MHz, CDCl3, 25 �C):
�� 1.20 ± 2.21 (m, 6H; cyclohexane CH2), 2.40 (dd, 3J(H,H)� 8.7,
2J(H,H)� 13.8 Hz, 2H; CHaHb), 2.49 ± 2.65 (m, 2H; CH), 3.21 (dd,
3J(H,H)� 4.7, 2J(H,H)� 13.8 Hz, 2H; CHaHb), 7.12 ± 7.32 (m, 10H; Csp2H);
13C NMR (200 MHz, CDCl3, 25 �C): �� 25.36 (cyclohexane CH2 4), 34.87
(cyclohexane CH2 3,5), 35.51 (CH2), 52.92 (CH), 125.93 (Csp2H4), 128.30
(Csp2H3,5), 129.18 (Csp2H2, 6), 140.60 (Csp2H1), 212.90 (CO).


�-Benzyl�-phenylcyclohexanone : White crystalline solid; m.p. 92 ± 93 �C;
1H NMR (500 MHz, CDCl3, 25 �C, TMS) �� 1.63 (q, J(H,H) � 12.85 Hz,
1H; H3a) 1.92 (m, 1H; H5a) 2.14 ± 2.24 (m, 2H; H5e, H3e), 2.41 (dd,
3J(H,H)� 9.0 Hz, 2J(H,H)� 14.1 Hz, 1H; CHHPh), 2.53 (m, 2H; H6), 2.75
(m, 1H; H2), 3.00 (tt, 3J(H,H) � 3.5 Hz, 3J(H,H) � 12.45 Hz, 1H; H4),
3.32 (dd, 3J(H,H) � 4.6 Hz, 2J(H,H) � 14.1 Hz, 1H; CHHPh), 7.10 ± 7.30
(m, 10H; Csp2H); 13C NMR (500 MHz, CDCl3, 25 �C, TMS) �� 34.93
(cyclohexane CH2 5), 35.10 (CH2), 40.34 (cyclohexane CH2 3), 41.55
(cyclohexane CH2 6), 43.14 (cyclohexane CH4), 51.55 (cyclohexane CH2),
125.84 (Csp2H4), 126.40 (Csp2H4�), 126.53 (Csp2H2�,6�), 128.18 (Csp2H3,5),
128.38 (Csp2H3�,5�), 128.98 (Csp2H2,6), 139.96 (Csp2H1), 144.42 (Csp2H1�),
211.18 (CO); MS (70 eV): m/z (%): 264 (89) [M]� , 146 (25), 131 (29), 117
(46), 115 (39), 91 (100), 78 (36), 77 (32), 65 (43), 39 (25).


�,�-Dibenzyl-�-phenylcyclohexanone : White crystalline solid; m.p. 91 ±
92 �C (hexane); 1H NMR (200 MHz, CDCl3, 25 �C): �� 1.41 (qd, J(H,H)
� 5.15, J(H,H)� 12.45 Hz, 1H) 1.80 ± 3.20 (m, 9H; CH2, CH), 3.35 (d,
J(H,H) � 13.3 Hz, 1H) 7.00 ± 7.40 (m, 15H; Csp2H); 13C NMR (200 MHz,
CDCl3, 25 �C): �� 32.24 (cyclohexane CH2 5), 38.54 (cyclohexane CH4),
39.79, 41.02 (CH2), 42.00 (CH2 3 cyclohexane), 44.80 (cyclohexane CH2 6),
54.08 (cyclohexane CH2), 125.84 and 126.14 (Csp2H4), 126.59 (Csp2H4�),
126.30 (Csp2H2�,6�), 128.23 (Csp2H3�,5�), 127.60/128.00 (Csp2H2,6), 130.03/
130.90 (Csp2H3,5), 136.79/137.92 (Csp2H1), 145.18 (Csp2H1�), 213.86 (CO);
MS (70 eV): m/z (%): 354 (5) [M]� , 264 (23), 263 (100), 65 (24).


�-Methylbenzyl phenyl ketone :[31a] White crystalline solid; m.p. 49 ± 50 �C
(hexane) [lit.[31b] 53 �C (ethanol); m.p.[31c] 50 ± 51 �C (methanol)]; 1H NMR
(200 MHz, CDCl3, 25 �C): �� 1.65 (d, 3J(H,H)� 6.9 Hz, 3H; CH3), 4.80 (q,
3J(H,H)� 6.9 Hz, 1H; CH), 7.15 ± 7.55 and 8.05 ± 8.15 (m,10H; Csp2H);
13C NMR (200 MHz, CDCl3, 25 �C): �� 19.91 (CH3), 48.13 (CH), 127.25
(Ph2 Csp2H4), 128.11 (Ph2 Csp2H2,6), 128.82 (Ph2 Csp2H3,5), 129.11 (Ph1


Csp2H3,5), 129.34 (Ph1 Csp2H2,6), 133.12 (Ph1 Csp2H4), 136.76 (Ph2 Csp2H1),
141.87 (Ph1 Csp2H1), 200.48 (CO).


�-Benzyl-�-tetralone :[32] White crystalline solid; m.p. 50 ± 51 �C (hexane);
1H NMR (200 MHz, CDCl3, 25 �C): �� 1.67 ± 1.86, 2.03 ± 2.16, 2.58 ± 3.00
(m, 6H; CH2), 3.51 (dd, J(H,H)� 3.8 Hz, 3J� 13.3 Hz, 1H; CH), 7.17 ± 7.35
(m, 7H; Csp2H), 7.47 (td, J(H,H)� 1.4, 3J(H,H)� 8.2 Hz, 1H; Csp2H) 8.68
(dd, J(H,H)� 1.1 Hz, 3J(H,H)� 8.5 Hz, 1H; Csp2H); 13C NMR (200 MHz,
CDCl3, 25 �C): �� 27.63 (tetralone CH2 3), 28.60 (tetralone CH4), 35.65
(CH2), 49.43 (CH), 126.11 (Csp2H4), 126.60 (tetralone Csp2H7), 127.51
(tetralone Csp2H5), 128.70 (tetralone Csp2H6), 133.26 (tetralone Csp2H8),
128.38 (Csp2H3,5), 129.25 (Csp2H2,6), 132.44 (tetralone Csp2H4a), 140.02
(Csp2H1), 144.00 (tetralone Csp2H8a), 199.36 (CO).


Benzyl naphthyl ether :[33] White crystalline solid; m.p. 75 ± 77 �C (hexane)
[lit.[33] 76 ± 77 �C (ethanol)]; 1H NMR (200 MHz, CDCl3, 25 �C): �� 5.26 (s,
2H; CH2), 6.85 ± 6.95, 7.30 ± 7.60, 7.75 ± 7.90, 8.30 ± 8.45 (m, 12H; Csp2H);
13C NMR (200 MHz, CDCl3, 25 �C): �� 70.07 (CH2), 105.18 (naphthalene
Csp2H2), 120.50 (naphthalene Csp2H4), 122.21 (naphthalene Csp2H5),
125.25 (naphthalene Csp2H8), 125.78 (naphthalene Csp2H4a), 125.84
(naphthalene Csp2H3), 126.46 (naphthalene Csp2H7), 127.38 (benzene
Csp2H3,5), 127.47 (naphthalene Csp2H6), 127.93 (benzene Csp2H4), 128.60
(benzene Csp2H2,6), 134.56 (naphthalene Csp2H8a), 137.17 (benzene
Csp2H), 154.51 (CO).
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Abstract: Scalemic mixtures of chiral
anisyl fenchols with different ortho-sub-
stituents (X) in the anisyl moieties [X�
H (1), Me (2), SiMe3 (3) and tBu (4)] are
employed as pre-catalysts in enantiose-
lective additions of diethylzinc to ben-
zaldehyde. While a remarkable asym-
metric depletion is apparent for X�H
and Me, a linear relationship between
the enantiomeric purity of the chiral
source and the product 1-phenylpropa-
nol is observed for X� SiMe3 and tBu.
X-ray single crystal analyses show that


racemic methylzinc fencholates ob-
tained from 1 (X�H) and 2 (X�Me)
yield homochiral dimeric complexes,
while for 3 (X� SiMe3) and 4 (X�
tBu) the heterochiral dimeric alkylzinc
structures are formed. The enantiopure
fenchols 1 ± 4 all yield homochiral di-


meric methylzinc complexes. Computed
relative energies of homo- and hetero-
chiral fencholate dimers with X�H and
Me reveal an intrinsic preference for the
formation of the homochiral dimers,
consistent with the observed negative
NLE. In contrast, similar stabilities are
computed for homo- and heterochiral
complexes of ligands 3 (X� SiMe3) and
4 (X� tBu), in agreement with the
absence of a nonlinear effect for bulky
ortho-substituents.


Keywords: ab initio calculations ¥
density functional calculations ¥
enantioselectivity ¥ nonlinear effects
¥ X-ray diffraction


Introduction


Enantioselective additions of organozinc reagents to prochiral
carbonyl substrates are the subject of intensive research[1] and
are frequently applied in syntheses of natural and pharma-
ceutical products.[2] Current work in this field focuses not only
on high enantiomeric excess,[3] but also onmechanistic studies,
both with experimental[4] and computational[5] methods.
Systematic variation of ligands allows investigations of key
steps in these reactions and can reveal the origin of
enantioselectivities in combination with computational stud-
ies.[6] The achievement of higher enantiomeric purities of the
product than of the scalemic[7] catalyst is especially appealing.
This nonlinear effect (NLE) was first described quantitatively
for asymmetric catalyses by Kagan et al. in 1986.[8] Very strong
asymmetric amplifications were found by Noyori et al.
employing 3-exo-(dimethylamino)isonorborneol (DAIB) as
catalyst in the enantioselective addition of diethylzinc to
aldehydes.[9] Several more chiral ligands have been found to
catalyze additions of organozinc reagents to carbonyl com-
pounds with positive NLE.[10]


Asymmetric amplifications (positive NLE) can be ex-
plained by the involvement of catalytically inactive, dimeric
reservoir species, which are in equilibrium with the active
catalyst.[11] Monomeric zinc chelate complexes are known to
act as the active species in catalytic additions of diethylzinc to
benzaldehyde, while the dimers are unreactive.[12] In a
scalemic mixture (R and S), homochiral dimerization leads
to S-S and R-R dimers and heterochiral aggregation forms the
heterochiral complex R-S (Scheme 1). If the heterochiral
dimer is more thermodynamically stable than the homochiral
form, it acts as reservoir species; this in turn results in the
enrichment of one monomer (R or S) and gives rise to
asymmetric amplification.[13] If the homochiral complexes are
more thermodynamically stable than the heterochiral dimer,
an asymmetric depletion (negative NLE) is observed
(Scheme 1).[14]


Bidentate anisyl fenchols, prepared by a short stereo-
selective synthetic route,[6, 15, 16] are known to form dimeric
alkylzinc complexes.[17] These ligand systems not only yield
complexes with dialkylzinc reagents, but also a variety of
chiral aggregates with n-butyllithium.[15, 18] Composition of
chiral nBuLi complexes and enantioselectivities in nBuLi
additions to benzaldehyde can both be controlled by the
ortho-substituents in the fencholates. Hence we attempted to
synthesize homo- and heterochiral dimers with dimethylzinc
and different ortho-substituents in the modular anisyl fen-
chols 1 ± 4 (Scheme 2).
Scalemic mixtures of fenchols 1 ± 4 (Scheme 2) were


employed as pre-catalysts in the enantioselective addition of
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Scheme 2. Modular anisyl fenchols with different ortho-substituents X.[19]


diethylzinc to benzaldehyde. The dependence of the product
enantioselectivity on the enantiomeric purity of the chiral
source was investigated.


Results and Discussion


Different scalemic mixtures of anisyl fenchols 1 ± 4
(Scheme 2) were employed as chiral pre-catalysts (5 mol%)
in the enantioselective addition of diethylzinc to benzalde-
hyde (Scheme 3).


Scheme 3. Enantioselective additions of ZnEt2 to benzaldehyde catalyzed
by chiral modular anisyl fenchols 1 ± 4 (Scheme 2).


A remarkable negative nonlinear effect was observed for
the ligands 1 and 2 with less sterically demanding ortho-
substituents (X�H and Me) (Figures 1 and 2), while a linear


Figure 1. The enantiomeric excess of (S)-1-phenylpropanol is shown with
its dependence on the enantiomeric purity of the catalyst (R)-1 (X�H).
The broken line indicates the linear relation, a remarkable negative
deviation from linearity is found.


relationship between the enan-
tiomeric purity of the chiral
source and that of the alcoholic
product is apparent for the
ligands 3 and 4 with the more
sterically demanding ortho-sub-
stituents SiMe3 and tBu (Fig-
ures 3 and 4).
Due to the central role of


dimeric R-R, S-S and R-S com-
plexes in the catalytic cycle
(Scheme 1), the propensity of
formation of these methylzinc
anisyl fencholate dimers is of
principal interest. An equimo-


Figure 2. The enantiomeric excess of (S)-1-phenylpropanol is shown with
its dependence on the enantiomeric purity of the catalyst (R)-2 (X�Me).
The broken line indicates the linear relation, a remarkable negative
deviation from linearity is found.
-


Figure 3. The enantiomeric excess of (R)-1-phenylpropanol is shown with
its dependence on the enantiomeric purity of the catalyst (R)-3 (X�
SiMe3). The broken line indicates the linear relation that is observed.


lar mixture of racemic fenchol 1 and dimethylzinc in toluene
yields a colorless solid, which can be analyzed by X-ray crystal
diffraction after recrystallization.[20] Surprisingly, the homo-
chiral dimeric methylzinc chelate complexes (R-1)2 and (S-1)2
are formed (Scheme 4), but no heterochiral dimer was
found.[21]


The enantiopure ligand (R)-1 and dimethylzinc also form
the homochiral complex (R-1)2 (X-ray crystal structure in
Figure 5).[17b] The dimeric C2-symmetrical methylzinc chelate
complex (R-1)2 contains a four-membered Zn2O2 ring in the


Scheme 1. Origins of positive and negative NLE from hetero- (dashed lines) and homochiral dimerization of
monomeric organozinc catalysts.
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Figure 4. The enantiomeric excess of (R)-1-phenylpropanol is shown with
its dependence on the enantiomeric purity of the catalyst (R)-4 (X� tBu).
The broken line indicates the linear relation that is observed.


Figure 5. X-ray crystal structure of (R-1)2[16b] (X�H) crystallized from an
enantiopure mixture of (R)-1 and dimethylzinc: the methyl groups on the
zinc atoms and the methoxy groups are aligned syn to the Zn2O2 plane (C2


symmetry). Selected bond lengths and angles are given in Table 2.


center. The two methyl groups on the zinc ions are aligned syn
with respect to this Zn2O2 plane. The methoxy groups in the
aryl moieties of the ligands also coordinate syn to the zinc
centers, but from opposite sides with respect to the methyl
units (Figure 5).
As for fenchol 1 (X�H), crystals of the homochiral dimers


(R-2)2 and (S-2)2 are obtained from an equimolar mixture of
racemic ligand 2 (X�Me) and dimethylzinc in toluene


(Scheme 4).[19] The homochiral complex (R-2)2 is also formed
by the enantiopure ligand (R)-2 and dimethylzinc (see the
X-ray crystal structure in Figure 6). The position of the methyl
units on the zinc ions and the methoxy groups of the ligand
fragments is syn with respect to the Zn2O2 ring (Figure 6),
similar to (R-1)2 (Figure 5).


Figure 6. X-ray crystal structure of (R-2)2 (X�Me) crystallized from an
enantiopure mixture of (R)-2 and dimethylzinc: the methyl groups on the
zinc atoms and the methoxy groups are aligned syn to the Zn2O2 plane.
Selected bond lengths and angles are given in Table 2.


In contrast to the results for ligands 1 and 2 (Scheme 4), an
equimolar mixture of racemic fenchol 3 and dimethylzinc in
toluene yields the heterochiral dimeric complex (R-3)(S-3)
(Scheme 5, X-ray crystal structure in Figure 7).
The X-ray crystal analysis of the obtained dimeric chelate


complex (R-3)(S-3) discloses an anti-alignment of the meth-
ylzinc moieties and the two coordinating methoxy groups of
the ligand molecules with regard to the Zn2O2 ring (Ci


symmetry, Figure 7). Like 3, a racemic mixture of ligand 4
forms with dimethylzinc in a 1:1 ratio forms the dimeric
complex (R-4)(S-4) (Scheme 5, X-ray crystal structure of
which is shown in Figure 8). In the dimeric Ci-symmetric
methylzinc chelate complex (R-4)(S-4) the two methyl groups
on the zinc atoms and the methoxy groups in the aryl moieties
of the ligands are aligned anti with respect to the Zn2O2 plane
(Figure 8).


Scheme 4. Homochiral dimers formed from equimolar mixtures of racemic ligand 1 (X�H) or 2 (X�Me) and dimethylzinc in toluene (X-ray crystal
structures of (R-1)2 in Figure 5 and of (R-2)2 in Figure 6).[21]


Scheme 5. Heterochiral dimers formed from equimolar mixtures of racemic ligand 3 (X� SiMe3) or 4 (X� tBu) and dimethylzinc in toluene (X-ray crystal
structures of (R-3)(S-3) in Figure 7 and of (R-4)(S-4) in Figure 8).
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Figure 7. X-ray crystal structure of (R-3)(S-3) (X� SiMe3): the methyl
groups on the zinc atoms and the methoxy groups are aligned anti to the
Zn2O2 plane (Ci symmetry). Selected bond lengths and angles are given in
Table 2.


Figure 8. X-ray crystal structure of (R-4)(S-4) (X� tBu): the methyl
groups on the zinc atoms and the methoxy groups are aligned anti to the
Zn2O2 plane (Ci symmetry). Selected bond lengths and angles are given in
Table 2.


To characterize the homochiral dimers of ligands 3 and 4,
one equivalent of the enantiopure ligand was treated with one
equivalent of dimethylzinc to give (R-3)2,[6b] and (R-4)2,
respectively (Scheme 6).


Scheme 6. Homochiral dimers formed from equimolar mixtures of enan-
tiopure ligand 3 (X�SiMe3)[6b] or 4 (X� tBu) and dimethylzinc in toluene
(X-ray crystal structures of (R-3)2 in Figure 9 and of (R-4)2 in Figure 10).


The structural arrangements in the dimeric complexes
(R-3)2 (Figure 9) and (R-4)2 (Figure 10) are different compared
to (R-1)2 (Figure 5) and (R-2)2 (Figure 6): the more sterically
demanding substituents SiMe3 and tBu change the symmetry


Figure 9. X-ray crystal structure of (R-3)2[6b](X� SiMe3): the methyl
groups on the zinc atoms are aligned syn to the Zn2O2 plane and the
methoxy groups coordinate anti to the zinc centers. Selected bond lengths
and angles are given in Table 2.


Figure 10. X-ray crystal structure of (R-4)2 (X� tBu): the methyl groups
on the zinc atoms are aligned syn to the Zn2O2 plane and the methoxy
groups coordinate anti to the zinc centers. Selected bond lengths and angles
are given in Table 2.


relative to X�H and Me. In contrast to the homochiral
complexes (R-1)2 (X�H) and (R-2)2 (X�Me), the methoxy
groups of the two ligands in (R-3)2 (X� SiMe3) and (R-4)2
(X� tBu) are now in trans-positions on the central four
membered Zn2O2 ring.
Because the heterochiral dimeric fencholate zinc com-


plexes with the ortho-substituents X�H or Me were not
accessible experimentally, ab initio (RHF/LanL2DZ (Zn, Si)/







Chiral Alkylzinc Fencholates 5211±5218


Chem. Eur. J. 2002, 8, No. 22 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0822-5215 $ 20.00+.50/0 5215


3-21G (C, H, O)[22] computations were employed using
GAUSSIAN 98[23] to reveal the relative energies of both
homo- and heterochiral structures (energies for optimized
dimers with X�H and Me are shown in Table 1). If the
methyl groups on the zinc atoms and the methoxy groups of


the ligand fragments in (R-1)2 (Figure 5) are arranged syn, the
complex is favored by 5.2 kcalmol�1 compared with the anti
case (Table 1). This syn-homodimer is also 4.1 kcalmol�1


more stable than the calculated syn-heterodimer (Table 1).
For X�Me, the syn-homodimer (R-2)2 (Figure 6) is
1.1 kcalmol�1 more stable than the anti-structure and pre-
ferred by 3.8 kcalmol�1 compared to the Ci-symmetric anti-
heterodimer (Table 1). The theoretically determined energies
reveal that, in these two cases (X�H and Me), the
experimentally obtained syn-homodimers are the intrinsically
most stable structures.
The observed negative nonlinear effect for X�H and Me


as ortho-substituents can be explained by thermodynamically
more stable homochiral dimers. The equilibrium for the
enantiomer, which is present in excess, will be shifted more to
the side of its homochiral dimer. Consequently, this enan-
tiomer is partly captured as the unreactive dimer and so the
excess of its monomer in solution is smaller than expected.
The diminished excess of the monomer, which controls the
stereochemistry of the reaction, then leads to the observed
negative NLE.
To explain the observed linear effect for X� SiMe3 and tBu


as ortho-substituents, the homo- and heterochiral dimeric
complexes should exhibit comparable stabilities. The forma-
tion of both homo- and heterochiral dimers was observed for
the ligands 3 (X� SiMe3) and 4 (X� tBu), while 1 (X�H)
and 2 (X�Me) formed only homochiral dimers. X-ray crystal
analyses of the dimeric structures reveal similar lengths of the
external Zn�O bond, which is the dimer forming bond, as a
feature of stability of the dimers, in (R-3)2 and (R-3)(S-3)


(2.03 ä, 1.98 ä: difference 0.05 ä; Table 2) and also in (R-4)2
and (R-4)(S-4) (2.01 ä, 1.97 ä: difference 0.04 ä; Table 2).
Hence, the homo- and heterochiral dimers should have an
equal propensity to dissociate into their catalytically active
monomers.


To verify that the homo- and
heterochiral dimeric complexes
possess similar stabilities, single
point energies were computed
with geometries obtained from
X-ray crystal structures for
(R-3)2 versus (R-3)(S-3) and
for (R-4)2 versus (R-4)(S-4)2.
The heterochiral dimeric orga-
nozinc chelate complex of the
ligand system with X� SiMe3
(R-3)(S-3) was found to be


3.0 kcalmol�1 more stable than the homochiral dimer (R-3)2
(Table 1). In case of tBu, the computed higher stability of
(R-4)2 relative to (R-4)(S-4) is 0.9 kcalmol�1 (Table 1). The
computed energies confirm the assumption that the stabilities
of the hetero- and homochiral dimers for ligands 3 and 4 with
the sterically demanding ortho-substituents X� tBu and
SiMe3 are very similar (Scheme 2).
The ortho-substituents X force a distortion of the ligand


systems in all dimeric complexes, depending on their steric
demands. The methyl substituent in (R-2)2 produces a slight
distortion of the ligand system compared to the unsubstituted
complex (R-1)2: in (R-2)2 the methoxy group is bending out of
the aryl plane (C7-O6-C5-
C8��57.3� for X�Me;
�28.8� for X�H; Scheme 7,
Table 2).
As a consequence, the repul-


sive interaction increases due
to close contact between the
methoxy and the exo-methyl
group (C9) of the bicyclohep-
tane moiety (C7 ¥ ¥ ¥C9 3.63 ä
for X�Me; 3.86 ä for X�H;
Scheme 7, Table 2). This results from rotation around the
C3�C4 axis in a more coplanar arrangement of the O2-C3-C4-
C5 unit (45.7� in (R-2)2; 50.8� in (R-1)2, Table 2) and finally in
a shorter O6�Zn1 distance of 2.16 ä for (R-2)2 (X�Me)
compared to 2.21 ä for (R-1)2 (X�H) without ortho-sub-
stitution. The described effect does not change the basic C2-
symmetric geometry of complex (R-2)2, but even more


Table 1. Computed relative energies [au] for the structures of dimeric zinc chelate complexes.


E [au][a] E [au][a] E [au][b]


(R-1)2 (syn) � 1810.7732 (R-2)2 (syn) � 1888.4034 (R-3)(S-3)[c] � 2080.5603
(R-1)2 (anti) � 1810.7650 (R-2)2 (anti) � 1888.4016 (R-3)2[d] � 2080.5555
(R-1)(S-1) (syn) � 1810.7667 (R-2)(S-2) (syn) � 1888.3851 (R-4)(S-4)[e] � 2148.9502
(R-1)(S-1) (anti) � 1810.7603 (R-2)(S-2) (anti) � 1888.3974 (R-4)2[f] � 2148.9487


[a] Optimized methylzinc fencholate dimers (RHF/LanL2DZ (Zn)/3-21G (C, H, O)). [b] Single-point compu-
tations (X-ray geometries: B3LYP/LanL2DZ (Zn, Si)/6-31G* (C, H, O)). [c] See Figure 7. [d] See Figure 9.
[e] See Figure 8. [f] See Figure 10.


Table 2. Selected bond distances [ä] and angles [�] in the X-ray crystal structures of dimeric zinc chelate complexes.


C7-O6-C5-C8 C7 ¥ ¥ ¥C9/10 O2-C3-C4-C5 O6 ¥ ¥ ¥Zn1 Zn�Ointernal
[a] Zn�Oexternal


[b]


(R-1)2[c] � 28.8 3.86 50.8 2.21 1.97 2.01
(R-2)2[d] � 57.3/� 57.3 3.61/3.63 46.3/45.7 2.17/2.15 1.98/1.97 2.01/2.02
(R-3)2[e] � 55.6/� 101.4 3.55/3.56 48.3/29.0 2.40/2.27 1.95/1.98 2.02/2.04
(R-4)2[f] � 65.5/� 106.1 3.62/3.45 37.4/27.5 2.37/2.27 1.97/1.98 2.01
(R-3)(S-3)[g] � 105.0 3.52 28.6 2.37 1.99 1.98
(R-4)(S-4)[h] � 111.5 3.41 29.4 2.38 1.99 1.97


[a] O2�Zn1 (Scheme 7). [b] Dimer forming bond connecting the zinc fencholate moieties. [c] X�H, Figure 5,[17] crystallographic C2 symmetry. [d] X�Me,
Figure 6. [e] X� SiMe3, Figure 9[6b]. [f] X� tBu, Figure 10. [g] X� SiMe3, Figure 7, crystallographic Ci symmetry. [h] X� tBu, Figure 8, crystallographic Ci


symmetry.


Scheme 7. Numbering of se-
lected atoms in the chelating
methyl zinc fencholates. For
bond lengths and angles see
Table 2.
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sterically demanding substituents such as SiMe3 and tBu will
lead to a different structure. In the dimeric complexes (R-3)2
and (R-4)2 the methoxy groups coordinate anti to the zinc
centers. The distortion found in (R-2)2 compared with (R-1)2
continues for X� SiMe3 and tBu in the homochiral structures
(R-3/4)2 as well as in the heterochiral complexes (R-3/4)-
(S-3/4) (Table 2). The methoxy group is bending out of the
aryl plane and subsequently a repulsive interaction arises
from closer contacts between this methoxy and the geminal
dimethyl unit of the bicycloheptane moiety.[24] This results
from rotation about the C3�C4 axis in a more coplanar
arrangement of the O2-C3-C4-C5 unit.
Similar distortions are also apparent in computationally-


optimized structures for the dimeric methylzinc fencholates in
the syn-homo forms (R-1)2 and (R-2)2 (Table 3).


The chemical yields in the enantioselective diethylzinc
additions to benzaldehyde catalyzed by the ligands 1 ± 4
increase in this order: X� tBu, 47%; X�H, 59%; X�Me,
73%; X� SiMe3, 85%). Higher yields correspond to higher
reactivity. The observed inversion of the stereoselectivity in
the product alcohol for the ligand systems with X� SiMe3 and
tBu (Figures 3 and 4) compared to X�H and Me (Figures 1
and 2) can be explained by comparison of computed �-O
transition structures and has been reported recently.[6a]


Conclusion


A remarkable negative NLE is apparent for the anisyl
fenchols with X�H (1) and Me (2) employed as pre-catalysts
in enantioselective additions of diethylzinc to benzaldehyde,
while a linear dependence of enantioselectivities is found for
X� SiMe3 (3) and tBu (4) (Scheme 2). With dimethylzinc,
ligands 1 and 2 exclusively form homochiral dimeric com-
plexes, even from racemic mixtures of the ligands (see X-ray
analyses in Figures 5 and 6). The experimentally formed syn-
homodimers (for X�H and Me) are also computed to be
preferred over heterochiral structures. An explanation for the
appearance of the asymmetric depletion (negative NLE) for 1
and 2 originates from equilibria of monomeric and homo-
dimeric alkylzinc fencholates (Scheme 1): the excess of one
enantiomer of the monomeric alkylzinc fencholate is lowered
by a stronger shifting of its monomer± dimer equilibrium in
favor of the catalytically inactive homochiral dimer. A linear
relationship for anisyl fenchols in diethylzinc additions to
benzaldehyde was observed with the more sterically demand-
ing ortho-substituents in 3 (X� SiMe3) and in 4 (X� tBu).
These fenchols give rise to the formation of heterochiral


dimeric methylzinc fencholate complexes with racemic li-
gands and homochiral dimeric complexes with enantiopure
ligands. The computed single point energies of the exper-
imental structures show small energy differences between
homo- and heterochiral dimeric structures ((R-3)2 vs (R-3)-
(S-3) and (R-4)2 vs (R-4)(S-4), Figures 7 ± 10), consistent with
similar stabilities of homo- and heterochiral dimers and equal
propensities for dissociation into catalytically-active mono-
mers. These results demonstrate that the nature of the ortho-
substituents in the anisyl moieties of the fenchol ligands
control the stability of homo- and heterochiral dimers. Hence,
a close correspondence between the structural changes in the
ligand systems and the appearance of nonlinear effects in
enantioselective diethylzinc additions is demonstrated for
modular anisyl fencholates.


Experimental Section


General methods : Reactions were car-
ried out under an argon atmosphere
(Schlenk and needle/septum techni-
ques) with dried and degassed sol-
vents. X-ray crystal analyses were
performed on a Bruker Smart CCD
diffractometer with MoK� radiation at
200 K. Data sets corresponding to a


complete sphere of data were collected using 0.3� � scans. The structures
were solved using direct methods, least-squares refinement, and Fourier
techniques. Hydrogen atoms were taken into account at geometrically
calculated positions. NMR Spectra were recorded on a Bruker AC300 and
DRX500 spectrometer. GC analyses were carried out with a Chrompack
machine [WCOT Fused Silica CP-SIL-5CB, 10 m length, 0.32 mm diam-
eter] and HPLC analyses on a HP-1100 machine [Chiracel OD-H column,
hexanes/iPrOH 99.2:0.8, 1 mLmin�1, 26 �C, 254 nm, 1-phenylpropanol:
tR� 16.5 min (R), 20.3 min (S)]. CCDC-185287 ((R-1)2), CCDC-185288
((R-2)2), CCDC-185289 ((R-2)2), CCDC-185290 ((R-3)(S-3)), CCDC-
185291 ((R-4)(S-4)), CCDC-185292 ((R-4)2) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; (fax: (�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.
uk).


General synthesis of homochiral dimeric complexes with ligand systems
(R)-2 and (R)-4 : A solution of dimethylzinc (0.2 mmol, 2�, 0.1 mL) in
toluene was added to the ligand (0.2 mmol of (R)-ligand) at RT. After
cooling the solution to �80 �C and thawing three times, the precipitate
formed was dissolved in hot toluene. Slow cooling to room temperature
yielded the homochiral dimer as colorless crystals.


Characterization of (R-2)2 : Yield: 39%; m.p. �190 �C, glassy, 213 �C;
elemental analysis calcd (%): C 66.44, H 8.03; found: C 66.45, H 8.03;
1H NMR (300 MHz, [D8]toluene, �10 �C): ���0.10 (s, 3H; ZnCH3), 0.50
(s, 3H; CH3), 1.27 (m, 1H; CH2), 1.30 (m, 1H; CH2), 1.36 (m, 1H; CH2/s,
3H; CH3), 1.45 (s, 3H; CH3), 1.51 (m, 1H; CH2), 1.58 (s, 3H; CH3), 1.66 (s,
1H; CH), 1.93 (m, 1H; CH2), 2.37 (m, 1H; CH2), 3.34 (s, 3H; OCH3), 6.46
(d, 3J� 7.35 Hz, 1H; HAr), 6.62 (t, 3J� 7.73 Hz, 1H; HAr), 7.28 (d, 3J�
7.89 Hz, 1H; HAr); 13C NMR (75 MHz, [D8]toluene, �10 �C) ���7.5
(ZnCH3), 17.4 (CH3), 18.5 (CH3), 22.1 (CH3), 25.1 (CH2), 25.9 (CH3), 34.6
(CH2), 42.4 (CH2), 45.9 (Cq), 51.2 (CH), 55.0 (Cq), 63.5 (OCH3), 90.1 (Cq),
122.4 (CAr), 126.5 (CAr), 130.6 (CAr), 136.5 (Cq,Ar), 141.0 (Cq,Ar), 157.6 (Cq,Ar).
X-ray crystal data of (R-2)2: C45H64O4Zn2 (with crystal toluene), M�
799.70, space group P212121, a� 11.2793(2), b� 17.5088(2), c�
20.6155(2) ä; V� 4071.29(9) ä3, Z� 4, T� 200(2) K, �� 1.219mm�1, re-
flections total: 42573, unique: 9334, observed: 8198 (I� 2�(I)), parameters
refined: 473, R1� 0.029, wR2� 0.068, GOFall� 1.01.


Characterization of (R-4)2 : Yield: 27%; m.p. 201 �C (decomp); elemental
analysis calcd (%): C 66.75, H 8.65; found: C 66.71, H 8.49; 1H NMR


Table 3. Selected bond distances [ä] and angles [�] in the geometry optimized structures[a] of the syn-
homodimers (R-1)2 and (R-2)2.


C7-O6-C5-C8 C7 ¥ ¥ ¥C10 O2-C3-C4-C5 O6 ¥ ¥ ¥Zn1 Zn�Ointernal
[b] Zn�Oexternal


[c]


(R-1)2 � 40.4 3.60 45.1 2.11 2.00 2.02
(R-2)2 � 60.4/� 59.8 3.56/3.58 42.8/41.4 2.11/2.12 1.99/2.00 2.02/2.03


[a] RHF/LanL2DZ (Zn)/3-21G (C, H, O). [b] Zn1�O7, (Scheme 7). [c] Dimer-forming bond connecting the zinc
fencholate moieties.
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(500 MHz, [D8]toluene, �10 �C): ���0.76 (s, 3H; ZnCH3), �0.10 (s, 3H;
ZnCH3), 0.73 (s, 6H; 2CH3), 1.23 (m, 4H; 2CHH, 2CHH), 1.30 (s, 12H;
4CH3), 1.40 (s, 18H; 2 tBu), 1.49 (m, 4H; 2CHH, 2CHH), 1.71 (s, 2H; CH),
2.52 (m, 2H; 2CHH), 2.73 (m, 2H; 2CHH), 3.79 (s, 6H; 2OCH3), 6.81 (m,
2H; HAr), 7.13 (d, 3J� 6.70 Hz, 2H; HAr), 7.56 (d, 3J� 7.35 Hz, 2H; HAr);
13C NMR (75 MHz, [D8]toluene, 25 �C) ���6.0 (ZnCH3), 18.5 (CH3), 22.4
(CH3), 24.4 (CH2), 31.8 (CH3), 32.9 (C(CH3)3), 35.8 (C(CH3)3), 36.2 (CH2),
42.3 (CH2), 43.6 (Cq), 50.1 (CH), 55.1 (Cq), 65.9 (OCH3), 87.0 (Cq), 122.4
(CAr), 127.0 (CAr), 130.2 (CAr), 140.8 (CAr), 143.4 (CAr), 158.7 (CAr). X-ray
crystal data of (R-4)2: C44H68O4Zn2, M� 791.72, space group P21, a�
13.3952(1), b� 10.6271(1), c� 14.1778(1) ä; �� 92.355(1)�, V�
2016.54(3) ä3, Z� 2, T� 200(2) K, �� 1.230mm�1, reflections total:
20948, unique: 9000, observed: 8455 (I� 2�(I)), parameters refined: 467,
R1� 0.028, wR2� 0.069, GOFall� 1.02.


Synthesis and characterization of (R-1)2 : A solution of dimethylzinc
(0.2 mmol, 2�, 0.1 mL) in toluene was added to a racemic mixture of 1
(0.1 mmol of (R)- and 0.1 mmol of (S)-ligand). The solution was stirred for
20 minutes and then held at room temperature over night. Colorless
crystals of (R-1)2 were obtained (35%). M.p. 170 �C (decomp); elemental
analysis calcd (%): C 63.63, H 7.71; found: C 62.32, H 7.72; 1H NMR
(500 MHz, [D8]toluene, �10 �C): ���0.14 (s, 3H; ZnCH3), 0. 55 (s, 3H;
CH3), 1.23 (m, 1H; CH2), 1.30 (s, 3H; CH3), 1.48 (m, 2H; 2CH2), 1.52 (s,
3H; CH3), 1.74 (m, 2H; CH, CH2), 1.93 (m, 1H; CH2), 2.25 (m, 1H; CH2),
2.97 (s, 3H; OCH3), 6.33 (d, 3J� 7.82 Hz, 1H; HAr), 6.79 (td, 3J� 7.58 Hz,
4J� 0.98 Hz, 1H; HAr), 6.94 (td, 3J� 7.58 Hz, 4J� 1.47 Hz, 1H; HAr), 7.53
(dd, 3J� 7.82 Hz, 4J� 0.98 Hz, 1H; HAr); 13C NMR (125 MHz, [D8]toluene,
�10 �C) ���8.0 (ZnCH3), 18.3 (CH3), 22.6 (CH3), 25.3 (CH2), 29.4 (CH3),
33.4 (CH2), 41.9 (CH2), 44.5 (Cq), 50.8 (CH), 53.4 (Cq), 54.0 (OCH3), 88.7
(Cq), 110.8 (CAr), 119.6 (CAr), 126.9 (CAr), 132.8 (Cq,Ar), 137.3 (CAr), 157.4
(Cq,Ar); X-ray crystal data of (R-1)2: C36H52O4Zn2,M� 679.52, space group
P21/c, a� 19.3720(1), b� 10.3617(1), c� 18.0310(1) ä; �� 112.668(1)�,
V� 3339.73(4) ä3, Z� 4, T� 200(2) K, �� 1.473mm�1, reflections total:
37869, unique: 8982, observed: 7564 (I� 2�(I)), parameters refined: 389;
R1� 0.025, wR2� 0.063, GOFall� 1.02.


Synthesis and characterization of (R-2)2 : A solution of dimethylzinc
(0.2 mmol, 2�, 0.1 mL) in toluene was added to a racemic mixture of the
ligand (0.1 mmol of (R)- and 0.1 mmol of (S)-ligand) at RT. After freezing
the solution to �80 �C and thawing three times, the precipitate formed was
dissolved in hot toluene. Slow cooling to room temperature yielded the
homochiral dimer as colorless crystals (40%). M.p. 223 ± 230 �C (decomp);
elemental analysis calcd (%): C 64.50, H 7.98; found: C 64.13, H 7.89;
1H NMR (500 MHz, [D8]toluene, �10 �C): ���0.18 (s, 3H; ZnCH3), 0. 45
(s, 3H; CH3), 1.20 (m, 1H; CH2), 1.24 (m, 1H; CH2), 1.30 (s, 3H; CH3), 1.44
(s, 3H; CArCH3), 1.47 (m, 1H; CH2), 1.54 (s, 3H; CH3), 1.60 (s, 1H; CH),
1.87 (m, 1H; CH2), 2.32 (m, 1H; CH2), 3.16 (m, 1H; CH2), 3.35 (s, 3H,
OCH3), 6.44 (d, 3J� 7.13 Hz, 1H; HAr), 6.59 (t, 3J� 7.69 Hz, 1H; HAr), 7.26
(d, 3J� 7.68 Hz, 1H; HAr); 13C NMR (125 MHz, [D8]toluene, �10 �C) ��
�7.5 (ZnCH3), 17.3 (CH3), 18.5 (CH3), 22.0 (CH3), 25.3 (CH2), 25.8 (CH3),
34.4 (CH2), 42.3 (CH2), 45.1 (Cq), 51.1 (CH), 54.9 (Cq), 63.5 (OCH3), 89.8
(Cq), 121.9 (CAr), 126.5 (CAr), 130.1 (CAr), 136.4 (Cq,Ar), 140.9 (Cq,Ar), 157.5
(Cq,Ar); X-ray crystal data of (R-2)2: C38H56O4Zn2,M� 707.57, space group
P21/c, a� 20.0453(2), b� 10.4315(2), c� 18.0755(1) ä; �� 113.621(1)�,
V� 3462.96(8) ä3, Z� 4, T� 200(2) K, �� 1.423mm�1, reflections total:
35002, unique: 7938, observed: 6527 (I� 2�(I)), parameters refined: 409,
R1� 0.026, wR2� 0.064, GOFall� 1.05.


General synthesis of heterochiral dimeric complexes with ligands 3 and 4 :
A solution of dimethylzinc (0.2 mmol, 2�, 0.1 mL) in toluene was added to
a racemic mixture of the ligand (0.1 mmol of (R)- and 0.1 mmol of (S)-
ligand) at RT. After freezing the solution to �80 �C and thawing three
times, the precipitate formed was dissolved in hot toluene. Slow cooling to
room temperature yielded the heterochiral dimer as colorless crystals.


Characterization of (R-3)(S-3): Yield: 74%; m.p. 230 �C; elemental analysis
calcd (%): C 61.23, H 8.32; found: C 61.34, H 8.46; 1H NMR (500 MHz,
[D8]toluene, �10 �C): ���1.27 (s, 3H; ZnCH3), �0.90 (s, 6H; 2ZnCH3),
�0.11 (s, 3H; ZnCH3), 0.35 (s, 18H; 2Si(CH3)3), 0.38 (s, 18H; 2Si(CH3)3),
0. 59 (s, 6H; 2CH3), 0.67 (s, 6H; 2CH3), 1.21 (m, 4H;, 2CHH, 2CHH), 1.25
(m, 4H; 2CHH, 2CHH), 1.28 (s, 6H; 2CH3), 1.31 (s, 6H; 2CH3), 1.37 (s,
6H; 2CH3), 1.40 (s, 6H; 2CH3), 1.51 (m, 4H; 2CHH, 2CHH), 1.63 (s, 2H;
2CH), 1.67 (s, 2H; 2CH), 1.88 (m, 2H; 2CHH), 2.00 (m, 2H; 2CHH), 2.44
(m, 4H; 2 CHH, 2CHH), 2.54 (m, 2H; 2CHH), 2.61 (m, 2H; 2CHH), 3.81
(s, 6H; 2OCH3), 3.84 (s, 6H; 2OCH3), 6.89 (m, 4H; HAr), 7.24 (d, 3J�


6.69 Hz, 2H; HAr), 7.29 (d, 3J� 6.69 Hz, 2H; HAr), 7.67 (d, 3J� 8.04 Hz, 2H;
HAr), 7.71 (d, 3J� 8.03 Hz, 2H; HAr); 13C NMR (75 MHz, [D8]toluene,
�10 �C) ���10.7 (ZnCH3),�8.5 (ZnCH3),�6.6 (ZnCH3), 1.0 (Si(CH3)3),
1.2 (Si(CH3)3), 19.1 (2CH3), 24.5 (2CH3), 24.8 (CH2), 25.0 (CH2), 31.8
(CH3), 32.0 (CH3), 35.3 (CH2), 35.4 (CH2), 42.5 (CH2), 43.1 (CH2), 46.5
(Cq), 48.0 (Cq), 50.3 (CH), 50.6 (CH), 56.3 (Cq), 56.4 (Cq), 63.9 (OCH3), 65.3
(OCH3), 90.7 (Cq), 91.5 (Cq), 122.5 (CAr), 122.8 (CAr), 132.8 (CAr), 133.6
(CAr), 134.1 (Cq,Ar), 134.2 (Cq,Ar), 135.1 (CAr), 135.2 (CAr), 139.3 (Cq,Ar), 139.4
(Cq,Ar), 163.9 (Cq,Ar), 164.5 (Cq,Ar); X-ray crystal data of (R-3)(S-3):
C42H68O4Si2Zn2, M� 823.88, space group P21/c, a� 11.5901(2), b�
21.9639(3), c� 8.6399(1) ä; �� 104.968(1)�, V� 2124.78(5) ä3, Z� 2, T�
200(2) K, �� 1.223mm�1, reflections total: 21536, unique: 4851, observed:
4226 (I� 2�(I)), parameters refined: 234, R1� 0.026, wR2� 0.062,
GOFall� 1.05.


Characterization of (R-4)(S-4): Yield: 34%, m.p. 204 �C decomposition;
elemental analysis calcd (%): C 66.75, H 8.65; found: C 66.72, H 8.65;
1H NMR (500 MHz, [D8]toluene, �10 �C): ���0.83 (s, 3H; ZnCH3), 0.64
(s, 3H; CH3), 1.26 (m, 2H; 2CH2), 1.31 (s, 6H; 2CH3), 1.41 (s, 9H; tBu), 1.49
(m, 1H; CH2), 1.74 (s, 1H; CH), 2.26 (m, 1H; CH2), 2.48 (m, 1H; CH2), 2.91
(m, 1H; CH2), 3.81 (s, 3H; OCH3), 6.88 (t, 3J� 7.96 Hz, 1H; HAr), 7.20 (dd,
3J� 7.96 Hz, 4J� 1.10 Hz, 1H; HAr), 7.58 (dd, 3J� 8.23 Hz, 4J� 1.10 Hz,
1H; HAr); 13C NMR (75 MHz, [D8]toluene, �10 �C) ���5.7 (ZnCH3),
18.5 (CH3), 22.4 (CH3), 24.4 (CH2), 29.9 (CH3), 32.2 (C(CH3)3), 35.2 (CH2),
35.8 (C(CH3)3), 42.3 (CH2), 42.3 (Cq), 50.1 (CH), 57.3 (Cq), 65.5 (OCH3),
87.0 (Cq), 122.4 (CAr), 127.1 (CAr), 129.4 (CAr), 143.2 (Cq,Ar), 147.5 (Cq,Ar),
158.7 (Cq,Ar); X-ray crystal data of (R-4)(S-4): C44H68O4Zn2, M� 791.72,
space group P1≈, a� 8.6134(2), b� 10.8743(2), c� 12.1678(3) ä; ��
66.662(1), �� 82.935(1), �� 73.931(1)� ; V� 1005.45(4) ä3, Z� 1, T�
200(2) K, �� 1.233mm�1, reflections total: 10316, unique: 4556, observed:
4031 (I� 2�(I)), parameters refined: 234; R1� 0.031, wR2� 0.079,
GOFall� 1.06.


Catalyses : The catalyses were performed with ligands 1 ± 4 according to the
following general procedure: the scalemic mixture of enantiomeric ligands
in proportions from 0 to 100 (0.12 mmol as total amount of ligand, 5 mol%
with respect to benzaldehyde) was treated with diethylzinc in hexane
(3.3 mL, 3.0 mmol, 0.9�) at 0 �C for 15 min. Benzaldehyde (0.24 mL, 0.25 g,
2.4 mmol) was added and this mixture was kept for 24 hours at �30 �C.
After quenching with water and hydrolyzing with hydrochloric acid, the
organic layer was separated, neutralized (NaHCO3) and dried (Na2SO4).
The chemical yield was analyzed by GC, and the enantiomeric excess by
chiral HPLC.


Computational section : Optimizations (RHF/LanL2DZ (Zn, Si)/3-21G (C,
H, O) and single point (B3LYB/LanL2DZ (Zn, Si) 6-31G* (C, H, O), X-ray
geometries) computations were performed using GAUSSIAN 98.[23]
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Polymer Rings and Chains Consisting of Doubly Silyl-Bridged Metallocenes


Frank H. Kˆhler,* Andreas Schell, and Bernd Weber[a]


Abstract: With the formation of novel
organometallic macromolecules in
mind, the polycondensation of transition
metal ions and bridged cyclopentadienyl
ligands was studied. To this end solvated
salts MX2 (M�Fe, Ni, and Cr) were
treated with a ligand that consisted of
two doubly silyl-bridged cyclopenta-
dienyl anions. For M�Fe and diluted
solutions a series of rings �i was ob-
tained that consisted of a minimum of
six (�6) and up to 17 (�17) ferrocene
moieties in the backbone. They were
separated partly by medium pressure
liquid chromatography. The macrocycles
were established by high-resolution
MALDI-TOF mass spectroscopy which


also yielded the molecular weight, the
polydispersion, and the mean ring size,
�n, of the mixture of reaction products.
When the reaction temperature was
decreased from 25 �C to �20 �C, �n
increased from 8.1 to 10.8. Ferrocene-
containing chains, �j, with 2� j� 12
were obtained in addition to rings in
the presence of water; the terminal
groups were cyclopentadiene moieties.
The reaction of two ferrocene-fused
cyclopentadienyl anions with


[FeCl2(thf)1.5] gave chains consisting of
exclusively uneven numbers of ferro-
cenes. For M�Ni and Cr the formation
of doubly silyl-bridged nickelocenes and
chromocenes was proven by NMR spec-
troscopy. MALDI-TOF mass spectro-
scopy showed nickelocene-containing
chains accompanied by some rings. For
M�Fe the H,H-DQF COSY spectra
established the structure of �7, �8 , and
�9. The oxidation of the ferrocene-con-
taining ring �7 with I2, NOPF6, and
AgPF6 gave ionic species [�7]n� which
suffered from low stability. The ring-
closing reaction is discussed, and the
relative abundance of the various rings is
related to MNDO calculations.


Keywords: ferrocenes ¥
metallocenes ¥ mass spectroscopy ¥
nickelocenes ¥ polycondensation


Introduction


The use of metallocenes as building blocks is a means to
introduce metals into macromolecules. The most popular
metallocene in this respect is ferrocene, followed by a wide
margin by cobaltocenium ion, while all other metallocenes
have been neglected owing to their high reactivity and/or the
synthetic effort. Hence, the target compounds are mostly
ferrocene-containing dendrimers[1] and polymers[2] which
attract attention, because nonlinear optical,[3] semiconduct-
ing,[4] liquid crystal,[5] and catalytic[6] behavior as well as
applications as sensors[7] and precursors of ceramics[8] have
been described. Whenever polymeric materials are being
synthesized, the formation of macrocycles besides (branched)
chains must be considered, and this topic has been addressed
at length.[9] Nevertheless, a rather limited number of rings
containing metallocenes (and more generally: sandwich


moieties) in the backbone[10] and as pending groups[11] have
been well characterized.
We came across the formation of metallocene-containing


rings during the investigation of a ligand with two doubly silyl-
bridged cyclopentadienyl anions, 12�, (Scheme 1) which aimed
at linking metallocenes.[12] Model compounds consisting of
two and three metallocenes (Scheme 1, compounds 2 and 3,
respectively) had revealed well-defined electrostatic and
magnetic interactions as well as electron spin distributions
that depend on the metal and the conformation of the ligand
bridge. With the extension of these studies to macromolecules
in mind, we looked at the reaction of 1a2�with metal dihalides
(Scheme 2) that were expected to yield polycondensation
products. The only compound that could be isolated thus far
was a macrocycle consisting of seven ferrocenes (Figure 1).[13]


This has triggered studies on other macromolecules contain-
ing the repeat unit (1aM) (M�Fe, Ni) and (1bCr), which are
reported here.


Results and Discussion


Restraints upon the formation of rings : It has been estab-
lished previously that in the dilithium salt, 1aLi2, the bridging
ligand is flat owing to Coulomb repulsion of the charges on
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the two cyclopentadienyl moi-
eties.[14] Therefore, one would
expect that ionic poly(metallo-
cenylene)s derived from the
dianion 1a2� prefer to form
chains. If the cyclopentadie-
nyl�metal bond is covalent,
the bridging ligand should be
susceptible to bending about
the Si,Si vector and hence to
form rings. This has actually
been found for di- and trinu-
clear model compounds[12b,e]


and for the ring in Figure 1.[13]


The fact that the reaction in
Scheme 2 favored a seven-
membered ring, �7,[15] seemed
to indicate that steric hindrance
would be a limiting factor of


ring formation. But it was unclear whether other rings formed
at all, and, if so, how their size would vary. For an estimate
MNDO/d calculations[16] on the dinuclear ferrocenes cis-2aFe
and trans-2aFe shown in Scheme 1 and Figure 2 were carried
out. The cis isomer was included, because this motif has been


established spectroscopically and by crystal structure analy-
sis.[12d,f, 17] Figure 2 shows the change in energy of the cis and
trans isomers with bending. It turns out that the cis isomer is
more flexible than the trans isomer if the angle between the
cyclopentadienyl planes does not exceed 180�. Also, for �7


with an idealized angle of 128.7� the energy increase is still
moderate, while the probability of finding smaller rings
decreases drastically.
The formation of rings is also determined by limitations


inherent in the polycondensation reaction.[18] Thus, the ring
size of a polycondensate decreases with decreasing conversion
of the monomer components, unless the conditions of
condensative chain polymerization are met.[19] In the present
case, a ring consisting of twelve metallocenes would require a
conversion of more than 90%.


Synthesis of rings and chains and detection by MALDI-TOF
mass spectroscopy: In order to obtain rings larger than �7 the
polycondensation in Scheme 2 was carried out at 25 �C with
the salt 1aLi2 and [FeCl2(thf)1.5] under purified inert gas and
carefully controlled stoichiometry (batch A). While this
would maximize monomer conversion, highly diluted solu-
tions were used in order to favor ring closure.
Matrix-assisted laser desorption/ionization time of flight


mass spectroscopy (MALDI-TOF MS)[20] was applied for the
analysis of the product mixtures. The UV/Vis spectrum of the
dinuclear model compound trans-2bFe[21] (Figure S1, Sup-
porting Information) revealed that the wavelength of the
exciting laser hits the absorptions which correspond to those
of parent ferrocene.[22] Useful spectra were obtained even
without a special matrix, as has been reported in a preliminary
paper.[23] It appears that the ferrocene-containing reaction
products function as matrix and analyte at the same time.
Actually, parent metallocenes are active as cationizing agents
prior to desorption in the MALDI process of purely organic
polymer standards, as has been found in independent work.[24]


In the present case, however, the best spectra were obtained
by using known matrices (see Experimental Section). An
example is given in Figure 3 which reproduces the spectrum
obtained from the product mixture of batch A. The largest
peak appears slightly above 2000 Da. It is actually a peak


Scheme 1. Di- and trinuclear metallocenes containing the bridging ligands
1a and b.


Scheme 2. Synthesis of metal-
locene rings containing even
and uneven numbers of the
fragment 1aM.
a) [FeCl2(thf)1.5] .


Figure 1. Sketch of a ring consisting of seven ferrocenes (M�Fe).


Figure 2. Change of the energies of dinuclear ferrocenes derived from the
ligand 1a with bending; �� cis isomer, �� trans isomer. The energies were
scaled to E� 0 for �� 180�.
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Figure 3. MALDI-TOF mass spectrum of the products obtained from the
reaction of 1aLi2 with [FeCl2(thf)1.5] at 25 �C under high dilution. �i and �j


are rings and chains of the general formula (1aFe)i, and H1a(1aFe)jH,
respectively.


pattern which perfectly matches the calculated isotope
pattern of �7 or (1aFe)7 with the most intense mass appearing
at 2088.2 Da.[23] On going to higher masses this pattern is
followed by other patterns. The difference between adjacent
patterns is 298 Da which corresponds to the repeat unit
(1aFe), and hence the series establishes macrocycles with up
to 14 ferrocenes. Comparison of the calculated and exper-
imental high-resolution patterns confirmed their chemical
formula up to �11; for larger rings the patterns partly
disappeared in the noise. Close inspection of Figure 3 reveals
a second series of patterns with much lower intensity, which
belong to traces of ferrocene-containing chains, �3 through
�9


[15] (see below).
When the reaction of diluted solutions of 1aLi2 and


[FeCl2(thf)1.5] was carried out at �20 �C (batch B) the same
series of ferrocene-containing rings was observed (Figure S2,
Supporting Information), but now the most abundant ring was
�10, while �7 and �13 were about equally present; the series
extended to �17 with a trace of �18. Analysis of the MALDI-
TOF mass spectrum yielded the weight and number averages
of the molecular weight, Mw and Mn, respectively, the
polydispersity, P�Mw/Mn, and the mean ring size, �n�Mw/
m0 , where m0 is the molecular weight of the repeat unit. In
Table 1 these data are compared with those of other batches.
When equimolar slurries of 1aLi2 and [FeCl2(thf)1.5] were


used at 25 �C (batch C), two series of peak patterns were


found in the MALDI-TOF mass spectrum (Figure S3). The
molecular ion of each ring is accompanied by another ion
which is 54 Da less, that is, formally each ring loses one iron
atom and gains two hydrogen atoms. The general formula of
these species is H1a(1aFe)jH which represents chains with
cyclopentadienes at each end as shown in Figure 4. This is


Figure 4. End group of ferrocene-containing chains.


confirmed by the fact that in the mass spectrum the difference
between adjacent peak patterns is again 298 Da and that
experimental and calculated high-resolution patters are
virtually identical. It is worth mentioning that the polymer
data of the ring series are similar to those of batch A, that is,
dilution is not a deciding factor. In the previous synthesis of
�7


[13] a 100% excess of [FeCl2(thf)1.5] was used. Repetitions of
this procedure yielded reaction mixtures that gave lower Mw


andMn values. This confirms that 1:1 stoichiometry is essential
for larger rings and chains.
A second approach to the rings and chains discussed so far


is the reaction shown in Scheme 3. The key compound 62� is a
bridged dianion which is expected to react with metal
dihalides to give condensation polymers as does the dianion
1a2� in Scheme 2. However, since 62� contains a ferrocene, the
polycondensation is expected to be more selective and
produce only rings containing an even number of ferrocenes,
that is, compounds 7 in Scheme 3 with the general formula
(1aFe)2n . A second appealing aspect would be the synthesis of
rings that consist of an alternating sequence of two different
metallocenes. When the synthesis of the anion 5�[12a] was
repeated, it turned out that the mono-deprotonation of the
precursor of 5� is not a clean reaction, and that the dianion
1a2� was formed as well. Therefore, the ferrocene obtained
after step a of Scheme 3 was purified by chromatography.
Further conversion to the dianion [6]2� and its reaction with
[FeCl2(thf)1.5] (batch D) gave a mixture of products (MALDI-
TOF mass spectrum is shown in Figure 5), while the polymer
data are given in Table 1. As expected the distance between
the peak patterns is now 596 Da, that is, twice the mass of the
repeat unit. However, solely chains were detected in repeated
experiments. While it is still unclear why rings are missing, the
formation of chains that contain only uneven numbers of
ferrocenes (compounds 8 in Scheme 3, general formula
H1a(1aFe)2n�1H) confirms the concept of selectively synthe-
sizing metallocene polymers.
All polycondensation reactions described so far started


from the bridged cyclopentadienyl dianions 1a2� and 62�. The
fact that both are hardly soluble hampers the up-scaling of the
reaction, so that some effort is required to meet the
stoichiometry. An alternative approach is the reaction of the
bridged cyclopentadiene 4 and its isomer[25] with a deproto-
nating agent that introduces iron at the same time. Tetrame-
sityldiiron,[26] [Fe2(mes)4], was chosen, because it is well


Table 1. Properties[a] of ferrocene- (M�Fe) and nickelocene-containing
(M�Ni) polymers.
Batch[b] Metal Product Mw [Da] Mn [Da] P �n


A Fe rings 2411 2253 1.1 8.1
B Fe[c] rings 3207 3067 1.1 10.8


3087[e] 1895[e] 1.6[e]


C Fe[d] rings 2529 2426 1.0 8.5
chains 2093 1756 1.2 7.0


D Fe chains 2268 2104 1.6 7.6
Ni rings 2101 2073 1.0 7.0


1076 919 1.2


[a] FromMALDI-TOFmass spectroscopy unless stated otherwise. [b] Diluted
solutions, 25 �C, unless stated otherwise. [c] � 20 �C. [d] Concentrated
solutions. [e] Mixture of rings and chains from GPC.
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soluble and allows to produce stock solutions where the
content can easily be determined by NMR spectroscopy. The
reaction of 4 with [Fe2(mes)4] dissolved in THF (Scheme 3,
d) did proceed, but only short chains with up to three
ferrocenes (compound 8 without brackets) were detected in
the MALDI-TOF mass spectra.
The synthesis of rings and chains containing metallocenes


other than ferrocene was explored by the reaction of the salts
1aLi2 with [NiCl2(thf)1.5] and 1bLi2 with [CrCl2(thf)1.6] .
Although the product mixture had the dark green and red-
brown colors typical for nickelocenes and chromocenes,
respectively, MALDI-TOF mass spectroscopy was difficult,
because the samples were air-sensitive, and their transfer into
the spectrometer could not be realized under rigorous
exclusion of air. For chromocenes, which are most sensitive,
relevant peaks could not be found in the mass spectrum (see,
however, NMR results below), while in the case of nickel the
result is shown in Figure 6. The series of peak patterns belong
to chains that consist of the repeat unit (1aNi) (301 Da) and
that are terminated by cyclopentadiene moieties as in the case
of the iron analogues. The polymer data in Table 1 indicate
that the mean chain length obtained is not favorable for ring
formation. Actually, only six-, seven-, and eight-membered
rings were detected with low intensity.


Formation of rings and chains : As evident from the MALDI-
TOF mass spectra, the isolable ring �7 was not only
accompanied by larger rings, but also by �6 . This is in
remarkably good agreement with the calculations summar-
ized in Figure 1. From the increase of energy with the bending
of the molecule about the Si,Si vector it is clear that, if rings
smaller than �7 are formed, they should be limited to �6. The
energy trend visualized in Figure 1 is expected to parallel that
of the activation barriers of the ring closure reactions. This
explains why �6 is always less abundant than �7.
More generally, the most important factors which deter-


mine the abundance profiles observed in the MALDI-TOF
mass spectra are the achievable chain length (which in turn is
determined by the monomer conversion) and the strain within
the chain just before ring closure. As long as a chain grows, it
will be always terminated by iron half-sandwiches of the type
CpFeCl(solvent)x.[27] When the chain ends meet, the forma-
tion of �i would be preceded by some sort of ring, ��,
consisting of i�1 organometallic moieties. Obviously, ��i�1
would have a smaller ring strain and hence a lower barrier to
formation than �i. Conceivable structures of ��i�1 are halide-
fused rings such as the eight-membered species given in
Figure 7 (top part). Elimination of FeCl2 and donor solvent
molecules from ��8 leading to �7 is expected to occur readily


Figure 5. MALDI-TOF mass spectrum of the products obtained from the
reaction sequence in Scheme 3. �n are chains of the general formula
H1a(1aFe)2n�1H.


Scheme 3. Synthesis of rings with even numbers and chains with uneven numbers of ferrocenes: a) nBuLi; b) [FeCl2(thf)1.5] ; c) H2O; d) [Fe2(mes)4].


Figure 6. MALDI-TOF mass spectrum of the products obtained from the
reaction of 1aLi2 with [NiCl2(thf)1.5] at 25 �C under high dilution. For �i and
�j see Figure 3. Impurities are marked by asterisks.
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Figure 7. Formation of the ferrocene-containing ring �7 by elimination of
FeCl2 and solvent (S) from the ring ��8 .


by analogy to the notorious disproportionation of iron half-
sandwiches.[27]


The dependence of the activation barrier on the ring strain
also explains the formation of larger rings when the temper-
ature is lowered. For instance, on passing from 25 �C to�20 �C
(Figures 3 and S2, respectively) the maximum of the peak
profile of the mass spectra was shifted from �7 to �10 and the
mean ring size from 8.1 to 10.8 (Table 1). When the
polycondensation was carried out at temperatures as low as
�78 �C, the mean ring size decreased again. This is ascribed to
the decreasing growth rate of the chains. Finally, the fact that
the reaction mixture may also contain chains is due to traces
of water which transform the terminal iron half-sandwich
moieties and/or cyclopentadienyl anions to terminal cyclo-
pentadienes.


Separation and NMR spectroscopy : Gel permeation chroma-
tography (GPC) may be conducted under high-resolution
conditions, and this has been applied successfully to organo-
metallic polymers including ferrocene derivatives.[28] When
the product mixture obtained from the reaction of the salt
1aLi2 with [FeCl2(thf)1.5] at �20 �C (cf. batch B in Table 1 and
Figure S2) was subjected to GPC, an unresolved band was
obtained (Figure S4). The molecular weight and the poly-
dispersion were significantly larger than the data resulting
from mass spectral analysis. Hence it must be concluded that
routinely used polystyrene standards deviate strongly from
the shape of the ferrocene-containing rings and chains of this
work and that they are of limited utility for calibration.
Oligomeric ferrocenes linked by the bridging ligand 1a


have been separated previously by medium-pressure liquid
chromatography (MPLC) up to tetrametallic species includ-


ing different isomers.[16] However, repeated MPLC runs with
samples of batch B gave bands that showed only weak
shoulders (Figure S4). Even HPLC experiments using C30
phases,[29a] that have been used to facilitate difficult separa-
tions including that of isomeric phthalocyanines,[29b] were
unsuccessful. Therefore, partial separation of the compounds
was attempted by cutting the MPLC band into 20 fractions by
collecting the eluents of equal-time intervals. MALDI-TOF
mass spectroscopy revealed that the first fraction contained �7


and �8 in the ratio 7:1 and traces of �6 , �9 , and �10


(Figure S5). The mass spectra of all other fractions did not
differ much from that of the initial mixture (Figure S1).
The 1H NMR spectrum of the first MPLC fraction


independently proved the formation of �8 besides �7 in the
ratio 7/1, while the traces of �6, �9 , and �10 could not be
detected at the given signal-to-noise ratio. In Figure 8 the set


Figure 8. 1H NMR spectrum obtained from the polycondensation products
of batch B after MPLC (fraction one of band two). For numbering see
Scheme 2.


of small signals has the same features as that of the strong
signals which are known from isolated �7.[13] The H,H-
DQF COSY spectrum (Figure S6) confirms the analogy of
the H,H correlations for �7 and �8 and proves that the signals
of H5/7 of both rings coincide at �� 4.37 ppm. As has been
discussed in ref. [13] the unusual signal shift of H2 to low
frequency (�� 3.23 ppm) is due to the fact that H2 projects
into the cone of the chemical shift anisotropy of the adjacent
ferrocene. This effect must depend on the bending of the
bridging ligand, and, actually, for �8 the signal of H2 (�� 3.54)
is shifted closer to the usual range of ferrocene protons (��
3.9 ± 4.7 ppm). Both rings �7 and �8 can also be identified in
the H,H-DQF COSY spectrum of the product mixture
obtained from batch B (Figure 9), although the resolution is
low (as often found for polymers). In addition, �9 can be
identified by a well-separated cross peak (H2-H1/3), while the
correlation between H6 and H5/7 is only partly resolved. It is
worth noting that the intensities of the proton signals decrease
on passing from �7 to �9 and that no reliable analysis is
possible for bigger rings. The relative abundances of the rings
found by 1H NMR spectroscopy and MALDI-TOFMS seems
to be different when Figures 9 and S2 are compared. We
ascribe this to the formation of an increasing number and
amount of isomers with increasing ring size owing to
incorporation of cis-dimetallic fragments (cf. cis-2 in
Scheme 1). These ring isomers would be less symmetric than
all-trans isomers (e.g. �7 in Figure 7) and would give rise to a
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Figure 9. H,H-DQF COSY spectrum of the product mixture obtained
from the polycondensation, batch B. The shift range is limited to the proton
signals of ferrocenes. The assignment of the cross peaks refers to the
respective ring and the protons involved in the correlation. For numbering
see Scheme 2.


multitude of signals with low intensities which yield broad
features or disappear in the noise.
The product mixtures resulting from the polycondenstion of


the dianions 1a2� with [NiBr2(thf)1.5] and 1b2� with
[CrCl2(thf)1.6] gave 1H NMR spectra that were typical for
doubly silyl-bridged nickelocenes and chromocenes, respec-
tively. Thus, in Figure S7 the nickelocene polymers show
broad signals for the cyclopentadienyl protons between ��
�220 and �250 ppm; these are signals of silyl groups
characteristic for the trans arrangement of nickelocene
moieties (�� 11 ± 12 ppm) and for bridges to terminal cyclo-
pentadiene moieties (�� 16 ± 19 and 0 to �3 ppm). Finally,
there are signals of the cyclopentadienes themselves (���2
to �10 ppm). The chemical shift ranges and more detailed
signal assignment given in the Experimental Section follow
from the comparison with the spectra of the dinuclear
nickelocene trans-2aNi[12d] and a nickelocene to which two
cyclopentadienes are fused.[30] The 1H NMR spectrum of the
chromocene polymers (Figure S8) shows signals in ranges that
are known from the compound trans-2aCr.[12d] Thus, the
cyclopentadienyl and SiCH2CH3 protons appear between ��
190 and 260 ppm as well as near �5 ppm, respectively. There
are additional signals with paramagnetic shifts up to 15 ppm
which are believed to belong to the terminal cyclopentadienes
and to SiCH2CH3. However, no detailed assignment is
possible, because a chromocene fused to cyclopentadiene is
unknown.


Oxidation of �7: From cyclic voltammetry it was known that
�7 undergoes oxidation in three steps (5, 208, and 403 mV in
CH3CN/CH2Cl2 relative to ferrocene), thereby forming tri-,
tetra-, and heptacations.[13] Further studies showed that in
pure CH3CN, THF, and 1,2-difluorobenzene the electron
transfer beyond the tertracation, [�7]4�, becomes irreversible
owing to adsorption at the electrode. This led us to monitor


the formation of oligo(ferrocenium) ions by 1H NMR spec-
troscopy during the progressive oxidation of �7 in a solution
where the polarity was increased continuously. Figure 10
displays a series of spectra starting in the top with pure �7


dissolved in C6D6. When equal amounts of iodine dissolved in
acetone were added, all signals started to shift. As expected
from the 1H NMR spectrum of the analogous dinuclear
ferrocenium ion trans-2aFe�[15] the silyl and cyclopentadienyl
proton signals moved to lower and higher frequencies,
respectively. For ferrocenium ions the signal half widths of
the cyclopentadienyl protons is generally much broader than
those of the substituents.[31] Therefore, as the oxidation
proceeds, the corresponding signals of [�7]n� seem to dis-
appear in the baseline at the amplification level shown in
Figure 10. The signal assignment is derived from that of pure
�7 except for the silyl protons. The latter can be distinguished,
because in the corresponding paramagnetic cations the signals
of the equatorial silyl groups are shifted more than those of
the axial ones (see Supporting Information). Note that when
the oxidation proceeds the silyl signals cross over, and hence
the axial and the equatorial silyl signals of �7 appear at 0.58
and 0.54 ppm, respectively. The shift trend of the silyl signals
in the lower part of Figure 10 indicates that no further


Figure 10. 1H NMR spectra of the oxidation of �7 dissolved in C6D6 (top
trace) by stepwise addition at 305 K of a solution of I2 in [D6]acetone. S1
and S2 are the signals of the solvents benzene and acetone, respectively. For
numbering see Scheme 2.


oxidation can be achieved, although much larger signal shifts
are expected for one positive charge per ferrocene (see below
and ref. [17]). The reason is that �7 is oxidized only partly by
the weak oxidant I2 and that rapid electron exchange within
the ring leads to mean signals for its para- and diamagnetic
moieties which have large and small signal shifts, respectiveley.
The more powerful oxidants NOPF6 and AgNO3 in nitro-


methane gave 1H NMR spectra (Figures S9 and S10) which
both show the axial and equatorial silyl signals at ���20.5
and�24.3 ppm, respectively. The temperature dependence of
these shifts between 253 K and 333 K closely followed the
Curie law. The very broad signals of the cyclopentadienyl
protons could not be observed, because the solubility of the
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compound was too low. If the silyl signals belong to [�7]7�, the
limiting signal shift found for the oxidation with I2 corre-
sponds to an average of 1.2 charges per �7. The spectra
recorded immediately after oxidation with NOPF6 and
AgNO3 showed additional signals of paramagnetic side
products, and we were unable to isolate any well-defined
cation. The oxidation with I2 was also accompanied by
decomposition as can be seen in Figure 10 from the signals
emerging besides that of acetone. The instability of charged
rings might be due to the Coulomb repulsion between positive
charges which decreases when the bridging ligand becomes
flatter, that is, when the ring breaks. Therefore, one would
expect that the stability of the rings [�i]n� decreases with
decreasing size and increasing charge.


Conclusion


Polycondensation of the doubly silyl-bridged cyclopentadien-
yl dianion 1a2� with [FeCl2(thf)1.5] and [NiBr2(thf)1.5] under
various conditions does not only yield the previously descri-
bed seven-membered ring, �7, but also other metallocene-
containing rings and chains. The latter are terminated by
cyclopentadiene moieties which result from the reaction with
water. The size of the rings ranges from �6 to �17, and at
�20 �C the most abundant ring is �10 while at 25 �C it is �7.
The abundance of the various rings depends on the ring
tension and on the conversion of the monomers: For rings
smaller than �6 the tension is too strong, and for detectable
amounts of rings bigger than �18 the required monomer
conversion of �94% was not achieved. MNDO calculations
on model compounds allow estimating trends of the activation
barriers of the ring closure reaction.
The method of choice for investigating mixtures of metal-


locene-containing rings and chains is MALDI-TOF mass
spectroscopy. The high-resolution peak pattern of the mono-
charged molecular ions establish the chemical formula of the
different species. Also, the absence of any fragmentation
allows to quantitatively determine the abundance of all
components and thus the molecular weight, the polydisper-
sion, and the mean ring size or chain length of the sample.
Presently, chromatographic separation of the polymer mix-
tures is limited to samples containing mainly �7 and �8. NMR
spectroscopy proves the structures of �7, �8, and �9 even in
the polymer mixture as long as rings without cis-arrangement
of adjacent ferrocenes are concerned. It is also applicable
when paramagnetic nickelocenes and chromocenes are en-
gaged in the polycondensation reaction. And finally, NMR
spectroscopy shows that �7 can be oxidized to cations that
contain ferrocenium ions. These cations are rather unstable
due to Coulomb interactions.


Experimental Section


All syntheses and investigations of organometallic compounds were carried
out under purified dinitrogen in dry and oxygen-free solvents by using
Schlenk techniques. The following starting compounds were prepared
following the literature: 1aLi2,[14] 1bLi2,[21] [FeCl2(thf)1.5] ,[32a]


[NiBr2(thf)1.5],[32b] [CrCl2(thf)1.6] ;[32c] the chemical formula given here was


derived from elemental analyses, which were carried out by the micro-
analytical laboratory of the authors× institute. The MPLC equipment
consisted of a Masterkron 4 HPP pump with pulsation dampener and
Sepakron FPGC glass columns from Kronlab and of a Rainin Dynamax
UV1 detector. The columns (15 mm diameter, variable length) were filled
withMerck silica 60 (15 ± 40 �m) by applying the slurry-pack procedure. All
bands were eluted with hexane, and the absorbance at 300 nm was used for
plotting the chromatograms. The GPC equipment consisted of three
columns in series packed with polystyrene gel (5 �m particle size, 100 ä
pore diameter) from Polymer Laboratories and a Waters 510 HCLP pump.
The absorbance at 510 nm was used for plotting the chromatograms.


Spectroscopic measurements and calculations : The mass spectra were
recorded by using a Bruker BIFLEX III LDI TOF/RETOF spectrometer
equipped with a N2 laser. The program package XTOF3.1 was applied for
data analysis and simulation. All high-resolution spectra were recorded in
the reflectron mode with 10 ± 19 kV and 20 kV accelerator and reflectron
voltages, respectively. For the preparation of target spots solutions of 1,8,9-
trihydroxyanthracene (dihtranol, 50m� in THF) and the polymer sample
were placed on the target, and the solvent was evaporated. In the case of
nickelocene-containig samples the procedure was carried out in a glove
box. When the spectra were run without matrix as well as with 2,5-
dihydroxybenzoic acid and anthracene, the minimal laser power was lower
than in the case of dithranol, and the signal-to-noise ratio was lower. It has
been shown previously that the polymer data obtained from MALDI-TOF
mass spectra are in good agreement with the results of other techniques.[33]


In the present work the data analysis was performed initially by using both
the integrals and heights of the peak patterns. In tests up to m/z �3600 no
significant difference was found, which means that the variation of the
pattern widths was so small that it did not affect the data analysis.
Therefore, routine analyses were performed with the pattern heights.


The NMR spectra were recorded with a Jeol Lambda400 spectrometer.
The signal shifts were measured relative to the solvent signal and calculated
relative to TMS. The UV/Vis spectrum was obtained from a Perkin ±Elmer
Lambda2 spectrometer. The MNDO/d calculations were carried out with a
Cray t90 computer of the Leibnitz Rechenzentrum M¸nchen and a SGI
workstation by using the programs MNDO94 and UniChem 4.0, respec-
tively.


Reaction of 1aLi2 with [FeCl2(thf)1.5]


Batch A : From [FeCl2(thf)1.5] (23.5 mg, 100 �mol) and 1aLi2 (25.6 mg,
100 �mol) were prepared pale yellow and colorless solutions in THF
(100 mL), respectively. From each stock solution 10 mL were transferred to
a Schlenk tube, and the mixture was stirred at 25 �C for 6 h. The resulting
light brown solution was used for the preparation of the target spots used
for MALDI-TOF MS.


Batch B : From each of the stock solutions 10 mL were cooled to �20 �C
and transferred to a cooled Schlenk tube. After stirring for 6 h at �20 �C
MALDI-TOFMS samples were prepared as described above. For GPC the
mixture was reduced to 5 mL and passed over a short column (1 cm silica
gel, ambient pressure). The elution was completed with acetone, the
solvents were removed in vacuo, the solid remainder was dissolved in THF
(2 mL), and this sample was subjected to GPC. The NMR samples were
obtained from separate runs. For the spectrum in Figure 9 the solvent of the
reaction mixture was removed and replaced by C6D6. For the spectra in
Figures 8 and S6, THF was removed from the reaction mixture, the solid
remainder was dissolved in isopentane (10 mL) and subjected to MPLC
(100 cm column length, 25 bar). After rejecting the first small band the
second band was eluted in 20 fractions of equal time intervals. All fractions
were investigated byMALDI-TOFMS, while the first fraction was used for
NMR studies after substituting isopentane for C6D6. For elemental analysis
the reaction mixture of another run was freed from the solvent and dried in
vacuo. Elemental analysis calcd (%) for (C14H18FeSi2)i ((298.3)i) C 56.37, H
6.08; found: C 56.28, H 6.20; 1H NMR (400 MHz, C6D6):�7: �� 0.54 (s, 6H,
Meax), 0.58 (s, 6H, Meeq), 3.23 (t, 1H, H2), 3.96 (d, 2H, H1/3), 4.37 (d, 2H,
H5/7), 4.68 (t, 1H, H6).


�8 : �� 0.53 (s, 6H, Meax), 0.59 (s, 6H, Meeq), 3.54 (t, 1H, H2), 4.08 (d, 2H,
H1/3), 4.37 (d, 2H, H5/7), 4.74 (t, 1H, H6).


�9 : �� 0.53 (s, 6H, Meax), 0.59 (s, 6H, Meeq), 3.60 (t, 1H, H2), 4.13 (d, 2H,
H1/3), 4.37 (d, 2H, H5/7), 4.74 (t, 1H, H6).


Batch C : At room temperature 1aLi2 (1.00 g, 3.9 mmol) was suspended in
THF (50 mL), [FeCl2(thf)1.5] (0.92 g, 3.9 mmol) was added, and the mixture
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was stirred for 1 h. After removing THF, the remaining solid was extracted
twice with 50 mL portions of hexane. A small part of the solution was used
for the MALDI-TOF MS studies, while the rest was concentrated to a
volume of 5 mL, and this was subjected to MPLC (100 cm column length,
25 bar). The large band following a small one was collected, and the solvent
was removed in vacuo to yield (1aFe)7 (80 mg, 6.9%), which was
spectroscopically pure (MALDI-TOF MS).


Reaction of 62� with [FeCl2(thf)1.5]


Batch D : The ferrocene-containing cyclopentadienyl dianion 62� was
prepared as described previously[12a] with the following change: The
product mixture obtained from the reaction of 5� with [FeCl2(thf)1.5] was
subjected to MPLC (50 cm column length, 25 bar). From the first orange
band a MALDI-TOF mass spectrum was recorded, which only showed the
peak pattern of the neutral ferrocene 6 besides that of the matrix dithranol.
After deprotonation of 6 to 62�, the reaction of the latter with
[FeCl2(thf)1.5], work-up, and MALDI-TOF MS studies were carried out
as described for batch C.


Reaction of 4 with tetramesityldiiron : In a glove box [Fe2(mes)4] (28.4 mg,
97 �mol Fe) and the hydrocarbon 4 (13.1 mg, 54 �mol) were placed in a
small Schlenk tube and cooled to �78 �C. Subsequently, THF (50 mL) was
added by condensation to the cold sample, and the mixture was allowed to
reach ambient temperature while stirring overnight. From the resulting
light brown solution the target spots for the MALDI-TOF MS runs were
prepared.


Reaction of 1aLi2 with [NiBr2(thf)1.5]: A solution of 1aLi2 (23.3 mg,
9.1 �mol) in THF (50 mL) was cooled to 0 �C and transferred through a
cannula to a brown solution of [NiBr2(thf)1.5] (27.9 mg, 9.1 �mol) in THF
(50 mL). The resulting black-green mixture was stirred for 2 h, reduced to a
volume of 20 mL, and freshly sublimed anthracene (0.5 g) was added. From
this solution target spots for MALDI-TOFMS were prepared. The product
mixture of a second run was used for NMR spectroscopy. 1H NMR
(400 MHz, C6D6): ���1.5, 0.0, 17.9, 19.4 (Me�, Me�, Me�, and Me�,
respectively, of terminal ligand; numbering see Scheme 3), 4.7, 8.2, 10.5
(H1/2, H3, and H3a, respectively, of terminating cyclopentadiene), �234,
�243 (nickelocene).
Reaction of 1bLi2 with [CrCl2(thf)1.6]: The reaction and work-up were
carried out as described for the nickel analogue by using solutions of
[CrCl2(thf)1.6] (1.2 g, 5.0 mmol) and 1bLi2 (1.6 g, 5.1 mmol). The resulting
black solid was used for NMR spectroscopy. 1H NMR (400 MHz, C6D6):
���3.5 (SiCH2CH3), 194, 262 (chromocene).


Oxidation of �7: A solution of �7 (9 mg, 4.3� 10�3 mmol) in C6D6 (0.6 mL)
was prepared in a NMR tube. To this solution were added portions of I2
(6.6 mg, 2.59 10�3 mmol) in [D6]acetone (2 mL) in the following sequence:
12 portions of 0.1 equiv (0.016 mL), 5 portions of 0.2 equiv (0.032 mL), 7
portions of 0.5 equiv (0.08 mL), and 6 portions of 1 equiv (0.16 mL). After
each addition the components were mixed by shaking the tube, and after
waiting for 3 min the NMR spectrum was recorded.


All other oxidations were also carried out in NMR tubes. First, solutions of
�7 in CD3NO2 were frozen at �78 �C. To these samples were added
solutions of NOPF6 and AgPF6 in CD3NO2, respectively, and rapidly frozen
as well. For optimizing the NMR spectrometer the probe head and the
sample were held at �50 �C. Subsequently, the samples were brought to
ambient temperature, and the spectra were recorded.
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Experimental Evidence for the Existence of Non-exo-Anomeric
Conformations in Branched Oligosaccharides: NMR Analysis of the
Structure and Dynamics of Aminoglycosides of the Neomycin Family


Juan Luis Asensio,*[a] Ana Hidalgo,[a] Igor Cuesta,[a] Carlos Gonza¬ lez,[b] Javier Canƒada,[c]
Cristina Vicent,[a] Jose Luis Chiara,[a] Gabriel Cuevas,[c, d] and Jesu¬ s Jime¬nez-Barbero[c]


Abstract: It is commonly known that
the exo-anomeric effect is a major factor
governing the conformational behavior
of naturally occurring oligosaccharides.
Conformational flexibility in these mol-
ecules mainly concerns the aglycon �


angle since � is restricted by this stereo-
electronic effect. In fact, to the best of
our knowledge no case of a natural
glycoside adopting a non-exo-anomeric
conformation in solution has yet been
reported. With respect to the flexibility
among naturally occurring carbohy-
drates, branched type oligosaccharides


including sugar residues glycosidated at
contiguous positions (such as blood type
carbohydrate antigens LewisX) have
been considered as the paradigm of rigid
saccharides–the rigidity being en-
hanced by van der Waals interactions.
Herein, we demonstrate unambiguously
that both common beliefs are not to be


generalized. For example in neomycinB,
a branched oligosaccharide antibiotic, a
large number of non-exo-anomeric con-
formations was detected in solution for
the first time in naturally occurring
sugars. This unusual behavior is attrib-
uted to branching. Here, polar contacts
between non-vicinal sugar units lead to
an enhanced flexibility of the ribose
glycosidic torsion �. The influence of
sugar flexibility on RNA recognition
will also be discussed.


Keywords: anomeric effect ¥
antibiotics ¥ molecular dynamics ¥
molecular recognition ¥ NMR
spectroscopy


Introduction


Carbohydrates play a key role in energy storage and as
constituents of the structural framework of cells and tissues.
Due to their extraordinary capacity to encode information
stereochemically, saccharides take part in a wide variety of
recognition processes of biological significance. Thus, carbo-
hydrate recognition by proteins has been shown to be


involved in viral and microbial infection, plants defense,
inflammatory responses, innate immunity, fertilization, tumor
spread, and growth regulation.[1, 2] The three-dimensional
structure of the oligosaccharides plays an essential role in
their interaction with proteins and nucleic acids and thus
determines their biological function. In this sense, a proper
understanding of the different factors that govern sugar ±
protein/DNA/RNA interactions requires a detailed knowl-
edge of the three-dimensional structure of the oligosaccharide
in both the free and bound state. Although in most cases both
conformations are basically identical this can not be consid-
ered a general rule and in recent years some cases of
conformational selection by protein receptors have been
reported.[3a±c] Consequently, the rigidity versus flexibility of
natural oligosaccharides is an issue of great interest, because it
concerns the potential adaptability of these ligands to the
spatial and electronic requirements of the receptor. Although
absolute rigidity can obviously be ruled out, the views
concerning the degree of flexibility have evolved from the
only very restricted fluctuations around a preferred confor-
mations to a wide variability around the glycosidic linkages
with different conformations in exchange depending on their
nature. Thus, the presence of ™anti-�∫ and ™anti-�∫ con-
formations (�/� (H-C-O-C)� 180�) in solution for some
particular linkages was first suggested by molecular mechan-
ics calculations and later detected by NMR spectroscopical
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methods.[4, 5] Nevertheless it has to be pointed out that in all
cases these ™anti∫ conformations were populated not higher
than 5%. In addition, despite this conformational variability,
all these major and minor conformers are in agreement with
the exo-anomeric effect. In fact, not a single case of a non-exo-
anomeric orientation around � angle has ever been detected
experimentally in solution for naturally occurring O-glyco-
sides.
Aminoglycosides of the neomycin family are a class of


clinically relevant antibiotics that bind to the decoding region
aminoacyl-tRNA site (A-site) inducing codon misreading and
inhibiting translocation.[6±7] From a chemical point of view
they are cationic oligosaccharides characterized by the
presence of a 4,5-disubstituted
2-deoxy-streptamine unit. The
structure of paromomycin (an
oligosaccharide of the neomy-
cin family) in complex with its
target RNA has been recently
described.[7±9] According to the
coordinates available from
X-ray studies,[8±9] the structure
of the sugar in the RNA-bind-
ing pocket can be described in
terms of a single exo-anomeric
conformation for the three gly-
cosidic linkages. It has been
suggested that this corresponds
to the sugar conformation in
solution and therefore the
RNA recognises and binds ™na-
tive∫ solution conformers of the
drugs without inducing major
structural distortions.[10] Here
we show that, despite its
branched nature, this antibiotic
is very flexible and has a large
percentage of non-exo-anome-
ric conformations in solution.
Therefore, the molecular recog-
nition process implies a confor-
mational selection phenomen-
on. To the best of our knowl-
edge this antibiotic represents
the first reported case of occur-
rence of a large population on
non-exo-anomeric conformers
in solution for an O-glycoside.


Results and Discussion


Structural analysis of neomy-
cinB in solution


In order to determine the influ-
ence of the protonation on the
conformational preferences of
neomycinB the structural anal-


ysis was carried out at two different pH values namely 4.7 and
9.7 corresponding to the fully protonated and neutral states,
respectively.


pH 4.7 (fully protonated state): As a first step, selective one-
dimensional NOE experiments were carried out at 313 K and
pH 4.7. The branched nature of neomycinB (Figure 1a)
allowed the measurement of an unusually large number of
structurally relevant NOE values (Figures 1, 2 and S1,
Supporting Information). In addition, 3J values were meas-
ured for the ribose ring (Table 1). The analysis of the coupling
constants for the idose ring show unambiguously that the
1C4(L) conformer (with three axial and two equatorial


Figure 1. a) Schematic representation of neomycinB along with the numbering employed for the different sugar
units. b) Structurally relevant interproton distances measured in neomycinB at 313 K and pH 4.7.


Figure 2. a) Experimental build-up curves obtained from selective 1D NOE experiments with the 1D-DPFGSE
NOE pulse sequence at 5 mixing times, 313 K and pH 4.7 for neomycinB. b) Selective 1D NOE experiments with
the 1D-DPFGSE NOE pulse sequence, corresponding to the inversion of H1Rib, H1Glc and H1Ido(from top to
bottom).







FULL PAPER J. L. Asensio et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0822-5230 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 225230


substituents) is the major conformer in water(�98%). All
1H NMR signals for the idose H1 ±H4 ring protons are broad
singlets, which is in agreement with a gauche-type arrange-
ment of the vicinal proton pairs. In addition, a very strong
H-1/H-5 intraresidue NOE indicates a syn-diaxial relationship
for this proton pair.
Careful inspection of all the NOE and J data immediately


suggest the existence of a significant degree of internal
mobility in the tetrasaccharide, because no single structure
can satisfy all the constraints simultaneously. In order to
obtain an experimentally derived ensemble, 80 ns MD-tar[11]


simulations (in vacuo, �� 80) were carried out by including
five coupling constants (see Table 1) and 14 experimental
distances as time-average restraints with the AMBER 5.0
program.[12] In addition, 10 ns unrestrained MD simulations
were performed for comparison. The obtained MD-tar
distribution of conformers for every particular glycosidic
linkage is shown in Figure 3a, superimposed on the MM3*
steric maps previously calculated. It can be observed that for
the Glc �(1-5)2-deoxy-Strp linkage a major population is
centered around �/���45�/� 45�. A minor population
around �/���25�/30� was also detected. In contrast, the
Ido �(1-3)Rib linkage is characterized by a high degree of
flexibility with two different conformations almost equally
populated located at �/���50�/� 40� and �/���50�/40�.
Nevertheless, both glycosidic linkages exhibit common fea-
tures: � values are scattered around the exo-anomeric region;
the conformational flexibility is mainly restricted to the
aglyconic � torsion. This constitutes the usual behavior in all
naturally occurring O-glycosides described thus far. A totally
different behavior is observed for the Rib �(1-6)2-deoxy-Strp


linkage. In this case, two populations characterized by differ-
ent � values (50�/25� and�10�/25�) were detected. In contrast
to common behavior, this glycosidic linkage shows a larger
degree of mobility around � than around �. Moreover, MD-
tar simulations indicate that a large percentage of the
population (�30%) is located in non-exo-anomeric regions
with � about �10�. Indeed, the occurrence of a non-exo-
anomeric orientation around �Rib is experimentally proven by
a medium NOE H2Rib-H6Strp, exclusive of this conformational
region. That is, the existence of a short H-2Rib/H-6Strp average
distance can never be explained without assuming a remark-
able deviation from the exo-anomeric region for �Rib (the
H-2Rib/H-6Strp distance for the exo-anomeric region is longer
than 4.1 ä).


Sensitivity of the results to the simulation conditions : Is
important to bear in mind that, despite the relatively large
number of experimental constraints employed (twice or three
times the usual number), the system has still a certain degree
of underdetermination. This is a normal problem when
flexibility is considered for the interpretation of NMR data
of biomolecules in general, and of carbohydrates in particular.
Thus, in principle, some dependency of the different con-
formational populations on the computational details would
be expected. However, this dependency can in principle be
assessed by performing the MD simulations under a variety of
different conditions and protocols. Thus, for neomycinB,
additional MD simulations were carried out (Figure 4, S2):
Unrestrained; including only J information as time-averaged
constraints, (Thus, we warranted that the ribose puckering


Table 1. Experimental and theoretical distances and coupling constant values obtained for aminoglycosides of the neomycin family.[a]


Neomycin B Neomycin B Ribostamycin Neamine
pH 4.5 pH 9.7 pH 4.5 pH 4.5


d [ä] Exptl MD PBC
[10 ns]


MD-tar J PBC
[1 ns]


MD-tar
[80 ns]


Exptl MD-tar
[80 ns]


Exptl MD-tar
[80 ns]


Exptl MD-tar
[80 ns]


H1Glc ±H4Strp 2.5 2.7 2.8 2.6 2.5 2.5 2.5 2.7 2.4 2.5
H1Glc ±H5Strp 3.0 3.0 2.9 3.1 � 3.5 3.4 3.1 3.1 3.6 3.5
H1Glc ±H3Strp ± ± ± ± 3.4 3.2 ± ± � 4.0 4.2
H1Glc ±H5Rib 3.0 3.2 4.5 3.1 ± ± 3.3 3.4 ± ±
H1Glc ±H2Rib 3.6 3.1 3.1 3.4 3.6 3.4 3.6 3.3 ± ±
H1Glc ±H3Rib � 3.5 3.6 3.2 3.1 � 3.5 3.5 � 3.5 3.1 ± ±
H1Rib ±H5Strp 2.3 2.5 2.6 2.5 2.3 2.6 2.2 2.5 ± ±
H1Rib ±H4Strp � 4.0 4.5 � 4.0 4.4 2.7 2.9 � 3.5 3.7 ± ±
H1Rib ±H6Strp 3.6 3.3 3.2 3.3 3.1 3.0 3.3 3.1 ± ±
H2Rib ±H6Strp 3.3 3.3 3.3 3.4 3.8 3.6 3.1 3.2 ± ±
H1Rib ±H4Rib 3.2 3.1 3.1 3.1 3.2 3.1 3.1 3.2 ± ±
H1Ido ±H3Rib 2.6 2.7 2.7 2.5 2.4 2.5 ± ± ± ±
H1Ido ±H2Rib 3.1 3.0 2.7 3.0 2.6 2.7 ± ± ± ±
H1Ido ±H4Rib 3.9 4.1 4.3 3.7 � 4 4.0 ± ± ± ±


J
[Hz]


Exptl MD PBC
[10 ns]


MD-tar J PBC
[1 ns]


MD-tar
[80 ns]


Exptl MD-tar
[80 ns]


Exptl MD-tar
[80 ns]


Exptl MD-tar
[80 ns]


H1Rib ±H2Rib 2.7 4.3 3.2 3.2 2.7 2.7 2.0 2.6 ± ±
H2Rib ±H3Rib 4.5 4.0 4.3 4.0 4.5 4.6 4.5 4.0 ± ±
H3Rib ±H4Rib 6.3 4.6 6.1 5.8 6.4 6.3 6.8 6.4 ± ±
H4Rib ±H5r Rib 5.5 4.5 2.1 5.2 4.5 4.2 5.8 6.1 ± ±
H4Rib ±H5s Rib 3.2 3.2 2.8 3.8 2.7 2.6 2.9 3.8 ± ±


[a] For neomycinB at pH 4.7 average distances and J values obtained from unrestrainedMD simulations, fromMD-tar runs including only J information, and
from MD-tar simulations using coupling constants and distances are shown for comparison. Unrestrained simulations and MD-tar runs including only J
values were carried out using explicit solvent, periodic boundary conditions (PBC), and Ewald sums for the treatment of electrostatic interactions (see the
experimental part). In vacuo MD-tar runs were run with �� 80.
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Figure 3. a) Experimentally derived MD-tar distributions obtained from a 80ns length simulation for the Glc/Strp (left), Strp/Rib (middle) and Rib/Ido (right) linkages at pH 4.7(the fully protonated state). The
presence of a very significant non-exo-anomeric population for the Strp/Rib linkage (middle) is highlighted in black. Bottom: Ribose puckering distribution fromMD-tar simulations is also shown. b) Experimentally
derived MD-tar distributions obtained from a 80 ns length simulation for the Glc/Strp (left), Strp/Rib (middle) and Rib/Ido (right) linkages at pH 9.7 (the neutral state).
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distribution is reproduced by the calculations) including both
J and NOE information, as time-averaged restraints.
In addition, different conditions were tested for both


restrained and unrestrained simulations. Thus, calculations
were run: without charges; with charges and �� 80; with
charges and �� 4r ; with charges, explicit solvent, periodic
boundary conditions, counterions, and Ewald sums for the
treatment of the electrostatic interactions.
Finally, for the constrained trajectories, different simulation


lengths, force constants, and exponential decay coefficients
were also tested. In all cases, average distances and J values
were calculated and compared with the experimental ones.
The obtained results can be summarized as follows:
� As expected for a charged molecule such as neomycinB,
the results of the simulations are sensitive to the computa-
tional details in absence of experimental constraints (Fig-
ure 4). Thus, depending on the conditions a rather different
behavior for the ribose moiety is observed. Although, none
of this calculations were able to fully reproduce the
experimental data, the best results were clearly obtained
when explicit solvent (TIP3P water), periodic boundary
conditions, counterions and Ewald sums for the treatment
of the electrostatic interactions were employed (see
Table 1). In this case, a qualitative agreement between
theoretical and experimental J and NOE data was ob-
tained. This trajectory was the only unrestrained one able
to reproduce the non-exo-anomeric NOE H2Rib-H6Strp.


� MD-tar trajectories including only J information were also
found to be sensitive to the simulation conditions (Fig-
ure 4). Although the ribose puckering distribution was
correctly reproduced, large violations of the experimental
distances were observed in all cases for the ™in vacuo∫ runs
(independently of the dielectric constant). In contrast, a
reasonable agreement between theoretical and experimen-
tal data was obtained when explicit solvent and counterions
were included in the calculation. Once again, this trajectory
was the only one able to reproduce the non-exo-anomeric
NOE H2Rib-H6Strp.


� MD-tar simulations including both NOE and J information
were found to correctly reproduce the experimental data
independently of the simulation conditions. More impor-
tant, the conformational behavior predicted for neomy-
cinB was very similar in all cases. Although some differ-
ences in the obtained distributions for �Rib can be observed
(Figure 4) in all cases, the calculations predicted the
existence of remarkable deviations from the exo-anomeric
region for this glycosidic torsion. Interestingly, simulations
carried out with explicit solvent (both unrestrained or
including only J restraints) predicted very similar non-exo-
anomeric populations for �Rib than those reproduced by
the ™in vacuo∫ trajectories that included both NOE and J
information.


Lastly, it has to be mentioned that potential energy curves for
the rotation around �Rib were also obtained employing both
the MM2* and MM3* force-fields (Figure S3, Supporting
Information). In all cases the calculations predict the exis-
tence of an enhanced flexibility for this glycosidic torsion
together with significant deviations from the normal exo-
anomeric region.
Comparison of all these data clearly indicate that a correct


puckering distribution for the ribose ring together with a
significant non-exo-anomeric (between 10� and �30�) pop-
ulation for �Rib (between 20% and 30% depending on the
conditions) are indeed essential in order satisfy the H2Rib ±
H6Strp NOE. This conclusion is not based on the analysis of a
single MD trajectory, but on the extensive comparison of the
results obtained under many different simulation conditions.
In this sense, our results are relatively independent of the
particular computational details (force field, charges etc.) of
the calculations.


Ribose conformation and neomycin structure : Interestingly,
there is a strong correlation between the Rib ring conforma-
tion and the glycosidic torsion �Rib according to the MD-tar.
The experimentally derived puckering distributions (Fig-


Figure 4. �Rib distributions obtained from MD simulations carried out for neomycinB under a variety of different conditions (from left to right,
unconstrained, including only J or both J and NOE values). In all cases the theoretical key distance H2Rib ±H6Strp is indicated. The experimental value is
shown in the right-hand corner.
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ure 3a) show the presence of two different conformational
regions populated in solution with phase angles around 20�
(60 ± 70%) and 160� (30 ± 40%) (herein referred as ™N∫ and
™S∫ regions, respectively). Thus, when the Rib ring is in the
™S∫ state, � adopts values for the exo-anomeric region
(Figure 5). In contrast, for the ™N∫ region, � presents
significant deviations from the exo-anomeric values. This
behavior is reproduced by MD-tar simulations carried out
including only the J values for the ribose unit as restraints. To
provide an explanation for this observation MD simulations
of neomycinB were run both ™in vacuo∫ ,with �� 1 and �� 80,
and with explicit solvent (see the Experimental Section).
Ribose puckering was switched from ™N∫ to ™S∫ state by
means of dihedral angle constraints and the effect on �Rib was
monitored. Figure 6a shows the observed variations in �Rib. In
the first half of theMD-run, the ribose puckering is ™N∫, while
it adopts the ™S∫ state during the second half. With �� 1,
significant deviations from the exo-anomeric regions were
observed for both sugar puckerings. Detailed inspection of the
structures shows the presence of a bifurcated hydrogen bond


involving the amino group at position 2 of the glucose unit as a
donor and both O4 and O5 in the ribose as acceptors
(Figure 6b). This polar contact between the non-vicinal
residues is responsible for the observed shift in �Rib towards
non-exo-anomeric regions. In fact, for the ™in vacuo∫ runs
with �� 80, all glycosidic torsions are in agreement with the
exo-anomeric effect independent of the ribose ring confor-
mation. MD-runs in presence of explicit water molecules and
counterions (see the Experimental Section) indicates that the
polar contacts between the non-vicinal Glc and Rib units are
selectively disrupted by solvent only for the ™S∫ puckering,
but not for the ™N∫ (Figure 6). Thus, the different effect of the
solvent on both species are at the origin of the observed
correlation between the ribose � angle and the sugar
conformation. As a final test, solvated MD-tar simulations
of the non-branched 2,6-dideoxy-2,6-diamino-�-Ido-�(1-3)-
Rib-�(1-5)-2-deoxy-Strp fragment of neomycinB (rings II, III
and IV) were carried out employing only theoretical J
restraints for the ribose. The results obtained for this linear
trisaccharide conclusively show that in absence of branching


the overall rigidity around �Rib


increases, independently of the
puckering distribution consid-
ered for the ribose, and now all
torsion values are consistent
with the exo-anomeric effect
(Figure 7). It has to be men-
tioned that the conformational
behavior of the Rib/Strp link-
age in neomycinB is qualita-
tively reproduced (see Table 1)
by this kind of MD-runs (in-
cluding only experimental J in-
formation for the ribose ring).


Figure 5. Left: Variations in �Rib (bottom) and the Rib puckering phase angle (top) during a few picoseconds of
theMD-tar simulations. Deviations from the exo-anomeric region are strongly correlated with the ring puckering.
Right: Representation of the phase angle (�) vs glycosidic torsion angle (�) for the ribose unit. It can be observed
that non-exo-anomeric �rib orientations are significantly populated only for a ™N∫ puckering.


Figure 6. a) Schematic representation of the observed variations in �Rib during 1 ns of a ™in vacuo∫ MD simulation with �� 1 and �� 80 (bottom) and a
solvated MD simulation with explicit solvent, periodic boundary conditions and Ewald sums for the treatment of electrostatic interactions (middle). In all
cases, ribose puckering was switched from ™N∫ to ™S∫, in the middle of the simulation, employing dihedral angle constraints and its influence on �Rib was
monitored. Variations in the distance between amino group at position 2 of the glucose and O4Rib during the solvated MD run are represented in the upper
part of the figure. b) Snapshots, taken from the solvatedMD simulation, corresponding to neomycinB with the Ribose in the ™N∫ (upper part) and ™S∫ (lower
part) states. Polar contacts between the non-vicinal Glc and Rib moieties are shown in the upper part. In addition, the H2Rib ±H6Strp NOE, characteristic of
non-exo-anomeric �Rib angles is shown for the ™N∫ puckering (uppert part).
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In a similar way, the confor-
mational properties of the Ido/
Rib linkage seem to be corre-
lated with the ribose structure
(Figure 8). Thus,� angle adopts
mainly positive values (around
�45�) for a ™S∫ ribose and
negative (around �50�) for a
™N∫ conformation (although it
is significantly more flexible for
the later case). It is well known
that conformational preferen-
ces around � angle in natural
O-glycosides are modulated by
1:3 syn-diaxial interactions[13]


with vicinal OH groups (Fig-
ure 8). Accordingly, conforma-
tional populations character-
ized by negative � values (Fig-
ure 3a) would be destabilized
by a 1:3-type contact with the
pseudoequatorial OH2rib only for the ™S∫ puckering (Fig-
ure 8). This contact does not exist for a ribose ™N∫ con-
formation where OH2rib is pseudoaxial and therefore a larger
flexibility is expected, also in agreement with the MD-tar
results.


Figure 7. �Rib and �Rib distributions for the non-branched 2,6-dideoxy-2,6-
diamino-�-Ido-�(1-3)-Rib-�(1-5)-2-deoxy-Strp fragment of neomycinB
(rings II, III and IV), obtained by solvated MD-tar simulations employing
only theoretical J constraints. Interestingly, the conformational behavior of
the Rib/Strp linkage in neomycinB is qualitatively reproduced (see
Table 1) by this kind of MD-runs (including only experimental J
information for the ribose ring). Surprisingly, comparison between MD
runs for both compounds conclusively show that the overall rigidity around
�Rib increases in the non-branched trisaccharide with respect to the
tetrasaccharide, independently of the puckering distribution considered for
the ribose in the former case. In fact for the linear trisaccharide, all torsion
values are consistent with the exo-anomeric effect. �Rib and �Rib distribu-
tions for the trisaccharide are shown in black. The corresponding
distributions for the whole tetrasaccharide are shown in grey for
comparison.


Experimental evidence of neomycinB flexibility : According
to the MD-tar simulations the Ido/Rib linkage has the larger
degree of internal mobility in the tetrasaccharide followed by
the Rib/Strp bond. This point is further supported by the
dependency exhibited by the intraresidue NOEs on temper-
ature for the different sugar units. Figure 9 shows selective


Figure 9. Dependency exhibited by the intraresidue NOEs on temperature
for the different sugar units. Selective NOEs obtained upon inversion of the
three anomeric protons at 313 K (left) and 293 K (right). It can be observed
that at 313 K the three sugar units (Glc, Rib and Ido) present positive
NOEs. In contrast, at 293 K an inversion in the sign of the intraresidue
contacts is observed for the Glc and Rib units but not for the Ido ring.


NOEs obtained upon inversion of the three anomeric protons
at 313 K (left) and 293 K (right). It can be observed that, at
313 K, the three sugar units (Glc, Rib and Ido) present
positive NOEs (high mobility). In contrast, at 293 K, an
inversion in the sign of the intraresidue contacts is observed
for the Glc and Rib units but not for the Ido ring. This
observation is consistent with a shorter local correlation time
for this terminal residue. The ribose unit also exhibits a large


Figure 8. Top: 1,3-syn-diaxial interactions established by OH2Rib and OH5Rib with the vicinal OH3Rib group are
dependent on the ribose ring conformation. Bottom: Schematic representation of the ribose phase angle (�) vs
�Ido from a 80 ns MD-tar simulation including both distance and J values. Both parameters are strongly
correlated. Thus, �Ido adopts positive values mainly for the ™N∫ ribose puckering. This orientation is destabilized
for the ™S∫ ribose puckering by a 1,3-syn-diaxial interaction with the pseudoequatorial OH2Rib group.
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degree of flexibility according to the MD-tar data. However,
in this case, internal mobility around the glycosidic linkage is
couple to the ™N∫/™S∫ exchange in the furanose ring and
influenced by remote contacts with the Glc sugar moiety.
Therefore a larger energy barrier and a slower conformational
exchange would be expected.


pH 9.7 (the neutral state): In a second step, the structural
analysis of the oligosaccharide was carried out at pH 9.7,
corresponding to the neutral state of the molecule. First, J
values for the Rib and Ido rings were found to be identical to
that observed at acidic pH values. However, qualitative
inspection of the structurally relevant NOE values indicates
the existence of significant conformational differences be-
tween the neutral species and the fully protonated neo-
mycinB. First, a shorter H1Glc ±H3Strp average distance is
deduced for Glc/Strp linkage
(see Table 1). This is consistent
with an increase in the popula-
tion around �/���40�/180�
region (anti � region). In a
similar way, a very significant
shortening in the H1Rib ±H4Strp
and H1Rib ±H6Strp is observed
for the Rib/Strp linkage prob-
ing the presence in solution of a
certain population around �/
�� 50�/180� (anti � minima).
In addition, an increase in the
average H2Rib ±H6Strp indicates
that, under these conditions, the
deviations of �Rib from the exo-
anomeric region are less pro-
nounced that those observed at
pH 4.7. This observation strongly suggests that the polar
interactions between the Glc and Rib units, previously
described, are weaker in the neutral antibiotic. Finally, the
shortening of the average H1Ido ±H2Rib distance suggests a
slightly different conformational behavior for this linkage. In
order to get an experimentally derived ensemble, 80 ns MD-
tar simulations (™in vacuo∫, �� 80) were carried out by
including five J coupling constants (see Table 1) and 13
experimental distances as time-average restraints. The ob-
tained MD-tar distribution of conformers for every particular
glycosidic linkage is shown in Figure 3b, superimposed on the
steric MM3* maps. As expected, a much larger degree of
flexibility is observed in neutral neomycinB with respect to
the fully charged antibiotic. Significant differences between
both pH values are evident for the three glycosidic linkages.
First, at basic pH, for the Glc-Stpr fragment there is an
increase in the population around �/� � �20�/40�. In
addition, a minor anti-� (�/���40�/180�) population is also
detected. Similarly, the Rib/Strp linkage shows a large
mobility around � with a significant percentage of anti-�
conformation (50�/180�). Additionally, non-exo-anomeric ori-
entations around �Rib are clealy reduced with respect to the
low pH studies. Finally, for the Ido/Rib linkage a shift in
population from minimum �/���50�/40� to �/���50�/
� 40� takes place.


Structural analysis of ribostamycin and neamine in solution


The NMR analysis of the neomycinB fragments ribostamycin
and neamine was also carried out for comparison purposes.
Experimentally derived distances and J values at pH 4.7 are
shown in Table 1. For ribostamycin, their comparison with
those previously obtained for the whole tetrasaccharide (see
Table 1) suggests that the structural differences between them
are almost negligible. In fact, a clear H2Rib ±H6Strp NOE
characteristic of non-exo-anomeric populations around �Rib


was also observed for the trisaccharide (Figure 10). The MD-
tar simulations indicate that the conformational behavior of
ribostamycin is almost identical with that previously described
for neomycinB. The obtained MD-tar distribution of con-
formers for every particular glycosidic linkage in ribostamycin
is shown in Figure S4 in the Supporting Information.


In a similar way, NMR analysis of neamine indicates the
existence of slight structural differences with respect to the
Glc/Strp fragment in the tetrasaccharide. Thus, � angle is
slightly shifted towards lower values (40�, Figure 11). Fur-
thermore a different population of rotamers around � is
observed (Figure 11) in the disaccharide. These differences
are the result of remote contacts between the Glc/Rib units in
neomycinB, which are obviously absent in neamine.


Summary and discussion of the results obtained for the
antibiotics in the free state


Several conclusions can be drawn from these results. First,
structural analysis of neomycinB and ribostamycin in the free
state unequivocally shows that flexibility in natural O-glyco-
sides is not restricted to the aglyconic � angle, but in certain
cases � can also undergo conformational fluctuations, even
adopting non-exo-anomeric orientations. To the best of our
knowledge these antibiotics represent the first reported case
of occurrence of a large population of non-exo-anomeric
conformers in solution. Here, this unusual behavior has its
origin in the presence of polar and steric contacts between the
non-vicinal glucose and ribose moieties.


Figure 10. a) Selective 1D NOE experiment with the 1D-DPFGSE NOE pulse sequence, corresponding to the
inversion of H2Rib, in ribostamycin at pH 4.7. The H2Rib ±H6Stpr characteristic of non-exo-anomeric �Rib


populations is shown. b) Experimental build-up curves corresponding to the interresidue H6Strp ±H2Rib and the
intraresidue H6Strp ±H4Strp NOEs obtained from selective 1D NOE experiments with the 1D-DPFGSE NOE
pulse sequence at five mixing times, 313 K and pH 4.7.
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In order to estimate the energy cost for the observed �Rib


deviations from the exo-anomeric region, calculations at
B3LYP/6-31G(d,p) level of theory for both ribose sugar
puckers were carried out employing the model shown in
Figure 12.[14] Potential energy curves corresponding to �
variations between 120� and �60� were obtained by re-
strained geometry optimization. Two different minima (A and


Figure 12. Potential energy curves corresponding to � variations between
120� and �60� obtained by restrained geometry optimization at the
B3LYP/6-31G(d,p) level of theory for both ribose sugar puckers. Minima
were identified by full geometry optimization.


B, Figure 12) were identified for both sugar puckers by full
geometry optimization. It can be observed that transition
from minimum A (in the exo-anomeric region) to minimum B
(non-exo-anomeric) has and energy cost of at least
2.9 kcalmol�1. In contrast, as described above for the fully
protonated state of neomycinB, this�G cost is 0.16 kcalmol�1


and 2.1 kcalmol�1 for the ™N∫ and ™S∫ puckerings, respec-
tively, according to the MD-tar derived populations (Fig-
ure 5). As previously mentioned, polar and steric contacts
between the non-vicinal Glc and Rib moieties, sensitive to


ribose ring pucker, account for this relative stabilization of
non-exo-anomeric conformations in neomycinB.
Many relevant saccharides, such as the blood group


antigens, include sugar units glycosidated in contiguous
positions. It has been assumed that this pattern of substitution
increases overall rigidity of the ligand due to steric contacts
between both substituents.[15] Our results indicate that this can
not be considered a general rule and that this depends on the
configuration and chemical nature of the contiguous sugar
units. In neomycin-like antibiotics, rigidification of �Rib angle
is compensated by remarkable enhancement of the internal
mobility around �Rib.


Structure and flexibility of neomycin-like antibiotics bound to
A-site ribosomal RNA–Comparison with the free state


Carbohydrate mobility has been shown to play an important
role in their recognition by proteins.[16] Thus, in some cases,
sugar rigidification upon binding is known to make a
significant contribution to the entropic barrier of the process.
This effect has been suggested to be at the origin of the
enthalpy/entropy compensation phenomenon usually ob-
served for this kind of interactions.[16] Nevertheless, up to
now, no detailed studies on the role of carbohydrate flexibility
in their recognition by RNA have been reported. A proper
understanding of the driving forces behind neomycinB
recognition by its target RNA requires a detailed knowledge
of the structure and dynamical behavior of the ligand in both
the free and bound states. Our data provide a quantitative
description of the neomycinB conformational behavior in
solution and shows that, despite its branched nature, it is
characterized by a remarkable flexibility with different
conformations (even non-exo-anomeric ones) in fast ex-
change. If the oligosaccharide internal mobility is severely
restricted upon binding to RNA then a significant entropic
contribution to the global �G of the process would be
expected. In fact, it has been suggested that the ligand
rigidification could have a significant contribution to the
global �S in aminoglycosides.[17] Both NMR[7] and X-ray[8, 9]


studies provide detailed information about the three-dimen-
sional structure of neomycin-like oligosaccharides in com-
plexes with RNA. Thus, the structure of paromomycin (a
tetrasaccharide of the neomycin family) in a complex with its
target RNA has been described by both X-ray[8, 9] and NMR[7]


methods in few years. These studies have provided a very
detailed information on the conformational preferences of
antibiotics of the neomycin family, bound to their target RNA.
In order to estimate the degree of conformational restric-


tion imposed on neomycinB by the A-site RNA binding
pocket, we carried out solvated MD simulations of the
complex. Initial structures of the neomycinB/RNA complex
were built from those reported for the paromomycin/A-site
complex derived by both X-ray (pdb accession code 1FJG)
and NMR methods (pdb accession code 1PBR). An inde-
pendent 5 ns simulation was run from both starting coordi-
nates. They were performed using periodic boundary con-
ditions and the particle-mesh Ewald approach[18] to introduce
long-range electrostatic effects. In all cases, RNA structures


Figure 11. �Rib and �Rib distributions for the disaccharide (––) Neamine
obtained by solvated MD-tar simulations employing experimental distance
and J constraints (see Table 1). The experimentally derived �Rib and �Rib


distributions for this neomycin fragment in the tetrasaccharide are shown
for comparison (- - - -).
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were represented using AMBER-95 force-field parameters,[12]


while water was represented by means of the TIP3P[19] model.
Figure 13 shows the all atom RMSD deviations observed


during the 5 ns MD simulations with respect to the initial
(experimental) structures. In both cases, the two terminal base


pairs at each end of the RNA fragment and the flipped out
residues A1492 and A1493 were excluded from the RMSD
calculation. It can be observed that after a 5 ns run deviations
from the X-ray experimental coordinates are below 1.2 ä. By
contrast, this value is 3.2 ä for the trajectory that employed
the NMR coordinates as starting point. Probably, the poorer
definition of the RNA phosphate backbone in the initial
NMR complex is responsible for this deviation. It has to be
mentioned that all the stabilizing sugar/RNA contacts ob-
served in the X-ray structure, and most of those reported for
the NMR complex are preserved during the whole trajectories.
Interestingly, both simulations predict a similar degree of


conformational restriction in the oligosaccharide upon bind-
ing to its target RNA fragment. Figure 14 shows the exper-
imental ensemble corresponding to neomycinB in the free
state (obtained from the MD-tar simulations) in comparison
with a theoretical ensemble corresponding to the antibiotic in
complex with RNA (obtained from the MD simulations that
started from both the X-ray and NMR coordinates). Distri-
bution of �(solid) and �(dotted) angles in both states are
shown for the three glycosidic linkages (from top to bottom,
Glc/Strp, Rib/Strp and Ido/Strp). These distributions were
employed to evaluate the contribution (�T�S) that rigifica-
tion of every glycosidic linkage has to the global �G at 300 K.
The �T�S values obtained are shown in Table 2. According
to these data, a significant lost of conformational freedom
upon binding is predicted mainly for the Rib/Strp and Glc/
Strp linkages with �T�S values of around 1 kcalmol�1 per
linkage at 300 K. A slightly lower contribution (0.5 ±
0.8 kcalmol�1) is predicted for the Ido/Strp bond. In fact both
X-ray and NMR data indicate that this sugar fragment retains
a significant internal mobility in the RNA bound state. Taking
in account the three linkages the entropic cost associated to
the ligand conformational freezing is in the 2.4 ± 3.0 kcalmol�1


range. Obviously, this value constitute a lower limit as only a
few degrees of freedom (�/� angles) has been taken in
account. Thus, conformational restriction of the hydroxy-
methyl groups upon binding probably makes also a significant
contribution to the global �G. From the experimental


distribution corresponding to
the ribose hydroxymethyl in
the free state (obtained from
the MD-tar data) and those
derived from the MD simula-
tions of the complex an addi-
tional �T�S contribution of
0.7 ± 1.0 kcalmol�1 at 300 K
was estimated. Interestingly, ac-
cording to both the X-ray and
NMR structures of the com-
plex, the OH6 of both Glc and
Ido moieties are also involved
in RNA recognition. Assuming
a similar contribution to that
estimated for the Rib hydrox-
ymethyl group the total contri-
bution that neomycin rigidifica-
tion has to �Gbinding is probably
larger than 4 ± 5 kcalmol�1.


Conclusion


Herein, we demonstrate unambiguously that in solution the
conformational behavior of the branched oligosaccharide
antibiotic neomycinB is characterized by a remarkable
flexibility with different conformations, even non-exo-anome-
ric ones, in fast exchange. This unusual behavior is related to
the existence of branching. Here, polar contacts between non-
vicinal sugar units leads to an enhanced flexibility of the
Ribose glycosidic torsion
Our results suggest that freezing of the aminoglycoside


upon binding to its target RNA makes a very significant
contribution to the global �G of the process. This result opens
the door to the design of neomycin conformationally con-
strained analogues able to bind RNA with a lower entropic
penalty.


Experimental Section


Atomic charges for neomycinB were derived from HF/6-31G(d) ESP
calculations using the Gaussian-94[20] program. This program was also used
for the B3LYP/6-31G(d,p) optimizations. All MD simulations were carried
out using the sander module within the AMBER5.0 package[12] and the
Cornell et al. force field.[19] Parameters for the acetalic functions were
taken from GLYCAM.[21] Minimized neomycinB geometries were em-
ployed as starting structures for the simulations corresponding to the free
state. The starting structures for the sugar/RNA complex were built from
those reported for the paromomycin/A-site complex derived by both X-ray
(pdb accession code 1FJG) and NMRmethods (pdb accession code 1PBR).
Solvated unconstrained simulations corresponding to both free and bound
state and MD-tar simulations including only J information were carried out
employing the following protocol. First, the free or complexed oligosac-
charide was immersed in a bath of 2000 ± 3200 TIP3P water molecules[17]


Figure 13. a) Snapshots taken from 5 ns MD simulations of to the neomycinB/A-site complex. The initial
structure was built from the coordinates corresponding to the X-ray structure of the 30S ribosome subunit in
complex with paromomycin (pdb accession code 1FJG). b) All atoms RMSD deviations with respect to the initial
X-ray (black) and NMR (grey) experimental structures along the simulation. The two terminal base-pairs at each
end of the RNA fragment and the flipped out A1492 and A1493 residues were not included in the RMSD
calculations.
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Figure 14. Experimental ensemble corresponding to neomycinB in the free state (obtained from the MD-tar simulations) in comparison with a theoretical ensemble corresponding to the antibiotic in complex with
RNA obtained from theMD simulations (starting from both X-ray and NMR coordinates). Distribution of � (––) and� (����) rotamers in both states are shown for the three glycosidic linkages (from top to bottom,
Glc/Strp, Rib/Strp and Ido/Strp). According to this data, rigidification of the sugar moiety upon binding should make a significant contribution to the entropic barrier of the recognition process.
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(for the free and bound state, respectively) and neutralized with Na� (for
the complexed state) or Cl� (for the free state) ions using standard
parameters for the Cornell et al. force field.[19] These ions were placed in
the most favorable locations by using Coulombic potential terms with the
LEAP module.[22] All simulations were performed using periodic boundary
conditions and the particle-mesh Ewald approach[16] to introduce long-
range electrostatic effects. The SHAKE algorithm[23] for hydrogen atoms,
which allows the use of 2 fs time step, was employed. Finally, a 9 ä cutoff
was applied to Lennard-Jones interactions.


Equilibration of the system was carried out as follows in all cases; as a first
step, a short minimization with positional restraints on solute atoms was
run to remove any potentially bad contact. The force constant for the
positional constraints was 500 kcalmol�1 ä. We ran then a 12.5 ps
molecular dynamics calculation at 300 K maintaining positional restraints
on the sugar or sugar/RNA complex in order to equilibrate the water box
and ions. For these two steps, a 9 ä cut-off was used for the treatment of the
electrostatic interactions. As a next step, the system was equilibrated using
the mesh Ewald method, as water properties are slightly different with this
treatment i.e., density, average water ±water energy and water diffusion
values are slightly lower. With this purpose, a short MD simulation
(12.5 ps) was run at 300 K, also using the Ewald approach for long-range
electrostatic effects. Then, the system was subjected to several minimiza-
tion cycles (each using 1000 steepest descent iterations) gradually reducing
positional restraints on the sugar or sugar/RNA complex from
500 kcalmol�1 ä to 0. Finally, unrestrained MD trajectories at constant
pressure (1 atm) and temperature (300 K) were collected and analyzed
using the Carnal program.[24] Simulation lengths were 10 and 5 ns for
unconstrained free and bound simulations, respectively and 1 ns for MD-
tar simulations including only J infomation.


In addition, ™in vacuo∫ 80 nsMD-tar simulations were performed including
14 NOEs and 5 J values corresponding to the ribose ring for the protonated
state (pH 4.7) and 13 NOEs and five J for the neutral state (pH 9.7). For the
protonated state different trajectories were collected both without charges
and with charges (�� 4r and �� 80). NOE-derived distances were included
as time-averaged distance constraints and scalar coupling constants as time
averaged J coupling restraints. A �r�6��1/6 average was used for the
distances and a linear average was used for the coupling constants. The J
values are related to the torsion � by the well known Karplus relation-
ship:[25]


J�Acos2 (�)�Bcos (�) �C


The A, B and C values were chosen to fit the extended Karplus ±Altona
relationship for every particular torsion. At the end of the simulations the
averaged J values were calculated using both the regular Karplus and the
complete Altona equations and compared with the experimental ones.


Trial simulations were run using different simulation lengths (between 1
and 80 ns) and different force constants for the distances (between 10 and
30 kcalmol�1 ä2) and J coupling constants (between 0.1 and 0.3 kcal -
mol�1Hz2) constraints. Different values for the exponential decay constant
(between 100 ps and 8 ns) were also tested. These preliminary runs showed
that for this flexible molecule, the use of exponential decay constants
shorter than 1 ns produced unstable trajectories and led in some cases to
severe distortions of the sugar rings. In contrast, good results were obtained


when using exponential decay constant values of 5 ns or larger. It has been
estimated that simulation lengths of ca. one order of magnitude larger than
the exponential decay constant should be used to generate reliable
estimates of average properties.[26] Thus, the final trajectories were run
using an exponential decay constant of 8 ns and a simulation length of 80 ns.


It is also known that when using large force constants for the J coupling
constraints, the molecule can get trapped in high energy, physically
improbable, incorrect minima.[27] In order to solve this false minima
problem, low values (between 0.1 and 0.3 kcalmol�1 Hz2) were used for the
J coupling restraints force constants.


Two final 80 ns MD-tar simulations (starting from different low energy
conformations) were run. Population distributions obtained starting from
different initial geometries were almost identical indicating that the
simulation length is adequate for a proper convergence of the conforma-
tional parameters. Average distance and J values obtained in this way were
found to correctly reproduce the experimental ones.


Entropy penalties associated to the freezing of the glycosidic (�) and
aglyconic (�) torsion angles of neomycinB upon binding to the decoding
region aminoacyl-tRNA site (A-site) were calculated for each glycosidic
linkage. Thus, conformational entropies for the free state were derived
from the MD-tar distributions employing the expression �S��R�P lnP.
In a similar way, conformational entropies for the bound state were
obtained from unrestrained MD simulations of the sugar/RNA complex
employing both the X-ray (left) or the NMR (right) structures as starting
coordinates.


NMR experiments : The NMR experiments were recorded on a Varian
Unity 500. Selective 1D NOE experiments employed the 1D-DPFGSE
NOE pulse sequence. NOEs intensities were normalized with respect to the
diagonal peak at 0 mixing time. Selective T1 measurements were
performed on the anomeric and several other protons to get the above
mentioned value. Experimental NOEs were fitted to a double exponential
function, f(t)�p0(1� ep2t)(1� ep1t) with p0,p1 and p2 being adjustable
parameters.[28] The initial slope was determined from the first derivative at
time t� 0, f�(0)� p0p1. From the initial slopes interproton distances r were
obtained by employing the isolated spin pair approximation.
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Novel Estradiol Derivatives Labeled with Ru, W, and Co Complexes.
Influence on Hormone-Receptor Affinity of Several Organometallic Groups
at the 17� Position


Siden Top,*[a] Hassane El Hafa,[a] Anne Vessie¡res,[a] Michel Huche¬,[a]


Jacqueline Vaissermann,[b] and Ge¬rard Jaouen*[a]


Abstract: In order to elucidate the
extent to which recognition of the
estrogen receptor is influenced by
addition of an organometallic substi-
tuent at the 17� position, modifica-
tion of 17�-estradiol at this position
was carried out by using the organo-
metallic groups -C�C-(�5-C5H4)RuCp,
CH2-(�5-C5H4)RuCp, -C�C-(�5-C5H4)-
W(CO)3(Me), -(C�CCHO)Co2(CO)6,
and -(C�CCH2OH)Co2(CO)6. The rela-
tive binding affinity (RBA) values for
estradiol receptor alpha showed that


recognition was good (RBA between 20
and 13.5%) when the organometallic
moiety was attached at the end of a rigid
alkyne spacer. However, the affinity of
the modified hormone for the receptor
was severely reduced (RBA� 1%) for a
substituent such as -CH2-(�5-C5H4)-
RuCp, in which the spacer is reduced


to a single flexible sp3 carbon atom,
allowing the organometallic moiety
greater freedom of movement around
the attachment point. The RBA values
found were in agreement with results
obtained from a molecular-modeling
study in which 5, an organometallic
hormone with a rigid spacer, or 7, a
molecule with a flexible spacer, was
inserted into the cavity of the recently
characterized Ligand-Binding Domain
of estrogen receptor alpha.


Keywords: bioorganometallic chem-
istry ¥ cobalt ¥ molecular modeling
¥ ruthenium ¥ steroids ¥ tungsten


Introduction


Bioorganometallic chemistry is a strongly emerging field,
whose promise was underlined by a recent special issue of the
Journal of Organometallic Chemistry devoted to the subject.[1]


At the basis of bioorganometallic chemistry is the addition of
an organometallic functional group onto a vector or a
biological target–a biomolecule, a protein, DNA–in order
to modify its properties.[2] Over the past few years this
approach has given rise to new types of radiopharmaceu-
ticals,[3] various cytotoxic entities,[4] innovative analytical con-
cepts,[5] and novel bioconversions.[6] The principle of attaching
an organometallic functional group to a tamoxifen-type
antiestrogen delivery system may well lead to new therapeutic
approaches, since such molecules, as for example hydroxyfer-
rocifen, are simultaneously active on both hormone-depen-


dent (MCF7) and hormone-independent (MDAMB231)
breast-cancer cell lines.[7]


Over the last few years we have been studying the natural
estrogen, estradiol, and searching for organometallic modifi-
cations to its skeletal structure that would retain good affinity
for its specific receptor.[8] In preference to the chemically
more difficult modification at position 11,[9] we chose to attach
an alkyne-type rigid spacer at position 17� of the steroid.[10]


Molecules such as (17�-ethynylcyrhetrene)estradiol in fact
prove to be very well recognized by estrogen receptor �.[10] It
remains to be seen whether this (estradiol) ± (17�)-C�C-OM
combination (OM� organometallic) can be generalized syn-
thetically to organometallic systems other than rhenium and
ferrocene,[11] whether these also show good binding affinities
for the receptor, and, if so, why this is the case. We thus


[a] Dr. S. Top, Prof. Dr. G. Jaouen, Dr. H. El Hafa,
Dr. A. Vessie¡res, Dr. M. Huche¬
Laboratoire de Chimie Organome¬tallique
Ecole Nationale Supe¬rieure de Chimie de Paris, UMR C.N.R.S. 7576
11, rue Pierre et Marie Curie, 75231 Paris Cedex 05 (France)
Fax: (�33)1-43-26-00-61
E-mail : siden@ext.jussieu.fr, jaouen@ext.jussieu.fr


[b] Dr. J. Vaissermann
Laboratoire de Chimie Inorganique et Mate¬riaux Mole¬culaires
Universite¬ Pierre et Marie Curie, Unite¬ C.N.R.S. 7071
75252 Paris Cedex 05 (France)


FULL PAPER


Chem. Eur. J. 2002, 8, No. 22 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0822-5241 $ 20.00+.50/0 5241







FULL PAPER G. Jaouen, S. Top et al.


¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0822-5242 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 225242


prepared a number of acetyl-
ene estradiols modified at po-
sition 17� with new complexes
of Ru, W, and Co, evaluated
their relative binding affinity
for estrogen receptor �, and
used molecular-modeling tech-
niques to analyze the factors
involved in the recognition of
the modified hormone by the
receptor. The potential appli-
cations of these organometallic
moieties are related to new
cytotoxic effects,[4e] new radio-
pharmaceuticals,[12] and heavy
metals for X-ray structural de-
termination.[13]


Results and Discussion


Synthesis of ruthenium com-
plexes derived from estradiol :
Scheme 1 shows the synthesis
of 17�-(ruthenocenylethynyl)-
estradiol (5). This synthesis
involves the use of ethynylru-
thenocene (2) obtained from acetylruthenocene (1) following
the method reported by Rausch et al.[14]


Ethynylruthenocenyl lithium is obtained by addition of
butyllithium to 2. The organolithium thus formed is then
allowed to react with the protected estrone 3. The protected
hormone complex 4 is formed initially in 55% yield. This
complex is converted into 17�-(ruthenocenylethynyl)-estra-
diol 5 simply by stirring 4 with the deprotection agent,
nBu4NF.


In order to be able to com-
pare the results with those for a
complex containing a shorter
and less rigid spacer, 17�-
(ruthenocenylmethyl)-estradiol
(7) was prepared from 17�-
spiro-oxiranyl estradiol (6)
(Scheme 2). Lithium rutheno-
cenyl, obtained by addition of
nBuLi to ruthenocene, was al-
lowed to react with compound
6 at �78 �C. Complex 7 was
obtained in 65% yield.


Attachment of an organic
group in the 11� position often
affects recognition.[10] The syn-
thesis of 17�-(ruthenocenyl-
ethynyl)-11�-methoxyestradiol
(11) (Scheme 3) utilizes dipro-
tected 11�-hydroxy-estrone 8. Compound 8, obtained by the
method described by Zeicher and Quivy,[15] is allowed to react
with NaH and then with an excess of MeI to give, in the first
instance, the methoxy derivative 9. Successive deprotection of


the benzyl and the glycoxy ethylene by hydrogenation and by
action of HCl gives 11�-methoxy estrone 10. This is finally
allowed to react with ethynylruthenocenyl lithium to give 11,
with a 60% yield for this final step.
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Scheme 1. Synthesis of 17�-(ruthenocenylethynyl)estra-1,3,5(10)-trien-3,17�-diol (5).
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Synthesis of estradiol derivatives of tungsten complexes :
Scheme 4 shows the synthetic route for the tungsten complex
14. (Iodocyclopentadienyl)(methyl)tungsten tricarbonyl, 12,
was first prepared by addition of an excess of iodine to lithium
(cyclopentadienyl)(methyl)tungsten tricarbonyl. Compound
12 was then allowed to undergo a Stille coupling reaction with


tributylstannyl acetylene to
give 13.[16] Lithiation of 13 fol-
lowed by addition of protected
estrone 3 gave the complex 14
in 60% yield.


Synthesis of estradiol deriva-
tives of cobalt complexes : The
Co complex 17 was prepared
from estrone in three steps
(Scheme 5). Addition of
LiC�CCH(OEt)2 to estrone
yielded 15. Stirring 15 with
Co2(CO)8 yielded the complex
16. Deprotection of 16 with
HCOOH gave the final product
17. This compound is unusual in
that an aldehyde function re-
mains at the end of the chain;
this offers further applicability.


The Co complex 19 was pre-
pared in a similar way
(Scheme 6). We found that the
addition of LiC�CCH2OLi,
generated from propargylic al-
cohol, to estrone produced 18 in
low yield. An acceptable yield
of 18 (47%) was obtained by
adding LiC�CCH2OLi to pro-
tected estrone 3, followed by
deprotection with nBu4NF. Stir-
ring 18 with Co2(CO)8 yielded
the complex 19.


The addition reaction of an
organolithium to estrone to
give compounds 5, 11, 14, 15,
and 18 is theoretically a diaster-
eogenic reaction. However due
to the particular structure of
estrone, and especially to the
presence of the methyl group in
position 13�, this reaction is
stereospecific and yields almost
exclusively the 17� isomer.
This behavior is well known in
this series.[10, 17] NMR studies
show the presence of only one
diastereoisomer; this is con-
sistent with the X-ray crys-
tallographic analysis of com-
pound 5.


X-ray crystal structure of 5 : Determination of the structure of
the modified hormone is very useful in the later analysis of
receptor binding. Compound 5 gave crystals suitable for an
X-ray crystallographic-structural determination, and the data
are given in Table 1. The ORTEP diagram of 5 is shown in
Figure 1.
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The structure of 5 shows that the steroid×s skeletal arrange-
ment is not noticeably different from that of 17�-estradiol.[18]


Structural analysis confirmed the position of the ruthenocenyl
group at 17�. It is interesting to compare the structure of 5


Figure 1. X-ray structure of 5.


with those of 20[10] and 21[19] determined previously by us
(Figure 2). In the case of 21, in which the organometallic
moiety (�5-C5H4)RuCp is attached without a spacer in
position 17�, the ruthenocenyl group is twisted towards the
opposing face of the steroidal skeleton, probably owing to the
steric effect of the neighboring D ring. In compound 5, on the
other hand, the existence of the ethynyl spacer eliminates this
problem. The ruthenocenyl group can turn freely and prefers
a position almost directly below the D ring, probably for
reasons of compactness. In contrast, there is a great structural
similarity between 5 and 20. As in the case of 20, the ethynyl
linkage is not perfectly linear, and shows a slight deformation.
In fact the C(17)-C(19)-C(20) angle proves to be 177.0� (20)
and the C(19)-C(20)-C(21) angle is 174.7� (20).


Biochemical studies : At this point it is important to establish
the affinity of the modified hormones for the estradiol


Table 1. Summary of crystallographic data for 5.


Formula C30H32O2Ru
Mw 525.6
a [ä] 7.587(2)
b [ä] 16.540(3)
c [ä] 19.344(6)
V [ä3] 2427(1)
Z 4
crystal system orthorhombic
space group P212121


� [cm�1] 6.56
� [g cm�3] 1.44
diffractometer Enraf-Nonius CAD4
radiation MoK� (�� 0.71069 ä)
scan type �/2�
scan range [�] 0.8�0.345 tg�
� limits [�] 1 ± 24
T RT
Octants collected 0.8, 0.18, 0.22
No of data collected 2212
No of unique data collected 2188
No of unique data used for refinement 959 (Fo)2� 3	(Fo)2


R�� � �Fo ���Fc � � /S �Fo � 0.0539
Rw


[a]� {�w(�Fo ���Fc � )2/�wFo
2}1/2 0.0624


absorption correction DIFABS (min� 0.87, max� 1)
extinction parameter none
goodness of fit (s) 1.17
No. of variables 149
��min [eä�3] � 0.47
��max [eä�3] 0.62


[a] w�w�[1-((� �Fo ���Fc � � )/6	(Fo))2]2 with w�� 1/��ArTr(X) with three coeffi-
cients 3.79, �0.810, and 2.74 for a Chebyshev Series, for which X is Fc/Fc(max).


Figure 2. X-ray structures of 20 and 21.
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receptor (ER). Measurement of Relative Binding Affinities
(RBA) was performed by using the previously published
method[8d] based on competition between the modified
hormone and tritium-labeled 17�-estradiol. The values ob-
tained are summarized in Table 2. By definition, the RBA
value of 17�-estradiol is 100%.


It is known that the hydroxyl in position 3 forms a hydrogen
bond with residues Glu353 and Arg394 of the receptor, and
that elimination of this phenol function lowers recognition
considerably. This observation is confirmed again here by the
affinity of 4, in which the hydroxyl in position 3 has been
exchanged for a silylated ether. This compound elicits no
recognition by the receptor. In 5, the regeneration of the
hydroxyl in position 3 increased theRBA to 13.5%. This value
can be compared to that of the tungsten compound 14, which
differs from 4 only in the organometallic group. The affinity of
14 for the receptor is slightly higher (17%) but closely
comparable to that of 5. The presence of a methoxy in the 11�
position, as in compound 11, increases the RBA from 13.5%
for 5 to 19.5% for 11. Conversely, replacing the rigid ethynyl
spacer by methylene in 7 strongly decreases recognition,
giving anRBAvalue of only 1%. This result confirms those we
obtained with the rhenium complexes 22 and 23.[10] These
complexes gave RBA values of 16% and 0.8%, respectively.
In light of these results it can be seen that a neutral
organometallic moiety attached to the terminal carbon of
the 17�-ethynyl group of estradiol is well tolerated by the
receptor. Within certain limits, the particular metal group
used (Ru, W, Re) does not seem to be an important factor,
since the RBA values of the compounds all fall within a
narrow range (13.5 ± 20%). This observation was also con-


firmed for compound 18, in which the organic group CH2OH
is attached to the terminal carbon. AnRBA of 19% was found
in this case. On the other hand, when steric hindrance is
introduced close to the D ring by complexation of the triple
bond by a Co2(CO)6 group, as in compound 19, the RBA is
again reduced, to 3.3%. This matches the result for 17
(RBA� 2.9%).


We also measured the lipophilic value (logPo/w) of these
complexes, since this value is an indication of the facility with
which compounds can cross the cellular membrane. The
values found for representative complexes are listed in
Table 3. As observed previously,[10, 19] it can be seen that all


the organometallic hormones are more lipophilic than estra-
diol. There is no noticeable variation between the three
metals Ru, W, and Re. These values appear to be a good
compromise for a potential pharmaceutical product. They are
high enough to allow the product to enter the cell, and, being
under 6, they are also not too high–higher values could cause
them to be retained preferentially by fatty tissues in vivo, thus
making it more difficult for them to reach their target tissues.


Molecular modeling : The X-ray crystallographic-structural
determination of the Ligand Binding Domain (LBD) of
estrogen receptor �with estrogenic and antiestrogenic ligands
attached at the binding site has recently become available.[20]


Since the crystal structure of the organometallic bioligand 5
has been obtained here, we were able to perform molecular
modeling studies to attempt to visualize the differences in
receptor binding between 5 and 7, and thus perhaps account
for their great difference in affinity.


The choice of the human ER (hER�) site, initially occupied
by hydroxytamoxifen,[20b] was dictated by the fact that it is the
only cavity described as being large enough to allow
calculation of the correlations. Since deformation of the
corresponding protein only impacts the 11� position of
estradiol, this has little effect on the amino acid residues of
the protein chain at 17� of estradiol, and it is the latter that is
the subject of this study.


Mac Spartan Pro software was used for the molecular
modeling.[21] Only the amino acids forming the wall of the
cavity were retained. Hydroxytamoxifen was removed and
replaced successively by the bioligands under study. The
position of the bioligand was energetically optimized, with all
the heavy atoms (i.e. , all except hydrogen) in the cavity
immobilized. Then the side chain of the amino acid His524
was released. This was justified in view of the fact that this


Table 2. Relative binding affinity (RBA) of the compounds for the
estrogen receptor. R2�H, except for 11 (R2�MeO); R3�OH, except
for 4 (R3� tBuMe2SiO).


Compound R1 RBA
[0 �C, 3 h]


17�-estradiol H 100
4 R1�C�C-(�5-C5H4)RuCp 0


R3� tBuMe2SiO
5 C�C-(�5-C5H4)RuCp 13.5
7 CH2-(�5-C5H4)RuCp 1.0


11 R1�C�C-(�5-C5H4)RuCp, R2�MeO 19.5
14 C�C-(�5-C5H4)W(CO)3(Me) 17


17 2.9


18 C�CCH2OH 19


19 3.3


22 C�C-(�5-C5H4)Re(CO)3 16[a]


23 CH2-(�5-C5H4)Re(CO)3 0.8[a]


[a] Value from ref. [10].


Table 3. Partition coefficients (logPo/w) of some 17�-estradiol deriva-
tives.[a]


Compound logPo/w


estradiol 3.3
5 5.3
14 4.9
22 5.3[b]


[a] Octanol/water partition coefficient (logPo/w) were determined by the
HPLC method as described in ref. [10]. [b] Value from ref. [10].
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part of the cavity has been shown to be flexible.[22] Energy
minimization was then carried out, with all the heavy atoms
immobilized except for those of the mediator and of the side
chain of His524, by using the Merck molecular force field
(MMFF).[21] This established the ideal position for the
bioligand. We then established the affinity of the hormone
for its cavity by semiempirical PM3 quantum-mechanical
methods. This involved calculation of the overall bioligand-
cavity energy as well as the individual bioligand and cavity
energies, the last two conserving the conformation they had in
the complete molecule. This allows calculation of the �rH�
enthalpy variation of the reaction:


bioligand � protein binding site� supramolecular complex


For 17�-ruthenocenylethynylestradiol 5, the enthalpy varia-
tion is 1.6 kcalmol�1, a low endothermic value that favors
association. The molecular model obtained with the Molview
program[23] (Figure 3) shows that there is a constricted area in
the cavity at the ethynyl level, but the narrow structure of the
alkyne is a good fit and allows the organometallic complex to
pass comfortably through the bottleneck.


Figure 3. 17�-ruthenocenylethynylestradiol (5) in the hER� cavity. The
bioligand 5 is represented as a space-filling model and the amino acids as
rods. The His524 amino acid is clearly visible on the right of the cavity. The
ethynylruthenocenyl group is also bordered in its lower side by two
hydrophobic amino acid residues Met343 and Met421. A shrinkage, which
is well adapted to accommodate the rigid ethynyl group, can be clearly seen
in front of the 17�-position of 5 ; this allows the ruthenocenyl group to avoid
steric constraints inside the cavity. This model must be similar for related
structures.


Conversely, for 17�-ruthenocenylmethylestradiol, 7, the
enthalpy variation 12.3 kcalmol�1, an endothermic value that
is unfavorable for association. The molecular model (Fig-
ure 4) shows that the bottleneck mentioned earlier is a bad fit
for the methylene, which is not linear. This is aggravated by
the closeness of the bulky ruthenocenyl group, which steri-
cally hinders this part of the receptor.


Finally, Figure 5 shows 17�-ethynylestradiol in the cavity. It
can be seen that there are minimal steric constraints, as
suggested by the RBA value of 107%.[24]


Figure 4. 17�-ruthenocenylmethylestradiol (7) in the hER� cavity. The
hormone 7 is represented as a space-filling model and the amino acids as
rods. The amino acid His524 is clearly visible on the right of the cavity. Note
the steric hindrance between the -CH2(�5-C5H4)RuCp group and the
receptor residues neighboring His524.


Figure 5. 17�-ethynyl-estradiol in the hER� cavity. The hormone is
represented as a space-filling model and the amino acid as rods. The
amino acid His524 is clearly visible on the right hand of the cavity. It can be
seen here that the ethynyl group at the 17� position does not present any
steric constraint at this level, near to the narrow hydrophobic channel.


The software used does not permit calculation of the free
enthalpy variation, �rG�, or of the entropic variation �rS�.
However, the two �rH� energy values found for 5 and 7 are so
different that it is possible to conclude that the difference in
affinities correlates well with theRBAvalues, and thus to have
confidence in the observed experimental results. In addition,
several authors have stressed the importance of the hydrogen
bond between the carboxylate function of Glu353 and the
phenol group at position 3 of estradiol.[25] According to our
modeling studies, this length for compounds 5 and 7 is,
respectively, 2.72 and 2.82 ä. This lengthening also reflects
the steric hindrance at the other end of the organometallic
steroid. For ethynyl estradiol, which exhibits no steric
constraint, this distance is 1.77 ä.
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Conclusion


In summary, the affinity measurements suggest three trends:
a) If the organometallic, or an organic group, is attached at


the end of a rigid -C�C- ethynyl chain at the 17� position
of the steroid, recognition of estrogen receptor � is good
for any type of organometallic group, in this case neutral or
lipophilic.


b) If the spacer is shortened to a single flexible sp3 carbon
atom, creating greater mobility for the organometallic
entity at 17� and a greater space-filling volume, affinity is
reduced.


c) If the bulky organometallic moiety is moved towards the D
ring of the steroid, even on a rigid spacer, affinity is again
decreased.


The results observed are in agreement with the molecular-
modeling studies performed with 5 and 7. On the His524 side,
facing a possible substituent at position 17�, the estrogen
receptor possesses a narrow region that can be turned to
advantage, since it accommodates rigid, narrow substituents
such as an alkyne group. In addition, if a bulky organometallic
moiety is attached to the end of this rigid spacer, the affinity
remains acceptable since, in this case, the organometallic
group lies outside the zone of steric constraint with this part of
the protein. This general pattern should hold true for a whole
series of molecules with this type of structure. To our
knowledge, this is the first molecular-level explanation for
this kind of behavior; it may prove useful in the future in
evaluating factors that influence recognition when designing
customized estrogen vectors for well-defined targets, for
example organometallic radiopharmaceutical products at-
tached to bioligands of this type.[3d, 2f]


Experimental Section


General procedures : All reactions were performed under a dry argon
atmosphere by using standard Schlenk techniques. Re2(CO)10 was pur-
chased from Strem Co., other reagents and solvents were obtained from
Aldrich Chemical Co and Janssen Chemical Co. Solvents were purified by
conventional distillation techniques under argon. IR spectra were recorded
on a Bomem Michelson 100 spectrophotometer. 1H NMR and 13C NMR
spectra were recorded on Bruker AM-250 and AM-200 spectrometers.
Mass spectra were obtained by the ™Service de Spectrometrie de Masse∫ of
the E.N.S.C.P., Paris, and C.N.R.S., Vernaison, France. 11�-Chloromethyl-
estrone and 17�-oxiranylestra-1,3,5(10)-trien-3-ol were provided by Medg-
enix S.A. (�5-C5H4I)Re(CO)3, (�5-C5H4I)Mn(CO)3, (�5-C5H4C�CH)-
Re(CO)3 and (�5-C5H4C�CH)Mn(CO)3 were prepared according to the
literature method.[16]


Acetylruthenocene 1: Acetyl ruthenocene was prepared following the
procedure described by Rausch et al.[14] Ruthenocene (0.600 g, 2.59 mmol)
was dissolved in acetic anhydride (1 mL) and 1,2-dichloroethane (4 mL).
Phosphoric acid (0.2 mL, 85%) was added to this solution. The mixture was
heated at reflux for 15 min. The solution was then hydrolyzed with ice
water, and the product was extracted with dichloromethane. After drying
over magnesium sulfate, the solution was filtered and concentrated with a
rotary evaporator. The crude product was purified by TLC chromatog-
raphy with dichloromethane as eluent to yield acetyl ruthenocene as a
yellow solid (0.400 g, 56% yield). M.p. 118 �C; 1H NMR (200 MHz, CDCl3)

� 5.10 and 4.78 (t, t, 2H; 2H; C5H4), 4.59 (s, 5H; C5H5), 1.58 (s, 3H; Me);
elemental analysis calcd (%) for C12H12ORu: C 52.74, H 4.43; found: C
52.56, H 4.55. Unreacted ruthenocene (100 mg) was also isolated.


Ethynylruthenocene 2 : POCl3 (0.918 g; 6 mmol) was dissolved in DMF
(4 mL) at 0 �C. A solution of acetyl ruthenocene (0.546 g, 2 mmol) in DMF
(8 mL) was added dropwise to this solution. The mixture was stirred at 0 �C
for 15 min and then at room temperature for 2 h. The resulting orange
solution was poured into a MeCOONa solution (20%, 100 mL). After 1 h
of stirring, the solution had turned yellow. The product was extracted with
dichloromethane. After drying over magnesium sulfate, the solution was
filtered and concentrated with a rotary evaporator. The crude product
obtained was dissolved in dioxane (40 mL). The solution was heated at
reflux, then NaOH solution (0.5�, 50 mL) was added. The reflux was
maintained for 20 min. After hydrolysis with ice water, neutralization with
1³10 HCl solution, ether extraction, and solvent removal, the residue was
chromatographed on silica gel plates with dichloromethane/pentane (1:6)
as eluent. Ethynyl ruthenocene was finally isolated as a yellow solid
(0.100 g, 20% yield). 1H NMR (200 MHz, CDCl3) 
� 4.87 and 4.56 (t, t,
2H; 2H; C5H4), 4.61 (s, 5H; C5H5), 2.66 (s, 1H; CH).


17�-(Ruthenocenylethynyl)estra-1,3,5(10)-trien-3,17�-diol (5): nBuLi
(0.50 mL of a 1.6� solution in hexane, 0.8 mmol) was added to a solution
of ethynylruthenocene (0.200 g, 0.78 mmol) in THF (5 mL) cooled to
�78 �C. After the mixture had been stirring for 1 h, a solution of 3-tert-
butyldimethylsiloxyestrone 3 (0.200 g, 0.78 mmol) in THF (3 mL) was
slowly added over 30 min. The stirring was continued for 3 h during which
time the temperature was allowed to rise slowly to room temperature.
After hydrolysis with ice water, ether extraction, and solvent removal, the
residue was chromatographed on silica gel plates with ether/pentane (1:2)
as eluent. The first fraction to elute was unreacted ethynylruthenocene
(0.010 g). The second fraction yielded 17�-(ruthenocenylethynyl)estra-
1,3,5(10)-trien-3-tert-butyldimethylsiloxy-17�-ol (0.170 g, 55% yield). The
latter was dissolved in THF (5 mL), and a solution of nBu4NF (2 mL 1�) in
THF was added. After 10 min of stirring and a work-up, the crude product
obtained was purified by TLC chromatography with diethyl ether/pentane
(1:1) as eluent. Finally, 17�-(ruthenocenylethynyl)estra-1,3,5(10)-trien-
3,17�-diol was isolated in 60% yield. M.p. 230 �C; 1H NMR (250 MHz,
CD3COCD3): 
� 7.94 (s, 1H; OH), 7.13 (d, J� 8.3 Hz, 1H; H(1)), 6.59 (dd,
J� 8.3 and 2.6 Hz, 1H; H(2)), 6.52 (d, J� 2.6 Hz, 1H; H(4)), 4.80 (t, J�
1.7 Hz, 2H; C5H4), 4.54 (t, J� 1.7 Hz, 2H; C5H4), 4.57 (s, 5H; Cp), 2.78 (m,
2H; H(6)), 0.89 (s, 3H; Me-13); 13C NMR (62.89 MHz, CD3COCD3) 
�
155.9 (C(3)), 138.4 (C(5)), 131.9 (C(10)), 127.1 (C(1)), 115.9 (C(4)), 113.6
(C(2)), 90.8 (C5H4), 80.0 (�C), 82.5 (C(17)), 74.2 ± 74.1, 71.2, 71.1 (C5H4),
72.1 (Cp), 69.7 (C�, 50.4 (C(14)), 48.5 (C(13)), 44.9 (C(9)), 40.6 (C(8)),
39.8 ± 33.8 (C(12), C(16)), 30.3 (C(6)), 28.3 ± 27.4 (C(7), C(11)), 23.5
(C(15)), 13.4 (Me-13); MS (70 eV, EI): m/z : 526 (100) [M�], 508 (21)
[M��H2O], 298 (26), 270 (78), 256 (56): elemental analysis calcd (%) for
C30H32O2Ru: C 68.55, H 6.13; found: C 68.43, H 6.06.


17�-Ruthenocenylmethylestra-1,3,5(10)-trien-3,17�-diol (7): Ruthenocene
(0.181 g, 0.78 mmol) in THF (5 mL) was cooled to �78 �C and treated with
nBuLi (0.50 mL of 1.6� solution in hexane, 0.80 mmol). After stirring for
1 h, a solution of spiro-17�-oxiranylestra-1,3,5(10)-trien-3-ol, (0.100 g,
0.35 mmol) in THF (2 mL) was slowly added to the organolithium solution
maintained at�78 �C. The stirring was continued for 2 h, during which time
the temperature was allowed to rise slowly to room temperature. After
hydrolysis with ice water, ether extraction, and solvent removal, the residue
was chromatographed on silica gel plates with diethyl ether/pentane (4:6)
as eluent to give 17�-ruthenocenylmethylestra-1,3,5(10)-trien-3,17�-diol
(0.117 g, 65% yield. M.p. 130 �C, Rf� 0.22; 1H NMR (250 MHz, CDCl3)

� 7.15 (d, J� 8.4 Hz, 1H; H(1)), 6.63 (dd, J� 8.4 and 2.5 Hz, 1H; H(2)),
6.56 (d, J� 2.5 Hz, 1H; H(4)), 4.65 (m, 2H; C5H4), 4.55 (s, 5H; Cp) 4.52 (m,
2H; C5H4), 2.81 (m, 2H; H(6)), 2.53 and 2.47 (d,d, J� 14.0 Hz, 1H, 1H;
CH2), 0.94 (s, 3H; Me-13); 13C NMR (62.89 MHz, CDCl3) 
� 153.5 (C(3)),
138.4 (C(5)), 132.8 (C(10)), 126.6 (C(1)), 115.3 (C(4)), 112.7 (C(2)), 87.6
(Cip of C5H4), 82.6 (C(17)), 73.4 ± 72.7, 70.4, 70.0 (C5H4), 71.1 (5C, Cp), 49.4
(C(14)), 46.5 (C(13)), 43.9 (C(9)), 39.6 (C(8)), 36.6 ± 34.7 ± 31.7 (C(12),
CH2C5H4, C(16)), 29.8 (C(6)), 27.5 ± 26.4 (C(7), C(11)), 23.6 (C(15)), 14.5
(Me-13); MS (70 eV, EI): m/z : 516 (21) [M�], 245 (100), 167 (17).


Synthesis of 9 : In a flask equipped with a dropping funnel, compound 8
(1.500 g, 3.57 mmol) was dissolved in THF (50 mL) and HMPA (3.7 mL). A
suspension of NaH (0.70 g, 17.8 mmol) in THF (10 mL) was added
dropwise to the solution. After 2 h of stirring at room temperature, an
excess of MeI (15 mL) was added to the mixture. The mixture was then
heated at reflux for 12 h. The solvent was evaporated, and the crude
product was dissolved in dichloromethane. The solution obtained was
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washed with water, dried with MgSO4, and evaporated. The yellow oil
obtained was chromatographed on silica gel plates with diethyl ether/
pentane (1:3) as eluent. Finally, 9 was obtained as a white solid (1.06 g, 71%
yield). M.p. 120 �C; 1H NMR (250 MHz, CDCl3) 
� 7.2 (d, J� 8.5 Hz, 1H;
H(1)), 6.8 (dd, J� 8.5 and 2.6 Hz, 1H; H(2)), 6.77 (d, J� 2.6 Hz, 1H; H(4)),
5.04 (s, 2H; PhCH2), 4.2 (m, 1H; H(11)), 3.31 (s, 3H; OCH3), 3.89 (m, 4H;
O(CH2)O), 1.10 (s, 3H; Me-18); MS (70 eV, EI):m/z : 434 (3) [M�], 372 (1),
287 (1); elemental analysis calcd (%) for C28H34O4Ru: C 77.39, H 7.89;
found: C 76.54, H 8.10.


Synthesis of 10 : Compound 9 (0.500 g, 1.15 mmol) was dissolved in THF
(18 mL). Pd/C (10%, 0.25 g) was added, and the flask was filled with
hydrogen at atmospheric pressure. The mixture was stirred overnight. After
filtration and solvent removal, the crude compound 10 obtained was
dissolved in methanol (40 mL), and concentrated aqueous HCl (9 mL)
solution was added. The mixture was heated at reflux for 1 h. The solution
was concentrated, and then ethyl acetate (100 mL) was added. The solution
was washed with water, dried over MgSO4, and evaporated. The crude
product obtained was recrystallized from dichloromethane/heptane to give
10 as white crystals (0.32 g, 92% yield). M.p. 260 �C; 1H NMR (250 MHz,
CDCl3) 
� 7.00 (d, J� 8.5 Hz, 1H; H(1)), 6.60 (dd, J� 8.5 and 2.6 Hz, 1H;
H(2)), 6.57 (d, J� 2.6 Hz, 1H; H(4)), 4.20 (m, 1H; H(11)), 3.32 (s, 3H;
OCH3), 1.11 (s, 3H; Me-18); MS (70 eV, EI) m/z : 300 (13) [M�], 241 (8),
197 (8), 170 (21), 157 (31), 146 (76); elemental analysis calcd (%) for
C19H24O3: C 75.97, H 8.05; found: C 75.01, H 8.26.


Synthesis of 11: The synthetic procedure is similar to that for 17�-
(ruthenocenylethynyl)estra-1,3,5(10)-trien-3,17�-diol. Compound 11 was
obtained in 60% yield. M.p. 160 �C; 1H NMR (250 MHz, CDCl3) 
� 7.03
(d, J� 8.6 Hz, 1H; H(1)), 6.64 (dd, J� 8.6 and 2.7 Hz, 1H; H(2)), 6.54 (d,
J� 2.7 Hz, 1H; H(4)), 4.80 (t, J� 1.5 Hz, 2H; C5H4), 4.53 (t, J� 1.5 Hz,
2H; C5H4), 4.55 (s, 5H; Cp), 3.31 (s, 3H; CH3O), 2.80 (m, 2H; H(6)), 1.08
(s, 3H; Me-13); 13C NMR (62.89 MHz, CDCl3) 
� 153.26 (C(3)), 138.9
(C5), 129.0 (C(10), 126.9 C(1)), 115.7 (C(4)), 113.7 (C(2)), 88.8 (C5H4), 83.6
(C�), 80.5 (C(17)), 76.8 (C(11), 73.8 ± 73.7, 70.7 (3C of C5H4), 68.1 (C�),
71.72 (Cp), 56.4 (OCH3), 50.6 (C(14)), 49.2 (C(9)), 47.7 C(13)), 39.0 (C(8)),
34.7 (C(16)), 33.0 (C(12)), 29.7 (C(6)), 27.5 (C(7)), 22.8 (C(15)), 14.0 (Me-
13); MS (70 eV, EI) m/z : 556 (100) [M�], 538 (27) [M��H2O], 298 (19),
256 (25).


(Iodocyclopentadienyl)(methyl)tungsten tricarbonyl 12 : CpW(CO)3Me
(0.522 g, 1.5 mmol) was dissolved in THF (12 mL). The solution was
cooled to �60 �C, and nBuLi (2 mL, 1.3�, 2.6 mmol) was added. The
mixture was stirred at �60 �C for 1 h. Iodine (0.635 g 2.5 mmol) was then
added in one portion. The stirring was maintained for 1 h, during which
time the temperature was allowed to rise slowly to room temperature. The
solvent was evaporated, and the crude product obtained was chromato-
graphed on silica gel plates with diethyl ether/pentane (1:10) as eluent.
(Iodocyclopentantadienyl)(methyl)tungsten tricarbonyl was isolated as a
yellow oil (0.300 g 42% yield). 1H NMR (200 MHz, CDCl3) 
� 5.53 (t, J�
2.3 Hz, 2H; C5H4), 5.30 (t, J� 2.3 Hz, 2H; C5H4), 0.54 (s, 3H; Me); IR
(CH2Cl2) ��CO� 2016, 1922 cm�1.


Synthesis of HC�C(�5-C5H4)W(CO)3Me (13): The procedure was similar
to that for ethynyl ruthenocene. HC�C(�5-C5H4)W(CO)3Me was obtained
in 60% yield. 1H NMR (200 MHz, CDCl3) 
� 5.55 (t, J� 2.3 Hz, 2H;
C5H4), 5.30 (t, J� 2.3 Hz, 2H; C5H4), 2.96 (s, 1H; CH), 0.54 (s, 3H; Me); IR
(CH2Cl2) ��CO� 2017, 1922 cm�1.


Synthesis of tungsten complex 14 : The procedure was similar to that for
17�-(ruthenocenylethynyl)estra-1,3,5(10)-trien-3,17�-diol. Complex 14
was obtained in 60% yield. M.p. 212 �C. 1H NMR (250 MHz, CDCl3) 
�
7.19 (d, J� 8.4 Hz, 1H; H(1)), 6.61 (dd, J� 8.4 and 2.1 Hz, 1H; H(2)), 6.55
(d, J� 2.1 Hz, 1H; H(4)), 5.53 (t, 2H; C5H4), 5.31 (t, 2H; C5H4), 2.82 (m,
2H; H(6)), 0.91 (s, 3H; Me-13), 0.56 (s, 3H; Me-W); IR (CH2Cl2) ��CO�
2017, 1922 cm�1; MS (70 eV, EI):m/z : 642 (33) [M�], 558 (69) [M�� 3CO];
elemental analysis calcd (%) for C29H30O5W: C 54.22, H 4.71; found: C
54.03, H 4.91.


17�-[C�CH(OEt)2] estradiol (15): nBuLi (2.50 mL of a 2.5� solution in
hexane, 6 mmol) was added to a solution of H-C�CH(OEt)2 (0.769 g,
6 mmol) in THF (30 mL) cooled at �70 �C. After the mixture had been
stirred for 1.5 h, a solution of estrone (0.540 g, 2 mmol) in THF (25 mL) was
slowly added over 2 h. The stirring was continued overnight, during which
time the temperature was allowed to rise slowly to room temperature.
After hydrolysis with ice water, extraction with dichloromethane, and


solvent removal, the residue was chromatographed on silica gel plates with
diethyl ether/pentane (2:3) as eluent. Compound 15 was isolated as a white
solid (0.491 g, 62% yield). M.p. 80 �C; 1H NMR (250 MHz, CDCl3) 
� 7.09
(d, J� 8.5 Hz, 1H; H(1)), 6.65 (dd, J� 8.5 and 2.7 Hz, 1H; H(2)), 6.57 (d,
J� 2.7 Hz, 1H; H(4)), 5.92 (s, 1H; OH-3), 5.39 (s, 1H; CH(OEt)2), 3.86 ±
3.59 (m, 4H; OCH2CH3), 2.77 (m, 2H; H(6)), 1.26 (t, J� 7.1 Hz, 6H;
OCH2CH3), 0.86 (s, 3H; Me-13); 13C NMR (62.89 MHz, CD3CN) 
� 153.6,
(C(3)), 138.0 (C(5)), 132.3, (C(10), 126.4 (C(1)), 115.2 (C(4)), 112.7 (C(2)),
91.5 (C(21)), 89.1 or 81.4 (C(19) or C(20)), 79.9 (C(17)), 61.1 (OCH2CH3),
49.7 (C(14)), 47.3 (C(13)), 43.3 (C(9)), 39.3 (C(8)), 38.9 (C(16)), 32.9
(C(12)), 29.6 (C(6)), 27.1 (C(7)), 26.3 (C(11)), 22.8 (C(15)), 15.0 (C(18)),
12.7 (OCH2CH3); MS (70 eV, EI): m/z : 398 (67) [M�], 354 (100) [M��
EtOH]; elemental analysis calcd (%) for C25H34O4: C 75.34, H 8.60; found:
C 75.27, H 7.52.


17�-[(C�CH(OEt)2)(Co2(CO)6)] estradiol (16): A solution of 15 (0.395 g,
1 mmol) in diethyl ether (5 mL) was added to the solution of Co2(CO)8
(0.384 g, 1.12 mmol) in diethyl ether (5 mL). After 2 h of stirring at room
temperature, the solvent was evaporated. The crude product was chroma-
tographed on silica gel column with diethyl ether/pentane (2:3) as an
eluent. Compound 16 was isolated as a red solid (0.507 g, 74% yield).
Decomp. 170 �C; 1H NMR (250 MHz, CDCl3) 
� 7.15 (d, 1H; H(1)), 6.62
(dd, 1H; H(2)), 6.57 (d, 1H; H(4)), 5.54 (s, 1H; CH(OEt)2), 4.67 (s, 1H;
OH-3), 3.86 ± 3.59 (m, 4H; OCH2CH3), 2.83 (m, 2H; H(6)), 1.32 and 1.31 (t,
t, 6H; OCH2CH3), 1.05 (s, 3H; Me-13); 13C NMR (62.89 MHz, CDCl3) 
�
199.5 (Co2(CO)6), 153.4 (C(3)), 138.2 (C(5)), 132.6 (C(10)), 126.3 (C(1)),
115.2 (C(4)), 112.6 (C(2)), 103.7 (C(21)), 103.2 and 96.1 (C(19) and C(20)),
86.1 (C(17)), 65.8 (OCH2CH3), 49.9 (C(14)), 48.5 (C(13)), 42.8 (C(9)), 40.0
(C(8)), 39.5 (C(16)), 32.4 (C(12)), 29.5 (C(6)), 27.4 (C(7)), 26.2 (C(11)), 23.4
(C(15)), 15.5 (C(18)), 15.2 (OCH2CH3); IR (KBr) ��CO� 2093, 2055,
2030 cm�1; MS (ElectroSpray): m/z : 707 (92) [M��Na]; elemental analysis
calcd (%) for C31H34O10Co2: C 54.39, H 5.01; found: C 54.57, H 5.13.


17�-[(C�CHO)(Co2(CO)6)]estradiol 17: Compound 16 (0.300 g,
0.44 mmol) was dissolved in dichloromethane (5 mL). Formic acid
(0.312 g, 6.78 mmol) was added, and the mixture was stirred at room
temperature for 2 h. After hydrolysis with water, extraction with dichloro-
methane, and solvent removal, 17 (0.300 g) was isolated. Crystallization
from diethyl ether/pentane gave red crystals. M.p. 160 �C; 1H NMR
(250 MHz, CDCl3) 
� 10.37, (s, 1H; CHO), 7.13 (d, 1H; H(1)), 6.62 (dd,
1H; H(2)), 6.57 (d, J� 2.7 Hz, 1H; H(4)), 4.70 (s, 1H; OH-3), 2.83 (m, 2H;
H(6)), 0.89 (s, 3H; Me-13); 13C NMR (62.89 MHz, CDCl3) 
� 198.1
(Co2(CO)6), 191.4 (CHO), 153.4, (C(3)), 138.0 (C(5)), 132.2, (C(10)), 126.4
(C(1)), 115.2 (C(4)), 112.7 (C(2)), 105.1 and 87.6 (C(19) and C(20)), 86.3
(C(17)), 50.1 (C(14)), 48.7 (C(13)), 42.8 (C(9)), 42.2 (C(8)), 39.6 (C(16)),
32.5 (C(12)), 29.4 (C(6)), 27.4 (C(7)), 26.0 (C(11)), 23.3 (C(15)), 15.4
(C(18)); IR (KBr) ��CO� 2101, 2064, 2034 cm�1; MS (ElectroSpray): m/z :
633 (76) [M��Na].


17�-(C�CH2OH) estradiol 18 :[26] nBuLi (2.80 mL of a 2.5� solution in
hexane, 7 mmol) was added to a solution of HC�CH2OH (0.336 g, 6 mmol)
in THF (25 mL) cooled to �60 �C. After the mixture had been stirred for
30 min, the cooling bath was removed for 10 min, and then the solution was
cooled again to�78 �C. A solution of protected estrone 3 (0.384 g, 1 mmol)
in THF (10 mL) was slowly added over 1 h. The stirring was continued
overnight, during which time the temperature was allowed to rise slowly to
room temperature. A solution of nBu4NF (1�, 1 mmol) in THF (1 mL) was
then added, and the stirring was maintained for 10 min. After hydrolysis
with ice water, neutralization with 10% HCl solution, extraction with
dichloromethane, and solvent removal, the residue was chromatographed
on silica gel column with diethyl ether as eluent. Compound 18 was isolated
as a colorless solid (0.152 g, 47%). M.p. 228 �C; 1H NMR (200 MHz,
[D6]acetone) 
� 8.01 (s, 1H; OH), 7.09 (d, J� 8.4 Hz, 1H; H(1)), 6.58 (dd,
J� 8.4 and 2.7 Hz, 1H; H(2)), 6.51 (d, J� 2.7 Hz, 1H; H(4)), 4.23 (s, 2H;
CH2OH), 2.77 (m, 2H; H(6)), 0.87 (s, 3H; Me-13); MS (70 eV, EI):m/z : 326
(12) [M�], 308 (6), 293 (10), 270 (6); elemental analysis calcd (%) for
C21H26O3.H2O: C 73.22, H 8.19; found: C 73.00, H 8.39.


17�-[(C�CH2OH)(Co2(CO)6)] estradiol 19 : Compound 18 (0.152 g,
0.47 mmol) was dissolved in THF (3 mL), and Co2(CO)8 (0.161 g,
0.47 mmol) was added to the solution. The mixture turned red after it
had been stirred for 20 min. The solution was then filtered over a 1 cm-
thick silica gel pad. After evaporation of solvent, the crude product was
obtained as a red oil (0.266 g). After crystallization in diethyl ether/
pentane, 19 was isolated as red crystals (0.065 g, 23%). Decomp. 170 �C;
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1H NMR (200 MHz, [D6]acetone) 
� 7.95 (s, 1H; OH), 7.09 (d, J� 8.4 Hz,
1H; H(1)), 6.58 (dd, J� 8.4 and 2.8 Hz, 1H; H(2)), 6.51 (d, J� 2.8 Hz, 1H;
H(4)), 4.97 (m, 2H; CH2OH), 2.83 (m, 2H; H(6)), 1.08 (s, 3H; Me-13); MS
(ElectroSpray): m/z : 635 (100) [M��Na].


Determination of the relative binding affinity (RBA) of the complexes for
the estrogen receptor alpha : Sheep-uterine cytosol prepared as previously
described[8d] was used as the source of ER�. Aliquots (200 �L) were
incubated for 3 h at 0 �C with 2� 10�9� of [6,7-3H]-estradiol (2� 10�9�,
specific activity 1.96 TBqmmol�1) in the presence of nine concentrations of
unlabelled estradiol or of the complex to be tested. The final dilutions of
the hormones were made from a 10�3� stock solution in ethanol with a final
percentage of ethanol in the incubation medium of 5%. At the end of the
incubation period, the free and bound fractions of the tracer were
separated by protamine sulfate. The relative binding affinity (RBA) of
the compounds was the concentration of the unlabelled estradiol/com-
pound required to inhibit half of the specific [3H]-estradiol binding with the
affinity of estradiol set by definition at 100%.
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Twistophane Macrocycles with Integrated 6,6�-Connected-2,2�-Bipyridine
Units: A New Lead Class of Fluorescence Sensors for Metal Ions


Paul N. W. Baxter*[a]


Abstract: The new twistophane macro-
cycles 2 and 3 have been synthesised;
these compounds are composed of a
cyclically conjugated dehydrobenzo-
annulene framework that incorporates
6,6�-connected-2,2�-bipyridine moieties
for the purpose of coordinating metal
ions. The cyclophanes were character-
ised by spectroscopic techniques, and
shown by molecular mechanics calcula-
tions to be helically twisted and chiral
molecules that may exist in several
possible ground state conformations.
UV/vis spectroscopic studies revealed


that 2, 3 and precursor 9 bind with
different selectivities to particular mem-
bers of the following small group of
metal analytes: CuII, AgI, HgII, TlI and
PdII. Significantly, 2, 3 and 9 signal the
presence of CuII ions through fluores-
cence emission quenching output re-
sponses. Furthermore, cyclophane 3 ex-
hibited a particularly sensitive proton-


triggered chromogenic fluorescence re-
sponse. With respect to their unique
structural features, high analyte selec-
tivity coupled with their enhanced and
characteristic fluorescence emission re-
sponses, these molecules are among the
first examples representing a new lead
class of chemosensory materials. Com-
pounds 2, 3 and 9 and derivatives thereof
may, therefore, be expected to find many
future applications in the detection of
metal-based environmental pollutants,
biologically important trace elements
and monitoring proton fluxes.


Keywords: alkynes ¥ cyclooligo-
merization ¥ cyclophanes ¥
macrocyclic ligands ¥ sensors


Introduction


Over the past 30 years, macrocyclic chemistry has developed
into a field of major scientific and technological importance.[1]


Owing to their guest inclusion and complexation properties, a
wealth of applications have been discovered for the vast range
of macrocyclic structures thus far prepared. These applica-
tions include diverse areas such as: medical diagnostics and
drug delivery,[2a±d] analytical chemistry,[3] metal extraction and
separation,[3, 4a±c] chemical synthesis,[5] polymer chemistry,[6]


food science[7] and, more recently, the domain of nanochem-
istry.[8] They have also played a pivotal role in the synthesis
and study of challenging molecular architecture and to-
pology.[9]


Of historic interest is the fact that one of the earliest
reported macrocycle syntheses concerned the preparation of a


medium-sized ring that incorporated an ethyne group as an
integral structural unit.[10] However, interest in ethynyl-
incorporated macrocycles remained dormant for nearly 50
years until the 1960×s when annulenes became the target of
synthetic effort,[11] in order to determine whether molecules
with expanded cyclic conjugation pathways obeyed the
H¸ckel theory of aromaticity.[12a±b] Interest in the field waned
again until the early 1990×s, at which point ethynyl macro-
cycles once again became the focus of intense research
activity.[13] The latter resurgence of interest was fuelled
predominantly by the discovery of carbon buckyballs and
nanotubes[14] and the potential for the development of new
classes of carbon allotropes, high carbon-content material-
s[15a±g] and nanostructures.[16]


Currently, cyclic ethynyl-containing materials collectively
represent a significant proportion of all known macrocyclic
architectures, encompassing a diverse variety of species such
as annulenes,[11, 12a±b, 17] dehydroannulenes,[13, 18a±d] expanded
radialenes,[19a±b] [n]pericyclynes,[13, 20a±b] [n]rotanes, exploded
[n]rotanes[13, 21a±b] and many types of ethynyl-incorporated
cyclophanes.[22a±e] Some of these materials exhibit intriguing
properties such as liquid crystallinity[23] and solid-state nano-
porosity,[24] and also can function as high-energy materials and
as precursors to carbon nanotubules.[13, 25]


In the light of the aforementioned considerations, a
particularly interesting avenue of investigation would be to
endow conjugated macrocycles of this type with sites for the
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purpose of binding metal ions.[26a±c] Awealth of new functional
physicochemical properties would be expected to emerge
from such hybrid organic ± inorganic materials, such as multi-
ple redox, magnetic, photochemical, optical, catalytic, sub-
strate inclusion, sensing ability and perhaps unusual mechan-
ical behaviour.
In previous work, preliminary investigations of this type


were reported; these described the synthesis of a ortho-
cyclically conjugated twistophane 1.[27a] Cyclophane 1 is


N


N


N


N


1


composed of a tetrabenzodehydroannulene-type hydrocarbon
framework that incorporates two 5,5�-disubstituted-2,2�-bipyr-
idine ligand units positioned on opposite sides of the macro-
cyclic ring.[28a±g] It was anticipated that the highly conjugated
structure of 1 would undergo significant electron-distribution
perturbations upon coordination to metal ions of comple-
mentary size within the chelating ligand pocket. The elec-
tronic redistribution within 1 would in turn be translated into
visual spectroscopic output signals with energies character-
istic of particular metal ions. This in fact proved to be the case,
and 1 was found to function as a specific chromogenic
fluorescence sensor for ZnII ions.[27a]


For both of the bipyridine subunits of 1 to bind a single
metal ion, the twisted hydrocarbon framework must slightly
unwind, thereby allowing the bipyridine rings to rotate about
their longitudinal axes and orient the four nitrogen lone pair
electrons towards the interior of the macrocyclic cavity. Only
a minimal change in the conformation of 1 is necessary for
complete metal-ion coordination. In this case, the spectro-
scopic response resulting from a metal-ion binding event must
originate principally from electron distribution perturbations
relayed through the bipyridine nitrogen lone pairs.
However, a much greater perturbation in overall electron


distribution would be expected to occur if the macrocycle was
to additionally experience a significant change in conforma-
tion upon binding to a metal ion. In such a system, the metal-
ion-triggered change in spatial geometry should result in an


enhanced optical response and thus an amplified ion-sensory
output signal.
Twistophane 2 is an isomeric analogue of 1 in which two


6,6�-disubstituted-2,2�-bipyridine units are incorporated into
the tetrabenzodehydroannulene framework (Scheme 1). Mo-
lecular modelling studies on 2 revealed that it may potentially
function as a mechano-responsive ion sensor that is capable of
binding two metal ions, and in so doing, would be forced to
undergo three consecutive changes in conformation
(Scheme 1); while uncoordinated, 2 would reside in the
conformation of lowest strain, in which the pyridine rings of
each bipyridine unit are arranged in a transoid relationship
(denoted trans-trans in Scheme 1). Upon coordination to the
first metal ion, the twistophane 2 would have to partly unwind
to allow one of the bipyridine units to adopt a cisoid
conformation. The overall geometry would have to switch to
a trans-cis arrangement as shown in Scheme 1. Binding of the
second metal ion would force the remaining transoid bipyr-
idine unit to convert to a cisoid conformation, thereby
completely unwinding the macrocycle to give the geometri-
cally open cis-cis cyclophane. Unlike its predecessor 1, metal-
ion binding to 2 would be accompanied by a dramatic change
in overall geometry of the macrocyclic ring. As a result, the
comparatively greater mechanically induced electronic per-
turbations may translate into an increased ion-sensing re-
sponse for the latter cyclophane.[29a±e]


The following full account describes the successful synthesis
and characterisation of 2 and its trimeric analogue 3, and a
detailed spectroscopic investigation into the metal-ion sensing
propensities of 2, 3 and their precursor 9 (Scheme 2). The
spectroscopic studies revealed that 2, 3 and 9 exhibited
different ion-binding properties, but all afforded character-
istic and specific fluorescence quenching sensory outputs in
the presence of CuII ions.[30a±f]


Results and Discussion


Synthesis of 2 and 3 : The macrocycles 2 and 3 were
synthesised by two separate, six-step convergent pathways,
each utilising the key building block 6,6�-dibromo-2,2�-bipyr-
idine (4 ; Scheme 2; not all steps are shown). Thus the first
synthetic approach started from the commercially available
(2-bromophenylethynyl)trimethylsilane which was converted
to the iodo derivative 8 by a lithiation/iodination protocol
described previously.[27a] The reaction between 8 and 6,6�-
diethynyl-2,2�-bipyridine (7) under classical Sonogashira con-
ditions by employing [PdCl2(PPh3)2] and CuI as catalyst and


cocatalyst, respectively, in a 1:1
mixture of toluene/Et3N result-
ed in the formation of a dis-
appointingly moderate yield
(30%) of bipyridine 9.[31] Rep-
etition of the reaction in a 6:1
mixture of pyridine/Et3N gave
only a slight increase in the
yield of 9 to 35%. However,
changing the reaction solvent to
an 8:1 mixture of toluene/Et3N


NN


N
N


N N


N NN


N N


trans-trans trans-cis cis-cis


+Mn+


-Mn+
Mn+ Mn+


Mn+


+Mn+


-Mn+


Scheme 1. Expected conformational rearrangement of twistophane 2 upon sequential binding to metal ions.
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and, most importantly, by using [PdCl2(dppf)] as the catalyst
resulted in a dramatic increase in the yield of 9 to 80 ± 86%.
The enhancement in catalyst activity in the case of
[PdCl2(dppf)] can be correlated with the unusual P-Pd-P bite
angle, which lies at an optimum for facilitating both the
oxidative addition of the aryl halide and reductive elimination
steps in the catalytic cycle.[32] To date, this catalyst has only
rarely been used for effecting the Sonogashira mediated
alkynylations of aryl halides. In the light of the above
observation, a more widespread utility may be discovered
for [PdCl2(dppf)] in cases in which the conventional catalysts
give low yields and in which sensitive substrates are employed.
Bipyridine 7[33a±c] was prepared in two steps from 4 via 6.


The Sonogashira reaction of 4 with trimethylsilylethyne has
been reported to give 6 in 87% yield.[33b±c] In the course of
experimental investigations aimed at exploring the scope of
the Pd-catalysed alkynylations of heterocycles with alkynyl-
stannanes, it was decided to investigate the possibility of using
a Stille-type alkynylation for the preparation of 6.[34] Thus
heating 4 with an excess of 5, LiCl and [Pd(PPh3)4] in toluene
resulted in the successful generation of 6 in 63% isolated
yield.


Having defined the optimal conditions for the preparation
of 9, it was then desilylated with TBAF in THF to give the
macrocycle precursor 10. The yield of this deprotection
appeared to be particularly sensitive to the water content of
the reaction solution. If 9 was deprotected in anhydrous or
normal reagent grade THF, the reaction became dark brown,
and only low yields of 10 were subsequently isolated. If,
however, a few drops of water were added to the THF
reaction solution prior to TBAF addition, the deprotection
then proceeded normally with the formation of 10 in high
yield. The fluoride ion in the commercial 1� TBAF may be
acting as a strong nucleophile to initiate polymerisation-type
reactions as well as the desired desilylation. The presence of
excess water considerably reduces both the nucleophilicity
and basicity of fluoride anions, presumably enabling the
desilylation to occur alone.
In the second synthetic approach to 10, commercial 1,


2-diiodobenzene was converted to the monoprotected dieth-
yne 11,[35] which reacted with 4 under Sonogashira conditions
to provide the diprotected bipyridine 12 in a reasonable
(51%) isolated yield. The yield of this transformation
appeared to be highly dependent on the type of reaction
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Scheme 2. Synthesis of macrocycles 2 and 3. i) [Pd(PPh3)4] cat. , toluene, 122 �C, 36 h (63%); ii) aq. KOH/MeOH/THF, 20 �C, 20 h; iii) [PdCl2(dppf)] ¥
CH2Cl2 and CuI cat. , toluene, Et3N, 20 �C, 8 d (86%); iv) 1� (nBu)4NF, THF, H2O, 20 �C, 18 h (97%); v) Hay procedure: CuCl cat. , O2, pyridine, 20 �C, 25
days, 13% (2); Breslow procedure: CuCl, [Cu2(OAc)4], 60 �C, 6 h then 20 �C for 14 days, 9% (2), 5% (3); vi) [PdCl2(PPh3)2], CuI cat. , THF, Et3N, 20 �C, 7 d
(51%); vii) KOH, toluene, 110 �C, 7 h (79%).
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solvent, with much lower yields of 12 resulting if toluene was
used in place of THF. Subsequent base-catalysed elimination
of acetone from 12 afforded diethyne 10 in 79% yield.
With the precursor diethyne 10 in hand, the synthesis of the


target macrocycle 2 could finally be undertaken. Initially, it
was decided to prepare 2 by the oxidative cyclisation of 10
under medium dilution conditions by using the Hay coupling
protocol,[36] as this methodology has been successfully em-
ployed for the generation of 1 as reported previously.[27a]


However, this approach resulted in the isolation of a surpris-
ingly low yield (13%) of the desired cyclophane 2 relative to
that of 1 (34%) under similar conditions. The major reaction
product by mass recovery consisted of a brown solid, totally
insoluble in the common laboratory solvents. This material
may be composed of uncyclised oligomers and polymers and
possibly high molecular mass cyclooligomers.
An effective method of improving the poor yields often


encountered during the copper-catalysed oxidative macro-
cyclisation of terminal alkynes has been reported by Breslow
et al.[37] In this procedure, a mixture of CuCl and [Cu2(OAc)4],
both present in large excess relative to the alkyne substrate,
were found to considerably improve the yield of a macrobi-
cycle compared to the use of each copper reagent alone. Also,
these conditions do not require the reaction to be continually
exposed to oxygen gas. Application of this modification to the
cyclisation of 10 resulted in the formation of 2 in 9% yield,
that is, lower than that of the Hay procedure! However, a
small quantity of the trimer-cyclophane 3 was isolated from
this reaction in 5% yield.
Although the exact factors responsible for the poor yield of


2 are currently unknown, negative ion-templating phenomena
may account for one possible cause. The relatively enhanced
yield of 1 is consistent with a positive ion-templating
mechanism, in which the coordination of two bipyridine
macrocycle precursors to the same CuI/II ion would orient the
four terminal ethynes into the correct position for subsequent
cyclisation to 1. In the case of 2, the above process would
result in the formation of a coordinated macrocyclic structure
that possesses significantly greater ring strain. The avoidance
of ring strain may preferentially direct the reaction pathway
toward the formation of linear oligomers and polymers. The
copper ions may therefore be playing the role of a negative
templating agent during the formation of 2.[22a±b]


Characterisation of cyclophanes 2 and 3 : The structure of the
products isolated from the copper-mediated Hay and Brelsow
couplings of 10 were established to be that of the macrocyclic
architectures 2 and 3 (Scheme 2) on the basis of MS and IR,
1H and 13C NMR spectroscopic studies.
The FAB mass spectra of the coupling products recorded in


10 ± 20% CF3COOH/CHCl3 each displayed a single isotope
cluster peak at an m/z of 805 and 1208; these correspond
exactly to that calculated for the [M��H] isotopic envelopes
of macrocycles 2 and 3, respectively. This structural assign-
ment was further substantiated by high-resolution FAB mass
spectroscopic measurements of the [M��H] isotopic enve-
lopes, which confirmed the exact elemental composition of
the products to be C60H29N4 and C90H43N6 in accordance with


the macrocyclic structures 2 and 3, respectively, plus one
hydrogen in each case.
The infrared spectra of the coupling products of 10 were


also supportive of the macrocyclic structural assignments of 2
and 3, in that vibrational modes characteristic of the �(H�C�)
stretch of terminal alkynes were completely absent in each
case. This result establishes that the coupling products are in
fact macrocyclic, and not linear oligomers with unreacted
terminal ethyne groups.
The 13C NMR spectra of the coupling products of 10 each


have fifteen peaks, consistent with the above macrocyclic
structural assignments. The chemical shifts of four peaks
corresponded to the chemically and magnetically inequivalent
carbons of two unsymmetrically substituted alkyne groups,
and the remaining eleven to inequivalent carbons of aromatic
rings. In the case of 2, it was possible to assign the proton-
bearing C3, C4 and C5 pyridine-ring carbon atoms to the
peaks at 120.6, 136.9 and 128.9 ppm respectively by anHMQC
experiment.
The 1H NMR spectra of both coupling products of 10, also


displayed the five sets of peaks (two of which overlapped)
expected for the macrocyclic structures 2 and 3. 1H ± 1H
COSY measurements also verified that they were each single
compounds and not mixtures of species. Peaks originating
from the protons of terminal ethynes were completely absent
in the spectra of both coupling products, lending further
support for the macrocyclic identities of these compounds.
Spectral assignments were made on the basis of coupling


constants, 1H ± 1H COSY correlations as well as comparisons
with the spectra of 9, 10 and 12. Thus the multiplets at 7.44 and
7.41 ppm in 2 and 3, respectively, were each assigned to the
overlapping peaks of the phenyl H4 and H5 protons, and
those at 7.66 and 7.65 ppm in 2 and 3, respectively, were each
assigned to the overlapping peaks of the phenyl H3 and H6
protons. The chemical shifts of the phenyl H3 proton appear
to be quite sensitive to the substituent on the adjacent ethyne.
In the case of 2 and 3 the phenyl H3 multiplet is observed
further downfield relative to those of the precursors 9, 10 and
12, and overlaps with that of the phenyl H6 due to the
similarity in electron-withdrawing ability of the phenylbuta-
diynyl and ethynylpyridyl groups (Figure 1). The character-
istic doublet at approximately 8.1 ppm is the furthest down-
field signal in the spectra of 2 and 3, and corresponds to the
pyridine H3 protons, which are anisotropically deshielded by
the nitrogen lone-pair electrons of the adjacent pyridine ring.
The remaining triplet and doublet at 7.74 and 7.61 ppm in 2
and at 7.35 and 7.47 ppm in 3 were, therefore, assigned to the
pyridine H4 and H5 protons, respectively.
The chemical shifts of the H3 and H4 pyridine ring protons


in 2 and all the pyridine ring protons in 3 are substantially
shifted upfield in comparison to those of 9, 10 and 12
(Figure 1). This evidence further establishes the macrocyclic
identities of 2 and 3, in that such shielding would be ex-
pected of protons pointing toward the interior of a macro-
cyclic cavity and/or lying alongside the face of an adjacent
aromatic ring.


Molecular modelling and solution dynamics of 2 and 3 :
Information concerning the possible three-dimensional struc-
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Figure 1. 500 MHz 1H NMR spectra of 2, 3, 9, 10 and 12 recorded in
CDCl2CDCl2 at 20 �C.


tures of 2 and 3 was obtained by AM1 semiempirical
theoretical calculations.[38] This study revealed that twist-
ophane 2 could exist in three main conformations of similar
energy (Figure 2). The conformers differ principally in the


Figure 2. Energy-minimised structures of macrocycle 2, showing the three
principle conformations, denoted OO (left), PO (centre) and PP (right):
plan view stick representation. Note that each conformer represents one of
a pair of enantiomers. The minimisations were obtained by AM1 semi-
empirical calculations by using SPARTAN 02 Linux/Unix, Wavefunction,
Irvine, CA (USA).


relative orientation of the two bipyridine subunits within each
macrocyclic ring. Thus for each conformer, the longitudinal
axes of the pair of bipyridines can be arranged both
approximately parallel (denoted PP), both approximately
orthogonal (denoted OO), or one approximately parallel and
one orthogonal (denoted PO) to the axes of the butadiynes
(Figure 2). Interestingly, all three conformers are hinged
structures, as increasing the interpyridine dihedral angles
within each bipyridine unit results in opening of the cyclo-
phane to give a central box-shaped void. Lateral compression
of the conformers, until each pair of bipyridine subunits are
within van der Waals contact, results in a pronounced flexing


and bending of the butadiyne bridges. Each conformer is also
helically twisted and chiral, and, therefore, can be represented
as either one of a pair of enantiomers.
An inspection of CPK and wireframe models of 2 revealed


that major distortions of the macrocyclic framework would be
necessary in order to allow direct interconversion between
enantiomers of the same conformer. The most sterically
accessible mechanism for enantiomer interconversion of a
given conformer must therefore proceed indirectly in several
steps, which involve the sequential interconversion between
enantiomers of different conformers. Interconversion between
the three different conformers would require stepwise rota-
tions of the bipyridine moieties about the mean axes through
their ethyne substituents.
However, the 1H NMR spectra of 2 and 9 in CDCl2CDCl2


solution change with variation in temperature in similar ways.
The most pronounced shifts are experienced by the pyridine
H3 protons, which move downfield by ��� 0.079 ppm in 2
and 0.057 ppm in 9 upon increasing the temperature from 20 ±
120 �C. These downfield shifts reflect the increased rotational
motion of the pyridine rings in 9 and indicate that 2 is at least
flexible enough to allow changes in the dihedral angle
between the pyridine subunits of each bipyridine.[39]


In the case of twistophane 3, semiempirical AM1 calcu-
lations showed that this macrocycle was particularly confor-
mationally mobile. The calculations revealed that 3 may
potentially exist in a range of different collapsed and helically
twisted conformations of similar energy, some of which
possess interpyridine van der Waals contacts (Figure 3). An


Figure 3. Energy-minimised structure of 3, showing a collapsed and folded
conformation: space-filling representation (left), stick representation
(right). The minimisation was obtained by AM1 semiempirical calculations
using SPARTAN 02 Linux/Unix.


inspection of CPK and wireframe models of 3 verified that
conformer interconversion is sterically facile and that it would
involve the sequential rotational motion of the bipyridine
subunits within the interior of the macrocycle. This conclusion
is also consistent with the 1H NMR spectrum of 3 in which all
the pyridine protons are strongly shielded relative to those of
the uncyclised precursors 9, 10 and 12.
A variable temperature study of the 1H NMR spectrum of 3


in CDCl2CDCl2 (Figure 4) revealed that the solution dynam-
ics of this macrocycle is partly different from those of 2 and 9.
Raising the temperature from 0 to 120 �C caused the chemical
shifts of all the pyridine protons to progressively move







Twistophanes 5250±5264


Chem. Eur. J. 2002, 8, No. 22 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/02/0822-5255 $ 20.00+.50/0 5255


Figure 4. Variation in the chemical shifts of the protons of 3 with
temperature. The 1H NMR spectra were recorded at 500 MHz in
CDCl2CDCl2.


downfield. The greatest reduction in shielding was experi-
enced by the pyridine H3 and H4 protons, which moved
downfield by ��� 0.093 and 0.103 ppm, respectively, on
increasing the temperature from 20 ± 120 �C. The magnitude
of these thermally induced downfield shifts are much greater
than those of the pyridine H3 and H4 protons of 2 and 9, and
presumably reflects a greater degree of conformational


interconversion and opening of macrocycle 3. This suggests
that the pyridine H3 and H4 protons spend comparatively
more time on the NMR timescale pointing towards the
interior of the folded framework of 3 at lower temperatures.[40]


Metal-ion sensing by twistophane 2 : To evaluate the metal-ion
sensing capabilities of 2, a detailed spectroscopic investigation
into its cation-binding properties was undertaken.
The UV/visible spectrum of uncomplexed 2 in CHCl3


exhibits five absorbances at 285, 298, 318, 341 and 373 nm,
which are invariant in energy and shape over the concen-
tration range of 2.2� 10�6 ± 2.2� 10�5 moldm�3; this shows
that aggregation does not occur in dilute solution. However,
all bands do undergo a slight hypsochromic shift when the
spectrum of 2 is recorded in 1:2 CHCl3/MeOH (see Exper-
imental Section).
UV/visible spectra were then recorded of 1:1 stoichiometric


mixtures of 2/Mn� in 1:2 CHCl3/MeOH, in which [2]� 1.09�
10�5 moldm�3 and Mn��LiI, NaI, KI, MgII, CaII, CrIII, MnII,
FeII, CoII, NiII, PdII, PtII, ZnII, CdII, HgII, PbII, TlI, AlIII, InIII,
ScIII, YIII, LaIII, EuIII, TbIII and NH4


�.[41] All spectra showed
zero or negligible changes relative to the UV/visible spectrum
of 2 ; this indicates insignificant binding of the macrocycle to
the above cations in dilute solution. However, the UV/visible
spectra of stoichiometric 1:1 combinations of 2/CuII and 2/AgI


in 1:2 CHCl3/MeOH, in which [2]� 1.09� 10�5 moldm�3,
were significantly different from the spectrum of pure 2,
demonstrating that coordination of these ions was occurring.
In both cases, the spectral changes involved a drastic
reduction in the intensity of all absorption maxima of 2, and
a shift to lower energy of the 317 nm band of the free ligand.
The strengths and intensities of the coordination-induced
spectral changes of 2 are exemplified by comparison with the
spectra of free 2,2�-bipy and 1:1 mixtures of 2,2�-bipy:CuII and
2,2�-bipy:AgI in 1:2 CHCl3/MeOH, in which [2,2�-bipy]�
1.09� 10�5 moldm�3 (Figure 5). The latter comparison dem-
onstrates the importance of the extended, cyclic conjugation
of 2 in amplifying the spectroscopic response to metal-ion


Figure 5. UV/Vis absorption spectra of 1:1, 2/Mn� in 1:2 CHCl3/MeOH, in
which Mn��AgI and CuII and [2]� 1.09� 10�5 moldm�3. The spectra of 1:1
mixtures of Mn� with 2,2�-bipyridine in 1:2 CHCl3/MeOH at identical
concentrations are also included for comparison.
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binding events. A 1:1:1 mixture of 2/CuII/AgI in 1:2 CHCl3/
MeOH, where [2]� 1.09� 10�5 mol dm�3, produced a spec-
trum intermediate in shape between those of the separate 1:1
combinations of 2/CuII and 2/AgI. This competitive binding
experiment therefore showed that the complexation prefer-
ence of 2 for CuII versus AgI is approximately equal.
A particularly surprising observation was that the UV/


visible spectra of 1:1 mixtures of 2/CuII and 2/AgI in 1:2
CHCl3/MeOH, in which [2]� 1.09� 10�5 moldm�3, decayed
irreversibly upon standing for several days, finally reaching a
limiting situation in which virtually all spectral absorptions
had disappeared. This slow, time-dependent spectral decay
phenomenon was also displayed by 1:1 mixtures of 2 with
apparently non-coordinating metal ions such as MnII, FeII,
ZnII, CdII, HgII and InIII. To obtain further insight into the
origin of this apparent instability of 2 towards particular metal
ions, the 2/AgI system was selected for study in greater detail.
Thus when solutions of 2/AgI in 1:2 CHCl3/MeOH were
prepared with incrementally increasing proportions of AgI,
the maximal spectral changes occurred up to a ratio of 1:1. A
slow reduction in the absorbance of all titration curves (to
differing degrees) occurred within the first 0.5 h of mixing.
This change was, however, reversible, as addition of excess aq.
KCN completely regenerated the original spectrum of
uncomplexed 2 in every case. These initial spectral changes
must therefore be attributable to the slow kinetics of the
binding mechanism of AgI to 2. After 0.5 h from mixing, the
addition of excess aq. KCN regenerates the spectrum of 2with
reduced absorbances, showing that irreversible changes have
begun to take place. The spectral decay process is also
catalytic in AgI as a 1:0.1 combination of 2/AgI in 1:2 CHCl3/
MeOH underwent a significant reduction in absorbance upon
standing for seven days (Figure 6). The fact that a catalytic


Figure 6. Time dependent decay of the UV/Vis absorption spectrum of a
1:0.1 ratio of 2/AgI with [2]� 1.09� 10�5 moldm�3 in 1:2 CHCl3/MeOH.


amount of AgI causes an almost complete extinction in
absorbance of 2 demonstrates that the process is not due to
the formation and precipitation of a coordination polymer, as
this would require at least a stoichiometric quantity of AgI


ions. The phenomenon is, therefore, most likely to result from
a chemical reaction in which 2 itself either decomposes or


polymerises. The AgI-ion-induced spectral decay of 2 also
occurs in the dark, ruling out possible photochemical origins.
The precise reason for the metal-ion-induced destruction of 2
is presently unknown, but suggests intriguingly, that 2 may be
able to exist in more strained and energetically enhanced
conformations than those predicted by AM1 calculations. The
low yield of 2 may also be partly attributable to an instability
towards the copper catalyst involved in the oxidative coupling
of 10.
Solutions of 2 in organic solvents emit a blue-purple


fluorescence when irradiated with UV light. The fluorescence
emission of 2 in deoxygenated CHCl3 is composed of two
maxima at 391 and 419 nm when excited at the wavelength of
the absorption envelope at 318 nm. The energies of the
emission maxima remained unchanged over the concentration
range of 1� 10�6 ± 1� 10�5 moldm�3 ; this shows that aggre-
gation of the excited state does not occur in dilute solution.
Changing the solvent to aerated 1:2 CHCl3/MeOH also had a
negligible effect upon the emission spectrum of 2. Fluores-
cence emission spectra of 1:1 solutions of 2/Mn� in 1:2 CHCl3/
MeOH were then recorded, where [2]� 1� 10�5 moldm�3


and Mn�� all cations and metal chlorides investigated in
UV/visible spectroscopic studies described above. Of all
metals examined, only CuII and AgI evoked changes in the
fluorescence emission of 2, and in each case caused quenching
of the fluorescence of the macrocycle. The fluorescence
quenching is illustrated for the 2/AgI system, which shows the
spectra of solutions of 2 with increasing incremental additions
of AgI (Figure 7). From this titration experiment, the detec-
tion limit for silver ions was estimated to be at [AgI]� 1�
10�6 moldm�3.


Figure 7. Fluorescence emission spectra of 2 with successive incremental
additions of AgI with [2]� 1.09� 10�5 moldm�3 in 1:2 CHCl3/MeOH and
2/AgI ratios of 1:0.2, 1:0.4, 1:0.6, 1:0.8 and 1:1.


Twistophane 2 is therefore a particularly selective complex-
ant in dilute solution, binding to only two of the twenty-seven
cations and metal chlorides studied. As a result, 2 also
functions as a selective sensor for CuII and AgI ions signalling
their presence through a fluorescence quenching output
response.
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Metal-ion sensing by twistophane 3 : The metal-ion binding
capabilities of 3 would be expected to be significantly
different from those of 2, due to the greater degree of
conformational freedom available to the former macrocycle.
To determine the effect of increased conformational mobility
on the selectivity of the metal-ion sensing response, a
spectroscopic investigation into the complexation properties
of 3 was undertaken. The UV/visible spectrum of 3 in
deoxygenated CHCl3 is composed of five envelopes at 285,
297, 318, 341 and 365 nm which remained identical in shape
and energy over the concentration range of 2.9� 10�6 ± 3.6�
10�5 moldm�3, showing that aggregation does not occur in
dilute solution. When the spectrum of 3 is recorded in 1:2
CHCl3/MeOH the three highest energy bands undergo a slight
hypsochromic shift (see Experimental Section).
The metal-ion binding experiments were conducted by


using 1:1.5 ratios of 3/Mn� in 1:2 CHCl3/MeOH in which [3]�
7.3� 10�6 moldm�3 and Mn�� all cations and metal chlorides
investigated in the spectroscopic studies of 2 above. Of all
analytes investigated, only CuII, AgI, HgII, PdII and TlI


engendered changes in the UV/visible spectrum of 3 (Fig-
ure 8). The first four analytes caused a reduction in the


Figure 8. UV/Vis absorption spectra of 1:1.5 ratios of 3/Mn� in 1:2 CHCl3/
MeOH in which [3]� 7.3� 10�6 moldm�3, andMn��CuII, AgI, HgII, TlI and
PdII.


strongest absorption envelopes of 3, with CuII and AgI


producing the greatest coordination induced changes. In
contrast, TlI caused a simultaneous increase in absorbance
and shift to higher energy of the 316 nm band of 3. A titration
experiment performed on the 3/AgI system, revealed that
addition of further aliquots of AgI caused only minor changes
in the UV/visible spectrum once the 1:1.5 3/AgI ratio was
passed. This result suggests that the main reaction product is
probably a species of stoichiometry [Ag(3)]� , in which two of
the bipyridine subunits of 3 are coordinated to a single AgI


ion. Modelling studies supported this conclusion and showed
that binding of two bipyridine subunits to the same AgI ion
causes the third bipyridine to be locked into a transoid
conformation and therefore unavailable for further coordina-
tion.[42]


To reveal the ion-binding selectivity of 3, competitive ion-
complexation studies were conducted using 1:1.5:1.5 mixtures
of 3/M1n�/M2n� in 1:2 CHCl3/MeOH, in which [3]� 7.3�
10�6 moldm�3. The binding preference of 3 to the five metal
species was thus found to follow the qualitative sequence
CuII�AgI�PdII�TlI�HgII, arranged in order of decreasing
binding strength. In the case of PdII, the measurements were
hampered by slow binding kinetics. For example, CuII initially
preferentially coordinated to 3 in the presence of PdII, but
after 10 h the degree of binding of the two species to 3 was
approximately equal. Slow binding kinetics was also observed
in the 1:1.5, 3/HgII system, in which gradual changes in the
UV/visible spectrum continued to take place up to 36 h after
mixing.
Interestingly, the irreversible metal-ion-induced spectral


decay phenomenon exhibited by 2 was not observed to occur
with any 1:1.5 3/Mn� combinations. This finding supports the
conclusion that the instability of the former macrocycle
towards certain metal ions may originate from a unique
structural feature within 2 such as inherent ring strain.
Similarly to 2, solutions of 3 in organic solvents emit a blue-


purple fluorescence when irradiated with UV light. The
fluorescence emission of 3 in deoxygenated CHCl3 is com-
posed of a single maximum at 400 nm when exited at the
energy of the absorption envelope at 318 nm. The latter
emission maximum remained unchanged in energy at [3]�
2.9� 10�6 moldm�3, showing that aggregation of the excited
state does not occur in dilute solution. The fluorescence
emission spectrum of 3 recorded in aerated 1:2 CHCl3/MeOH
at [3]�2.9� 10�6 moldm�3, also consists of a single but much
broader emission envelope, which was shifted to slightly lower
energy.
Fluorescence emission spectra of 1:1 mixtures of 3/Mn� in


1:2 CHCl3/MeOH were then recorded, in which [3]� 2.9�
10�6 moldm�3 and Mn��CuII, AgI, HgII and PdII. The
qualitative changes in the fluorescence emission of 3 were as
follows: CuII caused almost complete quenching, AgI and PdII


caused partial quenching and HgII produced slight quenching.
A titration experiment, in which the spectra of solutions of 3
with incremental additions of CuII were recorded, enabled an
estimation of the sensory detection limit for CuII to be at
[CuII]� 6� 10�7 moldm�3 (Figure 9). These measurements
were again accompanied by time-dependent changes in the
fluorescence maxima, which involved slow and continually
increased quenching during the first hour after mixing.
The 1:1 3/AgI system in 1:2 CHCl3/MeOH exhibited


particularly curious time-dependent variations in the fluo-
rescence maximum (Figure 10). Initially, a rapid partial
quenching of the fluorescence of 3 ensued directly after
mixing with silver ions. After 5 min however, the fluorescence
began to return, and by 1.5 h had become slightly greater in
intensity than that of the emission maximum of 3 prior to
mixing. This change was also accompanied by the growth of a
lower energy emission envelope at 550 nm. The latter
observation of a nonlinear time-dependent change in emissive
species suggests that they are being generated by a reaction
mechanism between 3 and metal ions that is more complex
than originally anticipated. The expanded range of conforma-
tional states available to 3, coupled with the additional ability
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Figure 9. Fluorescence emission spectra of 3 with successive incremental
additions of CuII with [3]� 2.9� 10�6 moldm�3 in 1:2 CHCl3/MeOH and
3/CuII ratios of 1:0.2, 1:0.4, 1:0.6, 1:0.8, 1:1, 1:2 and 1:3.


Figure 10. Time-dependent changes in the fluorescence emission spectrum
of a 1:1 ratio of 3/AgI with [3]� 2.9� 10�6 moldm�3 in 1:2 CHCl3/MeOH.
After 90 min ageing, the 3/AgI ratio was adjusted to 1:3 and the final
spectrum recorded at 280 min from the initial mixing of 3 with AgI. (The
3/AgI ratios are shown on each spectrum).


of CuII, AgI, HgII and PdII to form interactions of varying
strength with alkynes and in some cases phenyl rings,[18c, 43a±c]


indicates that a large number of ground and excited state
coordination structures may potentially be accessible to 3.
The mechanism of complexation of a given cation by 3 may
therefore involve multiple sequential hopping or riding of ions
over the cyclophane framework as it passes through different
conformations, until the final thermodynamically preferred
species or mixture of entities are formed.
In summary, 3 was found to bind to five out of the twenty-


seven cations and metal chlorides studied. In terms of the
number of different analytes that a ligand is able to bind, 3 is a
less selective complexant than 2 in dilute solution. Twist-
ophane 3 binds most strongly to CuII and AgI, but similarly to
2, cannot discriminate between them. However, of all four
coordinating metal species, CuII produced the most intense
and enduring fluorescence quenching response. With respect
to the signal output, 3 thus gives a single type of output


response characteristic to CuII. Macrocycle 3may therefore be
considered to be a more selective sensor than 2, as the latter
ligand gives identical signal outputs for two different analytes
(i.e., CuII and AgI).


Proton sensing by twistophane 3 : Protonation of 2, 3 and 9
also caused changes in the energy and intensity in their
respective fluorescence emission spectra. Macrocycle 3 was
particularly sensitive in this respect, emitting a turquoise or
green fluorescence upon irradiation with UV light when
dissolved in aged batches of CHCl3. This effect was discov-
ered to originate from the presence of HCl, which is a product
from the slow photochemical decomposition of CHCl3. In a
qualitative investigation of this process, excess CF3COOH
was added to a 2.9� 10�6 moldm�3 solution of 3 in 1:2 CHCl3/
MeOH and the fluorescence emission spectrum monitored
with time (Figure 11). As in the case of silver ion coordination


Figure 11. Time-dependent changes in the fluorescence emission spectrum
of a solution of 3 (2.9� 10�6 moldm�3) in 1:2 CHCl3/MeOH; 0.1 mol dm�3


in CF3COOH. (The spectra were recorded at 1 min intervals between 0 and
8 min; at 5 min intervals between 8 and 43 min; and at 15 min intervals
between 43 and 88 min ageing).


to 3, the emission maximum of the protonated macrocycle
changed considerably with time. Thus upon addition of
CF3COOH to 3, the absorption maximum underwent a
sudden simultaneous increase in intensity and shift to lower
energy over the first few seconds after mixing. The new
fluorescence maximum then gradually decayed with time,
eventually becoming much less intense than the original
fluorescence envelope of 3. This was also accompanied by the
development of an additional fluorescence envelope at lower
energy. Addition of excess aq. K2CO3 resulted in complete
regeneration of the original emission maximum of 3, un-
ambiguously demonstrating that the fluorescence changes
originated from protonation equilibria and not irreversible
chemical reactions.
These time-dependent spectral changes suggest that the


protonation of 3 involves the generation of several emissive
species, the most kinetically stable of which are formed
initially, and which then redistribute over time to the
thermodynamically favoured speciation profile.
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Metal-ion sensing by precursor 9 : Finally, a comparative
spectroscopic investigation into the metal-ion binding proper-
ties of acyclic precursor 9 was undertaken in order to assess
the effect of macrocyclisation on the complexation and
sensory capabilities of 2 and 3. The UV/visible spectra of 9
in CHCl3 and 1:2 CHCl3/MeOH consists of three bands, and
are, therefore, simpler than those of 2 and 3 recorded in the
same solvents. The metal-ion binding experiments were
conducted by using a 1:0.5 ratio of 9/Mn� in 1:2, CHCl3/
MeOH in which [9] � 2.2� 10�5 moldm�3 and Mn�� all
cations and metal chlorides investigated in the spectroscopic
studies of 2 and 3 above. Similarly to 3, only CuII, AgI, HgII,
and PdII produced changes in the UV/visible spectrum of 9.
The presence of CuII, AgI and PdII caused reductions in the
absorbances of 9 (Figure 12). However, the 9/HgII system


Figure 12. UV/Vis absorption spectra of 1:0.5 ratios of 9/Mn� in 1:2 CHCl3/
MeOH, in which Mn��AgI, CuII and PdII, with [9]� 2.2� 10�5 moldm�3.


exhibited slow time-dependent changes in which the absorp-
tions of 9 at 319 and 326 nm decreased over the first 0.5 h, and
by 24 h a new absorption had appeared at 306 nm (Figure 13).


Figure 13. Time-dependent changes in the UV/Vis absorption spectrum of
the 1:0.5, 9/HgII system with [9]� 2.2� 10�5 moldm�3 in 1:2 CHCl3/MeOH.


Having established the metal-ion coordination preferences
of 9, the complexation selectivity was then investigated using
1:0.5:0.5 mixtures of 9/M1n�/M2n� in 1:2 CHCl3/MeOH, in
which [9]� 2.2� 10�5 moldm�3. These competition studies
showed that the binding selectivity followed the qualitative
sequence CuII�PdII�AgI�HgII, arranged in order of de-
creasing binding strength. This series was constructed from
measurements taken within the first three minutes of mixing,
as the selectivities of some of the reactions again continued to
change further over time. For example, the spectrum of the 9/
CuII/PdII system evolved over 0.5 h into a new spectrum that
was completely different to both the 1:0.5, 9/CuII and 9/PdII


spectra (Figure 14). In addition, the reaction solution became


Figure 14. UV/Vis absorption spectra of 1:0.5 ratios of 9/CuII and 9/PdII,
and a 1:0.5:0.5 ratio of 9/CuII/PdII in 1:2 CHCl3/MeOH with [9]� 2.2�
10�5 moldm�3.


yellow. This finding suggests that the product or products of
the reaction between 9, CuII and PdII are chemically very
different from those generated from 9 and the metal species
separately. The 9/CuII/PdII system may therefore be forming
products of a higher structural complexity such as aggregates
or clusters, composed of multiple ligands simultaneously
coordinated to CuII and PdII.
The fluorescence response of 9 to metal ions was also


investigated under identical conditions to those of the UV/
visible spectroscopic metal-ion binding studies of 9 above.
These investigations showed that the coordinating analytes
AgI, HgII and PdII had a zero or negligible effect upon the
fluorescence emission of 9, whereas CuII caused partial
fluorescence quenching.
Thus ligand 9 binds to four out of the twenty-seven cations


and metal chlorides studied and is, therefore, a slightly more
selective complexant than 3, but much less selective than 2.
The binding discrimination of 9 is superior to that of 2 and 3 as
it coordinates most strongly to a single metal species (i.e.,
CuII). Unlike 3, precursor 9 on the other hand cannot
discriminate between AgI and HgII and shows no fluorescence
sensory response for these ions. Ligand 9 affords a single,
fluorescence output response characteristic of CuII, and in this
respect displays a similar sensory selectivity to 3, but greater
sensory selectivity than 2. However, the coordination-induced
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change in emission intensity, or in other words, the output
signal amplification, was qualitatively lower for 9 compared to
2 and 3, reflecting the greater degree of conjugation in the
macrocyclic structures.


Conclusion


The above work discloses the successful preparation of
macrocyclic dimer 2 and trimer 3, which are the first reported
examples of 6,6�-connected-2,2�-bipyridyl twistophanes. These
molecules represent a new type of cyclically conjugated
metal-ion binding scaffold capable of existing in a range of
conformational states depending upon the mode and degree
of metal-ion coordination. The characterisation of 2 and 3 as
macrocyclic entities was based upon MS, and IR and NMR
spectroscopic evidence. Variable temperature NMR experi-
ments suggested that 3 was a conformationally mobile entity,
exhibiting shielding effects for particular protons, character-
istic of motions in and out of the macrocyclic rings. Molecular
modelling studies identified the lowest energy conformational
states of 2 and 3 as helically twisted and chiral architectures.
It was anticipated that 2 and 3 would function as partic-


ularly efficient metal-ion sensors due to their enhanced cyclic
conjugation, electronically linked coordination sites and
potential for undergoing complexation-induced mechano-
structural changes. Subsequent spectroscopic investigations
confirmed that 2 and 3 do indeed function as metal-ion
sensors. Cyclophane 2 acts as a fluorescence-quenching sensor
for CuII and AgI, and 3 as a fluorescence-quenching sensor for
CuII. The acyclic precursor 9 was also found to respond to CuII


by fluorescence quenching but to a qualitatively lesser
degree.[44a±c] The metal-ion binding and sensory properties of
2, 3 and 9 were found to be subtly different, being best
compared and summarised using four descriptors as follows:
complexation selectivity, 2� 9� 3 ; complexation discrimina-
tion, 9� 2� 3 ; sensory selectivity, 3� 9� 2 and output signal
intensity, 2� 3� 9.[45] The overall ability of structures such as
2, 3 and 9 to function as sensors depends, therefore, on a
complex interplay of steric, structural and electronic factors
such as, for example, the degree of conjugation, the type of
conjugation pathway, the electronic nature and position of
substituents, intramolecular strain, the number of accessible
conformations, the number and accessibility of binding sites
and binding site preorganisation.[46]


Many of the reactions studied exhibited prolonged time-
dependent spectral changes upon complexation, indicative of
slow binding kinetics. This, however, did not adversely affect
the sensory capabilities of 2, 3 and 9 as coordination-induced
fluorescence responses invariably occurred immediately upon
contact with the analyte.
Interestingly, 2, 3 and 9 also function as chromogenic


fluorescence sensors for protons, a finding that suggests that
these and structurally related compounds may have applica-
tions in the field of molecular protonics.
The unique structural features of the conjugated ligands


described above, endow these molecules with the ability to
signal the presence of particular metal ions through character-
istic fluorescence output responses. They therefore constitute


a new lead class of ion sensors that may find a rich variety of
applications in the fields of supramolecular sensorics and
ionics, as well as related areas such as catalysis, materials
science and nanotechnology.[47]


Experimental Section


General : Standard inert atmosphere and Schlenk techniques were em-
ployed for reactions conducted under argon. The catalysts [Pd(PPh3)4],[48]


[PdCl2(PPh3)2],[49] [PdCl2(dppf)] ¥ CH2Cl2,[50] CuI, CuCl and [Cu2(OAc)4]
were purchased from Aldrich and used as received. Precursors 4,[51] 8[27a]


and 11[35] were prepared according to published procedures. The toluene,
THF and triethylamine used in the preparation of 6, 9 and 12 were
deoxygenated by bubbling with argon for 0.5 h directly prior to use. The
alumina used for the chromatographic purification of marocycles 2 and 3
was purchased from Merck (Aluminium Oxide 90, standardised activity II/
III). The silica used for all flash chromatography was also purchased from
Merck (Geduran, Silica gel Si 60, 40 ± 60 �m).
Intramolecular proton connectivities were determined by 1H ± 1H COSY
and NOESY NMR measurements, and carbon assignments of 2 and 12 by
1H ± 13C HMQC experiments. All 1H and 13C NMR spectra were referenced
to the solvent peaks (in the former case, to those of the residual
nondeuterated solvent). The fluorescence emission spectra were recorded
at 20 ± 25 �C on a Aminco, Bowman Series 2 luminescence spectropho-
tometer (SLM Instruments, Inc.). The free ligand fluorescence emission
spectra of 2, 3, 9, 10 and 12 given below were recorded in argon-bubbled
CHCl3 and were corrected for the instrumental response. The fluorescence
emission spectra of the metal-ion binding experiments with 2, 3 and 9 were
conducted in aerated 1:2 CHCl3/MeOH, in order to obtain optical
responses under environmental conditions of most practical utility for
sensory applications. The metal-ion binding emission spectra for 2 and 9
recorded under these conditions were corrected for the instrumental
response. All infrared spectra were recorded as KBr discs. Melting point
measurements were performed on an Electrothermal Digital melting point
apparatus calibrated with standards of known melting points. Elemental
analyses were performed by the Service de Microanalyse, Institut de
Chimie, Universite¬ Louis Pasteur (France).


6,6�-Bis(trimethylsilylethynyl)-2,2�-bipyridine (6): Toluene (15 mL), which
had been bubbled with argon, was added by syringe to a mixture of 4
(0.434 g, 1.38� 10�3 mol), 5 (1.8 g, 4.65� 10�3 mol) and [Pd(PPh3)4]
(0.030 g, 2.6� 10�5 mol) under an argon atmosphere. The reaction was
placed in an oil bath, and refluxed and stirred at 122 �C for 36 h. During
heating the reaction turned black. All solvent was then removed under
reduced pressure on a water bath, and the residue was purified by flash
chromatography on a column of silica, eluting with CH2Cl2. The product
eluted as a single component, free from accompanying contaminants. The
CH2Cl2 was removed by distillation at atmospheric pressure on a water
bath and the remaining product dried under vacuum (0.01 mm Hg)
overnight to yield 6 (0.302 g, 63%) as a cream crystalline solid. 1H NMR
(CDCl3, 500MHz, 25 �C): �� 8.428 (dd, 3J(3,4)� 8.0 Hz, 4J(3,5)� 0.9 Hz,
2H; pyridine H3), 7.758 (t, 3J(4,3;4,5)� 7.8 Hz, 2H; pyridine H4), 7.485 (dd,
3J(5,4)� 7.7 Hz, 4J(5,3)� 0.9 Hz, 2H; pyridine H5), 0.294 ppm (s, 18H;
Si(CH3)3); EIMS: m/z (%): 348 (96) [M�], 333 (100) [M��CH3].


6,6�-Bis[(2-trimethylsilylethynylphenyl)ethynyl]-2,2�-bipyridine (9): Tol-
uene (100 mL), which had been bubbled with argon, was added by syringe
to a mixture of 7 (0.789 g, 3.86� 10�3 mol), 8 (2.42 g, 8.06� 10�3 mol) and
[PdCl2(dppf)] ¥ CH2Cl2 (0.078 g, 9.55� 10�5 mol) under an argon atmos-
phere. The suspension was then placed in a bath at 75 �C and stirred for
0.25 h, that is, until 7 had completely dissolved. A solution of CuI (0.045 g,
2.36� 10�4 mol) in Et3N (13 mL) was added by syringe; this initiated the
slow formation of a chocolate-brown suspended solid. Directly after
addition of the CuI solution, the stirred mixture was allowed to cool to
ambient temperature and stirring continued in the dark for 8 d. All solvent
was then removed under reduced pressure on a water bath and the residue
slurried in 25/75 CH2Cl2/hexane and purified by flash chromatography on a
column of silica, eluting with 25/75 CH2Cl2/hexane. Unreacted 8 eluted
initially, and was followed eventually by 9. The product was thus obtained
as a colourless glass after removal of the solvent by distillation on a water
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bath and drying under vacuum. Final purification was achieved upon
recrystallisation from hexane and drying under vacuum (0.01 mmHg for
24 h), to yield 9 (1.824 g, 86%) as colourless crystals. M.p. 142.4 ± 143.0 �C;
1H NMR (CDCl3, 500 MHz, 25 �C): �� 8.503 (dd, 3J(3,4)� 7.9 Hz,
4J(3,5)� 0.9 Hz, 2H; pyridine H3), 7.819 (t, 3J(4,3;4,5)� 7.9 Hz, 2H;
pyridine H4), 7.636 (m, 2H; phenyl H6), 7.600 (dd, 3J(5,4)� 7.6 Hz,
4J(5,3)� 0.9 Hz, 2H; pyridine H5), 7.531 (m, 2H; phenyl H3), 7.324 (m,
4H; phenyl H4, H5), 0.272 ppm (s, 18H; Si(CH3)3); 13C NMR (CDCl3,
125.8 MHz, 25 �C): �� 155.9, 142.8, 136.9, 132.3, 132.2, 128.6, 128.2, 127.8,
126.2, 125.2, 120.9, 103.2 (�C�), 99.1 (�C�), 92.6 (�C�), 87.7 (�C�),
0.0 ppm (Si(CH3)3); UV/Vis (CHCl3): �max (�)� 301 (42145), 319 (48580),
328 nm (47606 ��1 cm�1); fluorescence emission ([9] � 1.46�
10�6 moldm�3 in CHCl3, 319 nm excitation): �max� 342 nm; IR: �� � 2954
(s), 2218 (w) (C�C), 2160 (s) (C�C), 1568 (s), 1560 (s), 1480 (s), 1431 (s),
1249 (s), 846 (s), 802 (s), 757 cm�1 (s); EIMS: m/z (%): 548 (57) [M�], 533
(30) [M��CH3], 475 (100) [M��SiMe3]; elemental analysis calcd (%) for
C36H32N2Si2: C 78.78, H 5.88, N 5.10; found: C 78.62, H 5.69, N 5.11.


6,6�-Bis{{2-[4-(2-methyl-2-hydroxy-3-butyne)]phenyl}ethynyl}-2,2�-bipyri-
dine (12): THF (20 mL), which had been bubbled with argon, was added by
syringe to a mixture of 11 (0.286 g, 1.55� 10�3 mol), 4 (0.235 g, 7.48�
10�4 mol) and [PdCl2(PPh3)2] (0.020 g, 2.85� 10�5 mol) under an atmos-
phere of argon. The mixture was stirred for 0.25 h, that is, until 4 had
dissolved, and then a solution of CuI (0.014 g, 7.35� 10�5 mol) in Et3N
(2 mL, bubbled with argon) was added by syringe. Directly after addition of
the CuI in Et3N, the suspended [PdCl2(PPh3)2] dissolved to give a yellow
solution from which a another suspended solid slowly began to form. The
reaction was stirred at ambient temperature for 7 d in the absence of light.
All solvent was subsequently removed under reduced pressure on a water
bath to give a brown glassy residue, which was purified by flash
chromatography on a short column of silica. The column was eluted first
with CH2Cl2 to remove a contaminant that was visualised as a purple-blue
fluorescent band with a fluorescent lamp operating at 365 nm. Gradient
elution with 1% MeOH/CH2Cl2 and finally 2%MeOH/CH2Cl2 resulted in
removal of 12 from the column. The product 12 was also observable on the
column as a strong purple-blue fluorescent band with a fluorescent lamp
operating at 365 nm. The product was thus obtained as a clear pale-brown
glass after removal of solvent and drying under vacuum. The glass was then
dissolved in boiling n-heptane (600 mL), NORITA decolourising charcoal
(0.06 g) added, and boiling continued for a further 0.1 h. The mixture was
subsequently gravity filtered and left to stand for 24 h. The crystalline solid
that separated was isolated by filtration under vacuum, washed with n-
heptane (4 mL) and air-dried to give 12 (0.200 g, 51%) as a microcrystalline
cream solid. M.p. 175.1 ± 175.7 �C; 1H NMR (CDCl3, 500 MHz, 25 �C): ��
8.417 (dd, 3J(3,4)� 7.5 Hz, 4J(3,5)� 0.8 Hz, 2H; pyridine H3), 7.817 (t,
3J(4,3;4,5)� 7.9 Hz, 2H; pyridine H4), 7.612 (m, 4H; pyridine H5/phenyl
H6), 7.448 (m, 2H; phenyl H3), 7.314 (m, 4H; phenyl H4/5), 1.649 ppm (s,
12H; C(CH3)2OH); 13C NMR (CDCl3, 125.8 MHz, 25 �C): �� 156.1, 142.8,
137.1 (C4 pyridine), 131.9 (C5 pyridine/C6 phenyl), 131.2 (C3 phenyl), 128.7
(C4/5 phenyl), 127.9 (C4/5 phenyl), 127.7 (C5 pyridine/C6 phenyl), 126.1,
125.3, 121.3 (C3 pyridine), 99.3 (�C�), 92.6 (�C�), 87.9 (�C�), 80.8 (�C�),
65.6 (C(CH3)2OH), 31.4 ppm (C(CH3)2OH); UV/Vis (CHCl3): �max (�)�
297 (48204), 319 (53143), 326 nm (53833��1 cm�1); fluorescence emission
([12]� 1.54� 10�6 moldm�3 in CHCl3, 319 nm excitation): �max� 345 nm;
IR: �� � 3356 (s) (O�H), 2979 (m), 2219 (m) (C�C), 1569 (s), 1560 (s), 1445
(s), 1432 (s), 1169 (s), 1155 (s), 964 (s), 798 (s), 759 cm�1 (s); FABMS: m/z
(%): 521 (100) [M��H], 505 (20) [M��CH3]; elemental analysis calcd (%)
for C36H28N2O2: C 83.05, H 5.42, N 5.38; found: C 83.01, H 5.46, N 5.23.


6,6�-Bis[(2-ethynylphenyl)ethynyl]-2,2�-bipyridine (10), (from 9): TBAF
(7 mL, 1.0� solution in THF) was added to a stirred solution of 9 (1.824 g,
3.32� 10�3 mol) in THF (40 mL) and distilled water (0.5 mL). The clear
reaction was then stirred at ambient temperature in the absence of light for
18 h. TLC (CH2Cl2/Silica) of the reaction at this point showed all the 9 to be
consumed. All solvent was removed under reduced pressure on a water
bath and the residue dissolved in CH2Cl2 (50 mL) and extracted with
distilled water (4� 60 mL). The organic layer was separated, dried
(anhydrous MgSO4) and filtered, and the solvent volume reduced to
20 mL by distillation at atmospheric pressure on a water bath. The
concentrate was then purified by flash chromatography on a column of
silica with CH2Cl2 as eluant. The product thus obtained was finally purified
by brief ultrasonication in MeOH (4 mL), filtering under vacuum, and
washing the collected solid with MeOH (2 mL) followed by air drying to


give 10 (1.309 g, 97%) as a white powder. M.p. 142.5 ± 143.5 �C; 1H NMR
(CDCl3, 500 MHz, 25 �C): �� 8.498 (dd, 3J(3,4)� 8.0 Hz, 4J(3,5)� 0.7 Hz,
2H; pyridine H3), 7.830 (t, 3J(4,3;4,5)� 7.8 Hz, 2H; pyridine H4), 7.661 (m,
2H; phenyl H6), 7.618 (dd, 3J(5,4)� 7.6 Hz, 4J(5,3)� 0.8 Hz, 2H; pyridine
H5), 7.569 (m, 2H; phenyl H3), 7.358 (m, 4H; phenyl H4/5), 3.420 ppm (s,
2H;H�C�C); 13C NMR (CDCl3, 125.8 MHz, 25 �C): �� 155.9, 142.7, 137.0,
132.6, 132.3, 128.64, 128.58, 128.0, 125.4, 125.1, 120.9, 92.7 (�C�), 87.3
(�C�), 82.0 (�C�), 81.5 ppm (�C�); UV/Vis (CHCl3): �max (�)� 297
(39575), 320 nm (44596��1 cm�1); fluorescence emission ([10]� 1.98�
10�6 moldm�3 in CHCl3, 320 nm excitation): �max� 340 nm; IR: �� � 3291
(s) (H�C�), 2221 (w) (C�C), 1568 (s), 1561 (s) 1478 (s), 1446 (s), 1435 (s),
795 (s), 754 (s), 616 (s); FABMS: m/z (%): 405 (100) [M��H].


6,6�-Bis[(2-ethynylphenyl)ethynyl]-2,2�-bipyridine (10), (from 12): Toluene
(7 mL), which had been bubbled with argon, was added by syringe to a
mixture of 12 (0.043 g, 8.26� 10�5 mol) and powdered KOH (0.011 g,
1.96� 10�4 mol) under an atmosphere of argon; the suspended solids were
dispersed by brief ultrasonication. The reaction was then stirred and heated
in a bath at 110 �C for 7 h, during which time the reaction solution turned
pale yellow and some brown solid formed on the flask walls. TLC (1%
MeOH/CH2Cl2, silica) performed at this point showed that 12 had been
consumed. The reaction was then poured onto CH2Cl2 (25 mL) and
extracted with distilled water (2� 20 mL). The organic layer was dried
(anhydrous MgSO4), filtered and the solvent removed by distillation under
reduced pressure on a waterbath. The residue was then dissolved in CH2Cl2
(10 mL) and the concentrate was purified by flash chromatography on a
column of silica with CH2Cl2 as eluant. The product thus obtained was
finally purified by dissolving in hot hexane (100 mL), adding NORIT A
decolourising charcoal (0.03 g) and briefly boiling followed by gravity
filtration. The filtrate was reduced in volume to about 3 mL by distillation
under reduced pressure on a waterbath and left to cool to ambient
temperature. The mixture was then filtered under vacuum, and the
collected solid washed with ice-cold hexane (2 mL) and air-dried to give 10
(0.026 g, 79%) as a white microcrystalline solid. M.p. 145.6 ± 146.6 �C; the
1H and 13C NMR spectra of the product were identical to those of 10
prepared from 9 as described above; elemental analysis calcd (%) for
C30H16N2: C 89.09, H 3.99, N 6.93; found: C 89.08, H 3.94, N 6.83.


Macrocycle 2 (Hay procedure): In a well-ventilated hood, a solution of
CuCl (0.023 g, 2.32� 10�4 mol) in pyridine (2 mL) was added to a solution
of 10 (0.167 g, 4.13� 10�4 mol) in pyridine (230 mL) contained in a ribbed
500 mL three-necked round-bottomed flask, and the reaction solution
vigorously stirred and bubbled with oxygen for 14 d. During this time, the
volume of the reaction solution evaporated down to about 90 mL. The
reaction was subsequently re-diluted to 230 mL by the addition of pyridine
and further CuCl (0.025 g, 2.53� 10�4 mol) added. Oxygen bubbling and
vigorous stirring was then continued for a further 11 d, periodically re-
diluting to 230 mL with pyridine, whenever evaporation down to 100 mL
occurred. During the periods of maximum solvent volume reduction, a
suspended solid formed on the flask walls. All solvent was then removed
under reduced pressure; a concentrated aqueous KCN solution (20 mL)
was then added to the residue and the mixture rapidly stirred for 1 h. The
mixture was filtered under vacuum and, the isolated dark brown solid
washed with excess distilled water and air-dried. The solid was then
suspended in CHCl3 (250 mL), boiled for 0.1 h, and gravity filtered to
remove polymeric by-products; then the solvent was removed by distil-
lation on a water bath at atmospheric pressure. The remaining solid was
finally boiled in toluene (150 mL) and the hot mixture introduced onto a
29� 6.5 cm diameter column of alumina and the column eluted with
toluene. The product thus obtained was subject once again to chromatog-
raphy under identical conditions and suspended in MeOH (3 mL), briefly
ultrasonicated, isolated by filtration under vacuum, washed with MeOH
and air-dried to give 2 (0.021 g, 13%) as an amorphous off-white powder.
1H NMR (CDCl2CDCl2, 500 MHz, 20 �C): �� 8.083 (dd, 3J(3,4)� 7.9 Hz,
4J(3,5)� 0.8 Hz, 4H; pyridine H3), 7.735 (t, 3J(4,3;4,5)� 7.7 Hz, 4H;
pyridine H4), 7.658 (m, 8H; phenyl H3/6), 7.609 (dd, 3J(5,4)� 7.6 Hz,
4J(5,3)� 0.8 Hz, 4H; pyridine H5), 7.444 ppm (m, 8H; phenyl H4/5);
13C NMR (CDCl2CDCl2, 125.8 MHz, 80 �C): �� 154.9, 142.2, 136.9 (C4
pyridine), 132.2 (C3/6 phenyl), 131.8 (C3/6 phenyl), 129.2 (C4/5 phenyl),
128.9 (C5 pyridine), 128.7 (C4/5 phenyl), 127.2, 125.5, 120.6 (C3 pyridine),
94.7 (�C�), 87.3 (�C�), 81.9 (�C�), 78.6 ppm (�C�); UV/Vis (CHCl3): �max


(�)� 285 (80637), 298 (sh) (67987), 318 (66496), 341 (sh) (36952), 373 nm
(11040��1 cm�1); UV/Vis (1:2 CHCl3/MeOH): �max (�)� 284 (85636), 296
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(74995), 317 (72068), 340 (42104), 370 nm (12342��1 cm�1); fluorescence
emission ([2]� 9.94� 10�7 moldm�3 in CHCl3, 318 nm excitation): �max�
391, 419 nm; IR: �� � 2920, 2215 (w) (C�C), 1569 (s), 1560 (s), 1472 (s), 1453
(s), 1430 (s), 1259 (m), 1082 (m), 796 (s), 753 (s), 735 (s), 637 cm�1 (m);
FABMS (recorded in 10 ± 20% CF3COOH/CHCl3): m/z (%): 805 (100)
[M��H]; HRMS (FAB, CF3COOH, [M��H]) calcd for C60H29N4:
805.2392; found: 805.2394.


Macrocycles 2 and 3 (Breslow procedure): A solution of 10 (0.202 g, 4.99�
10�4 mol) in pyridine (35 mL) was added dropwise over 4 h to a rapidly
stirred suspension of CuCl (1.48 g, 1.5� 10�2 mol) and [Cu2(OAc)4] (3.63 g,
2.0� 10�2 mol) in pyridine (300 mL), heated in a bath at 60 �C. After the
addition of 10 was complete, the green mixture was stirred at 60 �C for a
further 2 h, then allowed to cool to ambient temperature and stirring
continued for 14 d. All solvent was then removed under reduced pressure
on a waterbath at 70 �C and pyridine (15 mL) added to wet the remaining
solid residue. A concentrated aqueous solution of KCN (100 mL) was
added to the reaction product, and the mixture rapidly stirred for 1 h and
filtered under vacuum; then the isolated solid washed with excess distilled
water and air-dried. The dark brown solid was then boiled in toluene
(900 mL) and gravity filtered while still hot; the filtrate reduced in volume
to 200 mL by distillation under reduced pressure on a water bath. The hot
solution was introduced onto a large column of alumina and eluted with
toluene. The progress of the chromatography was monitored with a
fluorescent lamp operating at 365 nm, whereby 2 appeared as the first blue-
purple fluorescent band to elute from the column and 3 the second. Each
macrocyclic component was then separately subjected once again to
chromatography on alumina columns with toluene as eluant. Both macro-
cycles thus isolated were further purified by boiling each in acetone
(10 mL), filtering under vacuum, washing the collected products with
acetone and finally air dried to give 2 (0.019 g, 9%) and 3 (0.011 g, 5%) as
off-white dusty solids. Characterisation data for 3 : 1H NMR (CDCl2CDCl2,
500 MHz, 20 �C): �� 8.126 (d, 3J(3,4)� 8.0 Hz, 6H; pyridine H3), 7.652 (m,
12H; phenyl H3/6), 7.472 (d, 3J(5,4)� 7.8 Hz, 6H; pyridine H5), 7.406 (m,
12H; phenyl H4/5), 7.346 ppm (t, 3J(4,3;4,5)� 7.8 Hz, 6H; pyridine H4);
13C NMR (CDCl2CDCl2, 125.8 MHz, 120 �C): �� 155.8, 142.3, 136.6, 132.8,
132.2, 128.9, 128.4, 127.7, 126.8, 125.4, 120.8, 94.6 (�C�), 86.9 (�C�), 81.7
(�C�), 78.7 ppm (�C�); UV/Vis (CHCl3): �max (�)� 285 (106193), 297
(101515), 318 (105301), 341 (sh) (62344), 365 nm (sh) (20772��1 cm�1);
UV/Vis (1:2 CHCl3/MeOH): �max (�)� 283 (106907), 294 (103065), 316
(102256), 341 (sh) (57144), 365 nm (sh) (19345��1 cm�1); fluorescence
emission ([3]� 2.92� 10�6 moldm�3 in CHCl3, 318 nm excitation): �max�
400 nm; IR: �� � 2922 (m), 2219 (m) (C�C), 1567 (s), 1559 (s), 1475 (s), 1450
(s), 1432 (s), 798 (s), 757 (s), 637 (m); FABMS (10% CF3COOH/CHCl3):
m/z (%): 1208 (100) [M��H]; HRMS (FAB, 10 ± 20% CF3COOH/CHCl3,
[M��H]) calcd for C90H43N6: 1207.3549; found: 1207.3554.
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for ZnII by 1 was at [ZnII]� 3� 10�6 moldm�3 in 1:2 CHCl3/MeOH.
The fluorescence responses of 2 and 3 appear to be generally slightly
more sensitive to the presence of metal ions than that of 1. However, if
complexation-induced mechano-structural changes are occurring in 2
and 3, the resulting influence upon fluorescence signal amplification
must be small. The above results suggest that increasing the
conjugation and electronic delocalisation of the sensors may be a
more effective future approach to optimising the fluorescence
emission sensitivity and thus lowering the sensory detection limit for
particular metal ions.
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Homoleptic Lanthanide Complexes of Chelating Bis(phosphanyl)amides:
Synthesis, Structure, and Ring-Opening Polymerization of Lactones


Peter W. Roesky,*[a] Michael T. Gamer,[a] Mario Puchner,[b] and Andreas Greiner*[b]


Abstract: Treatment of the bis(phos-
phanyl)amide (Ph2P)2NH with KH in
boiling THF followed by crystallization
from THF/n-pentane leads to
[K(thf)n][N(PPh2)2] (n� 1.25, 1.5). Re-
action of [K(thf)n][N(PPh2)2] with anhy-
drous yttrium or lanthanide trichlorides
in a 3:1 molar ratio afforded homoleptic
bis(phosphanyl)amide complexes
[Ln{N(PPh2)2}3] (Ln�Y, Er) as large
crystals in good yields. [Ln{N(PPh2)2}3]
can also be obtained by reaction of the
homoleptic bis(trimethylsilyl)amides of
Group 3 metals and lanthanides


[Ln{N(SiMe3)2}3] (Ln�Y, La, Nd) with
three equivalents of (Ph2P)2NH in boil-
ing toluene. The single-crystal X-ray
structures of these complexes always
show �2 coordination of the ligand.
Dynamic behavior of the ligand is ob-
served in solution and is caused by rapid
exchange of the two different phospho-
rus atoms. [Ln{N(PPh2)2}3] was used as


catalyst for the polymerization of �-
caprolactone. Significant differences in
terms of correlation of theoretical and
experimental molecular weights as well
as polydispersities were observed de-
pending on the nature of Ln. On the
basis of the crystal structure of the
heteroleptic complex [Lu{N(PPh2)2}3-
(thf)], we suggest that in the initiation
step of �-caprolactone polymerization
the lactone adds to the lanthanide atom
to form a sevenfold coordination sphere
around the central atom.


Keywords: chelates ¥ lanthanides ¥
lactones ¥ N,P ligands ¥ ring-opening
polymerization


Introduction


Recently there has been a significant research effort in d- and
f-block transition metal chemistry to substitute the well-
established cyclopentadienyl ligand[1] by anionic nitrogen-
based ligands.[2] In lanthanide chemistry one approach is the
use of inorganic amides. In particular, P,N systems such as
phosphinimides R2PNR�,[3] phosphoraneiminates R3PN,[4]


phosphiniminomethanides (RNPR�2�2CH,[5] phosphinimino-
methanediides (RNPR�2�2C[6] and diiminophoshinates
R2P(NR�)2


[7] were used as ligands. These studies showed that
some lanthanide complexes having a P,N ligand in the
coordination sphere[4] may not only exhibit unusual coordi-
nation modes, but also can be used as catalysts for �-


caprolactone polymerization.[8] Formerly, cyclic esters such
as �-caprolactone and �-valerolactone could only be poly-
merized by lanthanide compounds such as cyclopentadienyl[9]


and alkoxide complexes.[10] Today lanthanide amides are used
successfully as catalysts for lactone polymerization and the
formation of block copolymers.[11]


We recently showed that reaction of [Li(Et2O)(Ph2PNPh)]2
with anhydrous yttrium, ytterbium, and lutetium trichloride
always gives ate complexes [Li(thf)4][Ln(Ph2PNPh)4] (Ln�Y,
Yb, Lu; Eq. (1)).[3a] Even with an excess of lanthanide
trichloride, no other products were observed. The anions
[(Ph2PNPh)4Ln]� were the first complexes of Group 3 metals
and lanthanides having four �2-coordinated ligands, which are
arranged in a somewhat distorted fashion around the metal
atom. These results drew our attention to the bis(phosphanyl)-
amide (Ph2P)2N� as a potential precursor to stable lanthanide
complexes. We expected this ligand to have a greater steric
demand than the monophosphanylamide {Ph2PNPh}� and
thus lead to neutral, homoleptic lanthanide complexes. The
Ph2P moieties may allow {(Ph2P)2N}� to act as dangling ligand
in a catalytic transformation. As a weak Lewis base, phos-
phorus forms only weak Lewis acid ± base adducts with the
lanthanides and thus can easily be replaced by a hard donor
atom such as oxygen.


Here we report the synthesis of potassium bis(diphenyl-
phosphanyl)amide and its reactions with yttrium and lantha-
nide halides to give a series of homoleptic bis(phosphanyl)-
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amide complexes [Ln{N(PPh2)2}3]. Moreover, the same com-
plexes were also obtained from reaction of the neutral ligand
(Ph2P)2NH with the homoleptic bis(trimethylsilyl)amides
[Ln{N(SiMe3)2}3]. The utility of the bis(phosphanyl)amide
ligand in the design of new catalysts for ring-opening
polymerization of lactones was assessed.


Results and Discussion


The ligand : The neutral disphosphane ligand (Ph2P)2NH[12] is
well known in late transition metal chemistry for assembling
metal atoms in bi- and polynuclear metal complexes.[13] Alkali
metal derivatives were obtained by deprotonation of
(Ph2P)2NH with nBuLi, NaH, and tBuOK to give [Li(thf)-
N(PPh2)2]2,[14] [Na(pmdta)N(PPh2)2],[15] [K(pmdta)N(PPh2)2],[16]


respectively (PMDTA�pentamethyldiethylenetriamine). The
lithium salt was used for further reactions such as the synthesis
of the titanium complex [TiCl2{N(PPh2)2}2].[17]


To avoid the well-known problems[18] of incorperation of
lithium chloride and undesired coligands such as PMDTA into
the coordination sphere of the lanthanide metal, we were
initially interested in the synthesis of potassium bis(diphenyl-
phosphanyl)amide in the absence of PMDTA. Treatment of
(Ph2P)2NH with KH in boiling THF followed by crystalliza-
tion from THF/n-pentane (1/2) led to the desired reagent
[K(thf)n][N(PPh2)2] (n� 1.25 (1a), 1.5 (1b)) in high yield
[Eq. (2)]. Under these conditions 1a and 1b co-crystallize as
white blocks (1a) and white needles (1b).


The structures of 1a and 1b were confirmed by single-
crystal X-ray diffraction (Figure 1). Compound 1a crystallizes
in the space group C2/c, and 1b in P21/c. The compounds both
consist of infinite chains but differ in the coordination of the
potassium atoms (Scheme 1). Compound 1b has a uniform
arrangement in which all potassium atoms are fourfold
coordinated by one THF molecule, the N atom of one
{(Ph2P)2N}� ligand and the P atoms of another {(Ph2P)2N}�


unit. In 1a every other K atom has the same coordination
sphere. One group of K atoms is only coordinated by the
nitrogen atoms of two neighboring {(Ph2P)2N}� ligands.
Furthermore, some � coordination of the phenyl rings is
observed. In contrast the other group of K atoms is sixfold
coordinated by four P atoms of two {(Ph2P)2N}� ligands and
two molecules of THF. In contrast to [K(pmdta)N(PPh2)2],[16]


in which the K atom is only
coordinated by N atoms, in 1a
and 1b coordination of all P
atoms is observed. The bond
lengths in 1a and 1b are in the
expected range (av P�K
340.7(1) (1a), 342.8(2) (1b);
av N�K 275.15(2) (1a),


274.9(5) pm (1b)). Due to the �2 coordination of only one
phenyl ring of each {(Ph2P)2N}� unit to K2 in 1a, asymmetric
coordination of the ligands to K2 but not to K1 is observed.
Therefore, the angle P4-N2-K1 (111.71(11)�) is significantly
smaller than the corresponding angle P3-N2-K1 (132.58(13)�).
In compound 1b �2-coordination of several phenyl rings to K1
and K2 is observed and results in asymmetric coordination of
the ligands around the potassium atoms. The N-P-K angles
differ by up to 7� (e.g., N2-P3-K1 101.62(12), N2-P4-K1
94.47(12)�).


Figure 1. Solid-state structures of 1a (top) and 1b (bottom) (hydrogen
atoms omitted for clarity). One unit out of an infinite chain is shown.
Selected bond lengths [pm] and angles [�]: 1a : N1�K1 275.5(2), N2�K1
274.8(2), O1�K2 286.9(3), O2�K2 273.4(4), P1�K2 341.35(10), P2�K2
340.23(11), P3�K2 339.41(10), P4�K2 342.04(10); P1-N1-P2 112.57(14), P3-
N2-P4 111.82(14); P1-N1-K1 109.02(11), P2-N1-K1 134.86(12), P3-N2-K1
132.58(13), P4-N2-K1 111.71(11), N1-P1-K2 99.48(9), N1-P2-K2 99.95(9),
N2-P3-K2 100.87(9), N2-P4-K2 99.70(9). 1b : N1�K1 276.4(4), N2�K2
273.3(3), O1�K1 265.1(4), O2�K2 268.8(4), P1�K2 348.2(2), P2�K2
338.2(2), P3�K1 332.7(2), P4�K1 352.0(2); P1-N1-P2 113.98(19), P3-N2-
P4 115.1(2), N1-P1-K2 96.45(12), N1-P2-K2 100.39(11), N2-P3-K1
101.62(12), N2-P4-K1 94.47(12).


Scheme 1. Schematic view of the different coordination modes of the
{(Ph2P)2N}� ligand around the potassium atoms. THF molecules and �


interactions are omitted for clarity.
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As expected, in solution 1a and 1b form the same species,
which is further referred to as compound 1. The 1H and
13C{1H} NMR spectra show only uncharacteristic signals in the
phenyl region. In contrast, one sharp signal (�� 58.6) is
observed in the 31P{1H} NMR spectrum.


Metal complexes : Reaction of 1 with anhydrous yttrium or
lanthanide trichlorides in a 3:1 molar ratio in THF followed
by crystallization from hot toluene afforded homoleptic
bis(phosphanyl)amide complexes [Ln{N(PPh2)2}3] (2 ; Ln�
Y, Er) as large crystals in good yields (Scheme 2). Complexes


Scheme 2.


2 can also be obtained by reaction of the homoleptic
bis(trimethylsilyl)amides of Group 3 metals and lanthanides
[Ln{N(SiMe3)2}3][19] (Ln�Y, La, Nd) with three equivalents of
(Ph2P)2NH in boiling toluene (Scheme 2). The new complexes
were characterized by standard analytical/spectroscopic tech-
niques, and the solid-state structures of all four compounds
were established by single-crystal X-ray diffraction.


Due to the similar ionic radii of the lanthanides, 2a ± d are
isostructural. As a representative example, the structure of 2a
is shown in Figure 2. Compounds 2a ± d crystallize in the
trigonal space group P1≈ with two molecules of 2 and two
molecules of toluene in the unit cell. Three symmetrically
chelating (�2) (Ph2P)2N� ligands are coordinated to the
lanthanide atom, and the six-coordinate LnN3P3 geometry is
close to trigonal-prismatic. The three P atoms which are
bound to the lanthanide atom are located on one triangular
plane of the trigonal prism, and the N atoms on the opposite
plane. As expected, the Ln�N and Ln�P distances increase
with increasing ionic radius of the central metal atom in the
series 2a ±d (av Ln�N 227.4(3) (2a), 242.4(4) (2b), 236.5(2)
(2c), 225.7(2) pm (2d); av Ln�P 278.3(3) (2a), 295.1(2) (2b),
288.0(9) (2c), 276.2(8) pm (2d)). The Ln�N and L�P bond
lengths are in the expected ranges.[20, 21] In contrast to the
[(Ph2PNPh)4Ln]� ions,[3] in which the Ln�P distances differ by
about 15 pm, the Ln�P bond lengths of 2a ±d lie in a narrow
range. The N-Ln-P bite angles (av 37.0(8) (2a), 34.27(12) (2b),
35.55(7) (2c), 37.3(7)� (2d)) are rather small.


Whereas one of the P atoms of each ligand binds to the
lanthanide atom, the other is bent away. The average P-N-P
angles within the ligand are 120.0(2) (2a), 122.6(3) (2b),
121.9(2) (2c), and 119.9 (2)� (2d). Within the ligand the P�N
distance varies significantly. The P atom bound to the
lanthanide atom is always closer to the N atom. The arrange-


Figure 2. Solid-state structure of 2a (hydrogen atoms omitted for clarity).
Selected bond lengths [pm] and angles [�] (also given for isostructural 2b ±
d): 2a: N1�P1 167.7(3), N1�P2 171.2(3), N2�P3 167.2(3), N2�P4 171.3(3),
N3�P5 167.9(3), N3�P 171.9(3), N1�Y 227.7(4), N2�Y 226.0(3), N3�Y
228.6(3), P1�Y 278.2(4), P3�Y 278.1(2), P5�Y 278.7(3); P1-N1-P2 120.1(2),
P3-N2-P4 123.5(2), P5-N3-P6 116.4(2), P1-N1-Y 88.1(2), P2-N1-Y 151.8(2),
P3-N2-Y 88.7(2), P4-N2-Y 147.7(2), P5-N3-Y 87.9(2), P6-N3-Y 154.1(2),
N1-Y-P1 37.06(8), N2-Y-P3 36.93(8), N3-Y-P5 37.01(9). 2b:N1�P1 165.9(5),
N1�P2 170.9(5), N2�P3 165.6(5), N2�P4 170.7(5), N3�P5 166.9(5), N3�P6
170.6(5), N1�La 241.9(5), N2�La 240.9(4), N3�La 244.5(4), P1�La
295.6(2), P3�La 294.94(15), P5�La 294.65(15); P1-N1-P2 122.6(3), P3-
N2-P4 125.8(3), P5-N3-P6 119.5(3), P1-N1-La 90.9(2), P2-N1-La 146.3(3),
P3-N2-La 91.1(2), P4-N2-La 143.0(3), P5-N3-La 89.4(2), P6-N3-La
149.0(3), N1-La-P1 34.15(12), N2-La-P3 34.15(12), N3-La-P5 34.51(12).
2c: N1�P1 168.0(3), N1�P2 171.1(3), N2�P3 166.6(3), N2�P4 171.0(3),
N3�P5 167.8(3), N3�P6 171.7(3), N1�Nd 236.3(3), N2�Nd 235.3(3), N3�Nd
238.0(3), P1�Nd 288.03(10), P3�Nd 288.52(9), P5�Nd 287.44(9); P1-N1-P2
121.6(2), P3-N2-P4 125.7(2), P5-N3-P6 118.5(2), P1-N1-Nd 89.22(11), P2-
N1-Nd 148.99(15), P3-N2-Nd 90.08(11), P4-N2-Nd 144.16(15), P5-N3-Nd
88.42(11), P6-N3-Nd 151.23(15), N1-Nd-P1 35.67(7), N2-Nd-P3 35.28(7),
N3-Nd-P5 35.70(7). 2d: N1�P1 167.9(3), N1�P2 171.1(3), N2�P3 166.5(3),
N2�P4 171.2(3), N3�P5 167.9(3), N3�P6 172.0(3), N1�Er 225.5(3), N2�Er
224.8(2), N3�Er 226.8(2), P1�Er 276.31(9), P3�Er 276.43(8), P5�Er
275.83(8); P1-N1-P2 119.8(2), P3-N2-P4 123.49(15), P5-N3-P6 116.35(15),
P1-N1-Er 87.95(11), P2-N1-Er 152.16(15), P3-N2-Er 88.57(11), P4-N2-Er
147.84(15), P5-N3-Er 87.32(10), P6-N3-Er 154.74(15), N1-Er-P1 37.40(6),
N2-Er-P3 37.03(7), N3-Er-P5 37.46(7).


ment of the (Ph2P)2N� ligand around the lanthanide atoms
differs from that of the isoelectronic phosphanylmethanide
ligand (R2P)2CH�, which was pioneered by Karsch et al.[21]


This ligand always exhibits heteroallylic �3 coordina-
tion. Depending on the nature of the substituents homo-
leptic complexes of this ligand are monomeric (e.g.,
[La{CH(PPh2)2}3])[21a] or dimeric (e.g., [�-�3-{CH(PPh2)2}2-
(Sm{CH(PPh2)2}2)]).[21c]


The NMR spectra of the diamagnetic compounds 2a and 2b
and the paramagnetic neodymium complex 2c were inves-
tigated. The 1H and 13C{1H} NMR spectra of these compounds
are not very characteristic. The 1H NMR spectra of 2a,b show
broad signals in the range of �� 6.94 ± 7.40 ppm (2a) and ��
6.93 ± 7.28 ppm (2b). Due to the paramagnetic metal center in
2c these signals are observed in the broader range of ��
6.60 ± 9.13 ppm. The 31P{1H} NMR spectra are more charac-
teristic. At room temperature complexes 2a ± c each show one
sharp signal in the 31P{1H} NMR spectrum (�� 42.0 (2a), 44.6
(2b), 44.6 ppm (2c)) shifted upfield relative to 1 (��58.6 ppm),
that is, the phosphorus atoms are chemically equivalent in
solution. Furthermore, in the 31P{1H} NMR spectrum of 2a a
2J(P,Y) coupling constant of 6.9 Hz is observed.
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Since the solid-state structures of 2a ± d show two non-
equivalent P atoms for each ligand, dynamic behavior in
solution is expected. Therefore, variable-temperature
31P{1H} NMR spectra of 2b were recorded (Figure 3). In
accordance


Figure 3. Variable-temperature 31P NMR spectra of 2b. Tc� 200 K, ���
2295.2 s�1, 101.25 MHz NMR, �G�


Tc � 34.04 kJmol�1.


with the solid-state structure, at low temperature (173 K) two
sets of signals for the P atoms are observed. Due to the low
solubility of 2a at these temperatures, only broad signals
without hyperfine structure were observed. These signals start
to coalesce on warming, with a coalescence temperature of
Tc� 200 K. Above 233 K the signals appear as a sharp singlet.
From the coalescence temperature (Tc� 200 K) and the
separation (��� 2295.2 s�1, 101.25 MHz NMR) of the two
coalescing signals, the free energy for the exchange of the two
P atoms was calculated to be �G�


Tc
� 34.04 kJmol�1.[22]


Catalysis : The efficacy of the homoleptic complexes 2 as
precatalysts for polymerization reactions was assayed with �-
caprolactone (CL). Complexes 2a ±d showed high activity in
the polymerization of CL at room temperature. Molar
monomer/initiator ratios of 150/1 afforded corresponding
polycaprolactone (PCL) with excellent yields (95 ± 99%)
within 1 min. The obtained molecular weights (Mn� 17200 ±
26200) were slightly higher than the theoretical molecular
weights (based on molar monomer/initiator ratio and mono-
mer conversion; Table 1). Moderate Mw/Mn (1.58 ± 1.83) was
observed with catalysts 2a,b,d, but a narrow distribution with
catalyst 2c (1.12). No significant correlation was found for
molecular weight and polydispersity with the size of the metal
atoms of catalysts 2.


To better understand the initiation step of the catalytic
cycle we tried to crystallize 2a ±d in the presence of various
oxygen-donor solvents, which are comparable to CL. We were
interested to see if one of the Ln�P bonds is broken in the


presence of these solvents. We only obtained crystals when
lutetium was used as the central metal. Similar to the
preparation of 2a ± d, the heteroleptic bis(phosphanyl)amide
complex [Lu{N(PPh2)2}3(thf)] (3) can be obtained by treating
1 with anhydrous lutetium trichloride in a 3:1 molar ratio in
THF followed by crystallization from THF/n-pentane. At-
tempts to obtain a homolepetic lutetium complex by crystal-
lizing the reaction product from toluene failed. The new
complex 3 was characterized by standard analytical/spectro-
scopic techniques. The data are comparable to those of 2a ± d.
The solid-state structure of 3 was established by single-crystal
X-ray diffraction (Figure 4). Compound 3 crystallizes in the


Figure 4. Solid-state structure of 3 showing the atom labeling scheme and
omitting hydrogen atoms. Selected bond lengths [pm] and angles [�]:
N1�P1 168.4(5), N1�P2 172.0(6), N2�P3 168.3(5), N2�P4 169.9(5),
N3�P5 167.9(5), N3�P6 171.5(6), N1�Lu 229.5(6), N2�Lu 227.2(5),
N3�Lu 227.0(6), P1�Lu 277.9(2), P3�Lu 273.8(2), P5�Lu 275.7(2), O�Lu
228.3(5); P1-N1-P2 118.9(3), P3-N2-P4 139.8(3), P5-N3-P6 118.7(4), P1-N1-
Lu 87.2(2), P2-N1-Lu 153.0(3), P3-N2-Lu 86.3(2), P4-N2-Lu 133.8(3), P5-
N3-Lu 87.2(2), P6-N3-Lu 153.5(3), N1-Lu-P1 37.24(13), N3-Lu-P5
37.46(13), N2-Lu-P3 37.84(13), N1-Lu-O1 91.8(2), N2-Lu-O1 94.6(2), N3-
Lu-O1 93.0(2).


orthorhombic space group Pbca with eight molecules in the
unit cell. The structure reveals a sevenfold coordination
sphere around the Lu atom. Six coordination sites are
occupied by three chelating (Ph2P)2N� ligands, and the other
by THF. The (Ph2P)2N� ligand geometry of 3 is comparable to
those of 2a ± d. The Lu�N and Lu�P bond lengths are in the
expected ranges (av Lu�N 227.9(6), av Lu�P 275.8(2) pm),
and the average N-Lu-P bite angle is 37.38(13)�. The average
O-Lu-N angle is 93.1(2)�.


Both 2a ±d and 3 were prepared by the same reaction
pathway in THF. The only difference is the method of
recrystallization. Single crystals of 2a ± d were obtained from
toluene, whereas crystals of 3 were grown from THF/n-
pentane. From these results we suggest that the (Ph2P)2N�


ligand shows a certain flexibility in its coordination behavior.
In the absence of a suitable donor ligand three equivalents of
the {(Ph2P)2N}� ligand are sufficient to shield large metal
atoms such as lanthanum, but in the presence of a donor
ligand a heteroleptic complex can be formed even with the
smallest lanthanide (Lu). Therefore, we suggest, that from the
steric point of view, in the initiation step of CL polymerization
the lactone adds to the lanthanide atom to form a sevenfold
coordination sphere around the central atom. Thus, no Ln�P


Table 1. Polymerization of CL with 2.


Initiator Yield [%] Mn Mw/Mn Mn
[a]


2a 99 26200 1.58 16900
2b 99 21600 1.83 16900
2c 95 17200 1.12 16300
2d 99 20700 1.61 16900


[a] Theoretical molecular weight based on monomer/initiator molar ratio
and monomer conversion.
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bond is broken at that time. We anticipate that initially CL
coordinates to the metal atom through the carbonyl group.


Conclusion


A series of homoleptic complexes and one heteroleptic
lanthanide complex of the {(Ph2P)2N}� ligand were reported.
These are the first lanthanide complexes of this ligand. The
single-crystal X-ray structures of these complexes always
show �2 coordination of the ligand. This is in contrast to the
isoelectronic phosphinomethanide ligand, which always un-
dergoes heteroallylic �3 coordination. In solution dynamic
behavior of the ligand is observed, which is caused by the
rapid exchange of the two different phosphorus atoms. The
homoleptic complexes 2a ± d are catalysts for the polymer-
ization of CL. Remarkably narrow polydispersity was ob-
served with catalyst 2c, as well as good agreement of
theoretical and experimental molecular weights, and this
justifies further investigations on 2c as a catalyst for ring-
opening polymerization of lactones. On the basis of the crystal
structure of 3 we suggest that in the initiation step of �-
caprolactone polymerization the lactone adds to the lantha-
nide atom by forming a seven-coordinate complex.


Experimental Section


General : All manipulations of air-sensitive materials were performed with
the rigorous exclusion of oxygen and moisture in flame-dried Schlenk-type
glassware, either on a dual-manifold Schlenk line interfaced to a high
vacuum (10�4 Torr) line or in an argon-filled M. Braun glove box.
Tetrahydrofuran and diethyl ether were predried over Na wire and distilled
under nitrogen from Na/K alloy benzophenone ketyl prior to use. Toluene
and n-pentane were distilled under nitrogen from LiAlH4. All solvents for
vacuum-line manipulations were stored in vacuo over LiAlH4 in resealable
flasks. Deuterated solvents were obtained from Aldrich Inc. (all 99 atom%
D) and were degassed, dried, and stored in vacuo over Na/K alloy in
resealable flasks.


NMR spectra were recorded on a Bruker AC 250. Chemical shifts are
referenced to internal solvent resonances and are reported relative to
tetramethylsilane or 85% phosphoric acid (31P NMR). Mass spectra were
recorded at 70 eV on a Varian MAT 711. Elemental analyses were
performed at the microanalytical laboratory of the Institute of Inorganic
Chemistry at Karlsruhe. LnCl3,[23] (Ph2P)2NH,[24] and [Ln{N(SiMe3)2}3][25]


were prepared according to literature procedures.


CL (Acros) was dried over calcium hydride for six days, distilled under
reduced pressure, stored over 4 ä molecular sieves for one day, distilled
under reduced pressure, and degassed before use.


Molecular weights and molecular weight distributions were determined by
gel permeation chromatography (GPC). A Knauer GPC apparatus
equipped with two 10 �m polymer mixed gel columns (600� 8 mm, PSS)
and a Knauer differential refractometer/viscometer K200 was used.
Molecular weights were corrected by universal calibration relative to
polystyrene standards. Polymers were dissolved in THF, and elution was
performed at a flow rate of 0.63 mLmin�1.


[K(thf)n][N(PPh2)2] (n� 1.25 (1a), 1.5 (1b)): THF (50 mL) was added to a
mixture of KH (0.60 g, 15.0 mmol) and (Ph2P)2NH (3.85 g, 10 mmol) at
0 �C. The yellow mixture was then stirred for 18 h at room temperature The
remaining KH was then filtered off, and the solvent evaporated in vacuo.
The remaining solid was washed with n-pentane (25 mL) and dried in
vacuo. Finally, the product was crystallized from THF/n-pentane (1/2). 1a
and 1b cocrystallize as white blocks (1a) and needles (1b). Yield 5.1 g.
1H NMR ([D8]THF, 250 MHz, 25 �C): �� 1.76 (m; THF), 3.60 (m; THF),
6.93 ± 7.00 (m, 4H; PhP), 7.04 ± 7.29 (m, 8H; PhP), 7.57 ± 7.61 ppm (m, 8H;


PhP); 13C{1H} NMR ([D8]THF, 62.9 MHz, 25 �C): �� 126.0, 127.4, 131.3 (t,
3J(C,P)� 9.5 Hz), 154.5 ppm; 31P{1H} NMR ([D8]THF, 101.3 MHz, 25 �C):
�� 58.6 ppm.


[Ln{N(PPh2)2}3] (Ln�Y (2a), La (2b), Nd (2c), Er (2d)): Route A: THF
(20 mL) was condensed at �196 �C onto a mixture of 1 (750 mg, 1.5 mmol)
and LnCl3 (0.5 mmol), and the mixture was stirred for 24 h at room
temperature. The solvent was then evaporated in vacuo, and toluene
condensed onto the mixture. The mixture was filtered, and the solvent
removed in vacuo. The product was recrystallized from toluene.


Route B: Toluene (20 mL) was condensed at �196 �C onto a mixture of
[Ln{N(SiMe3)2}3] (0.5 mmol) and (Ph2P)2NH (650 mg, 1.5 mmol). The
mixture was refluxed for 6 h, filtered, and the solvent removed in vacuo.
The product was recrystallized from toluene.


2a (routes A and B): Yield 460 mg (74%); 1H NMR ([D8]THF, 250 MHz,
25 �C): �� 6.94 ± 7.40 ppm (m, 60H); 13C{1H} NMR ([D8]THF, 62.9 MHz,
25 �C): �� 128.4 (m), 128.8 ± 129.7 (m), 132.4 (d, J(C,P)� 20.5 Hz),
144.0 ppm (dd, J(C,P)� 11.2 Hz); 31P{1H} NMR ([D8]THF, 101.3 MHz,
25 �C): �� 42.0 ppm (d, 2J(P,Y)� 6.9 Hz); elemental analysis (%) calcd for
C72H60N3P6Y (1242.04): C 69.63, H 4.87, N 3.38; found: C 69.80, H 4.94, N
3.25.


2b (route B): Yield 530 mg (77%); 1H NMR ([D8]THF, 250 MHz, 25 �C):
�� 6.93 ± 7.28 ppm (m, 60H); 13C{1H} NMR ([D8]THF, 62.9 MHz, 25 �C):
�� 128.4, 128.8 ± 129.6 (m), 133.2 (m), 144.4 ppm (br, J(C,P)� 11.2 Hz);
31P{1H} NMR ([D8]THF, 101.3 MHz, 25 �C): �� 44.6 ppm; elemental
analysis (%) calcd for C72H60N3P6La (1384.18): C 68.55, H 4.95, N 3.04;
found: C 68.67, H 5.15, N 3.01.


2c (route B): Yield 450 mg (65%); 1H NMR ([D8]THF, 250 MHz, 25 �C):
�� 6.60 ± 6.66 (m, 8H), 6.96 ± 7.37 (m, 36H), 9.13 ppm (br, 16H); 31P{1H}
NMR ([D8]THF, 101.3 MHz, 25 �C): �� 44.6 ppm; elemental analysis (%)
calcd for C79H68NNd3P6 (2c ¥ toluene, 1389.51): C 68.29, H 4.93, N 3.02;
found: C 68.36, H 5.10, N 3.01.


2d (route A): Yield 420 mg (64%); elemental analysis (%) calcd for
C79H68ErN3P6 (2d ¥ toluene, 1412.53): C 67.18, H 4.85, N 2.97; found: C
67.92, H 5.01, N 2.98.


[Lu{N(PPh2)2}3(thf)] (3): THF (20 mL) was condensed at �196 �C onto a
mixture of 1 (750 mg, 1.5 mmol) and LuCl3 (140 mg, 0.5 mmol), and the
mixture stirred for 24 h at room temperature. The solvent was then
evaporated in vacuo, and toluene condensed onto the mixture. The mixture
was filtered, and the solvent removed in vacuo. The product was recrystal-
lized from toluene. A microcrystalline material was obtained. Single
crystals were grown from THF/n-pentane (1/2). Yield 350 mg (48%);
1H NMR ([D8]THF, 250 MHz, 25 �C): �� 1.74 ± 1.80 (m, 4H, THF), 3.60 ±
3.66 (m, 4H, THF), 6.96 ± 7.35 ppm (m, 60H); 13C{1H} NMR ([D8]THF,
62.9 MHz, 25 �C): �� 26.3 (THF), 68.2 (THF), 128.1 (m), 128.4 (m), 132.5
(m), 143.8 ppm (m); 31P{1H} NMR ([D8]THF, 101.3 MHz, 25 �C): ��
43.8 ppm; elemental analysis (%) calcd for C76H68LuN3OP6 (3 ¥ 0.5 to-
luene, 1446.19): C 66.02, H 5.02, N 2.91; found C 59.88, H 4.98, N 2.76.


X-ray crystallographic studies on 1a,b, 2a ± d, and 3 : Crystals of 2a ± dwere
grown from hot toluene. Crystals of 1a,b and 3 were obtained from THF/n-
pentane (1/2). A suitable crystal was covered in mineral oil (Aldrich) and
mounted on a glass fiber. The crystal was transferred directly to the �73 �C
N2 stream of a Stoe IPDS or a Stoe STADI 4 diffractometer. Subsequent
computations were carried out on an Intel Pentium III PC.


All structures were solved by the Patterson method (SHELXS-97[26]). The
remaining non-hydrogen atoms were located from successive difference
Fourier maps. The refinements were carried out by using full-matrix least-
squares techniques on F, minimizing the function (Fo�Fc)2, where the
weight is defined as 4F 2


0 /2(F 2
o� and Fo and Fc are the observed and


calculated structure factor amplitudes, by using the program SHELXL-
97.[27] In the final cycles of each refinement, all non-hydrogen atoms except
C53 ± C58 and O3 in 1a, C49 ± C60 and O3 in 1b, C79 in 2a,b and 2d, as
well as C9 ± C11, C15 ±C17, C21 ± C23, C27 ± C29, C33 ± C35, C39 ± C41,
C45 ± C47, C51 ± C53, C57 ± C59, C63 ± C65, C69 ± C71, and C77 ± C80 in 3
were assigned anisotropic temperature factors. The positions of carbon-
bound hydrogen atoms were calculated and allowed to ride on the carbon
atom to which they were bonded with a C�H bond length of 0.95 ä. The
hydrogen atom contributions were calculated, but not refined. The
locations of the largest peaks in the final difference Fourier map calculation
and the magnitude of the residual electron densities were of no chemical
significance. Positional parameters, hydrogen atom parameters, thermal
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parameters, bond lengths and angles have been deposited CCDC-186707 ±
186713 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or
deposit@ccdc.cam.uk).


1a : C116H120K4N4O5P8, monoclinic, C2/c (no. 15); a� 2180.13(12), b�
2515.56(12), c� 2061.94(12) pm, �� 105.676(7)� ; V� 10887.6(10)�
106 pm3, Z� 4; �(AgK�)� 0.178mm�1; �max� 22.3; 14031 (Rint� 0.0641)
independent reflections measured, of which 4320 were considered observed
with I� 2	(I); max./min. residual electron density 1.014/� 0.523 eä�3; 788
parameters, R1� 0.0661 (I� 2	(I)), wR2� 0.1982 (all data).


1b : C60H64K2N2O3P4, monoclinic, P21/c (no. 14); a� 1145.0(2), b�
2511.9(4), c� 2039.5(7) pm, �� 94.45(3)� ; V� 5848(2)� 106 pm3, Z� 4;
�(MoK�)� 0.315mm�1; �max� 25.0; 9573 (Rint� 0.0770) independent re-
flections measured, of which 5945 were considered observed with I� 2	(I);
max./min. residual electron density 0.839/� 0.520 eä�3 ; 788 parameters,
R1� 0.0639 (I� 2	(I)), wR2� 0.1730 (all data).


2a : C79H68N3P6Y (2a ¥ toluene), triclinic, P1≈ (no. 2); a� 1364.5(7), b�
1371.5(9), c� 2082(2) pm, �� 91.19(11), �� 97.83(10), 
� 118.15(6)� ;
V� 3387(5)� 106 pm3, Z� 2; �(AgK�)� 0.573mm�1; �max� 20.7; 13517
(Rint� 0.0632) independent reflections measured, of which 10625 were
considered observed with I� 2	(I); max./min. residual electron density
1.490/� 0.917 eä�3 ; 788 parameters, R1� 0.0496 (I� 2	(I)); wR2� 0.1393
(all data).


2b : C79H68N3LaP6 (2b ¥ toluene), triclinic, P1≈ (no. 2); a� 1377.56(12), b�
1384.58(12), c� 2071.53(12) pm, �� 91.307(10), �� 97.806(10), 
�
118.356(10)� ; V� 3427.5� 106 pm3, Z� 2; �(AgK�)� 0.431mm�1; �max�
20.8; 13900 (Rint� 0.0738) independent reflections measured, of which
9374 were considered observed with I� 2	(I); max./min. residual electron
density 1.801/� 0.713 eä�3; 783 parameters, R1� 0.0598 (I� 2	(I));
wR2� 0.1317 (all data).


2c : C79H68N3NdP6 (2c ¥ toluene), triclinic, P1≈ (no. 2); a� 1371.75(2), b�
1380.9(3), c� 2082.5(3) pm, �� 90.9581(2), �� 98.076(2), 
� 118.338(2)� ;
V� 3421.8(9)� 106 pm3, Z� 2; �(MoK�)� 0.945mm�1; �max� 25.0; 12055
(Rint� 0.0447) independent reflections measured, of which 10502 were
considered observed with I� 2	(I); max./min. residual electron density
1.356/� 0.757 eä�3 ; 793 parameters, R1� 0.0364 (I� 2	(I)); wR2� 0.0922
(all data).
2d : C79H68ErN3P6 (2d ¥ toluene), triclinic, P1≈ (no. 2); a� 1362.66(12), b�
1367.55(12), c� 2078.1(2) pm, �� 90.905(11), �� 97.950(11), 
�
118.181(9)� ; V� 3366.1(5)� 106 pm3, Z� 2; �(AgK�)� 0.772mm�1; �max�
20.7; 13460 (Rint� 0.0393) independent reflections measured, of which
12289 were considered observed with I� 2	(I); max./min. residual
electron density 2.277/� 1.316 eä�3; 783 parameters, R1� 0.0327 (I�
2	(I)); wR2� 0.0981 (all data).


3 : C76H68LuN3OP6 (3 ¥ 0.5 toluene), orthorhombic, Pbca (no. 61); a�
1503.8(3), b� 2088.2(4), c� 4518.7(9) pm; V� 14190(5)� 106 pm3, Z� 8;
�(AgK�)� 0.847mm�1; �max� 19.00; 11295 (Rint� 0.0852) independent
reflections measured, of which 7710 were considered observed with I�
2	(I); max./min. residual electron density 1.163/� 0.943 eä�3 ; 624 param-
eters, R1� 0.0553 (I� 2	(I)); wR2 (all data)� 0.1471.


Polymerization of CL : The required amount of 2 (a : 38.8 mg, 0.031 mmol;
b : 42.2 mg, 0.031 mmol; c : 51.0 mg, 0.039 mmol; d : 45.5 mg, 0.031 mmol)
was placed under an atmosphere of argon in a Schlenk tube and dissolved
in toluene (5 mL). CL (0.54 g, 4.7 mmol) was introduced into the toluene
solution by syringe with vigorous stirring. The reaction mixture became
highly viscous within 1 min. After completion of the polymerization the
reaction mixture was precipitated in excess methanol containing few drops
of HCl. For purification the polymer was reprecipitatad twice from
dichloromethane/methanol and finally dried under vacuum at room
temperature for 24 h.
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On the Enantioselective Hydrogenation of Isomeric Methyl
3-Acetamidobutenoates with RhI Complexes


Detlef Heller,*[a] Hans-Joachim Drexler,[a] Jingsong You,[a] Wolfgang Baumann,[a]
Karlheinz Drauz,[b] Hans-Peter Krimmer,[b] and Armin Bˆrner*[c]


In memory of Professor Kurt Madeja


Abstract: The enantioselective hydro-
genation of E- and Z-methyl 3-acetami-
dobutenoate, key intermediates in the
synthesis of a pharmaceutically impor-
tant chiral �-amino acid, with RhI cata-
lysts in MeOH as solvent has been
investigated in detail. As chiral ligands,
Et-DuPHOS, Me4-BASPHOS, DI-
PAMP, DIOP, HO-DIOP and Et-Ferro-
TANE have been employed. The partic-
ular role of oxyfunctionalization in some
diphosphine catalysts is addressed in
relation to the E/Z geometry of the
substrate and the dependency of the ee
on the H2 pressure. Kinetic investiga-
tions with [Rh(diphosphane)(MeOH)2]-


BF4, taking into consideration the spe-
cial nature of the precatalyst {[Rh-
(cod)2]BF4/ligand versus [Rh(cod)li-
gand)]BF4}, NMR spectroscopic meas-
urements and the H2 pressure depend-
ence of the observed enantioselectivity
provide evidence that the reaction pro-
ceeds via an ™unsaturated route∫ mech-
anism. This mechanism correlates to
catalytic features found in the past for


the hydrogenation of related unsaturat-
ed �-amino acid precursors. The influ-
ence of the temperature was similarly
investigated. A nonlinear dependency of
the enantiomeric ratio as a function of
the reciprocal of the temperature has
been found. The correlation between
temperature and H2 pressure and their
effects on the enantioselectivity is dis-
cussed. In general, the highest enantio-
selectivities for the hydrogenation of
both isomeric substrates can be achieved
at room temperature and below, where-
as the fastest conversion takes place at
30 ± 50 �C.


Keywords: �-amino acids ¥
asymmetric synthesis ¥
hydrogenation ¥ phosphanes ¥
rhodium


Introduction


Enantiopure �-amino acids are compounds of broad bio-
logical importance.[1] They are produced in humans, other
higher animals, microorganisms, marine organisms and plants
either in the free form or as components of peptides and
depsipeptides. As components of peptidic natural compounds


with antibiotic, antifungal and cytotoxic properties, their
enantioselective synthesis is of increasing importance, in
particular for synthetic pharmaceutical chemistry.


One of the most promising methods for the convenient
preparation of �-amino acids on a large scale is the
asymmetric hydrogenation of suitable unsaturated precursors
such as �-acetamido acrylates with RhI catalysts bearing chiral
phosphorus ligands. The requisite prochiral substrates are
easily available by treatment of �-keto carboxylates with
NH4OAc and subsequent acetylation. However, while liter-
ally thousands of reports are concerned with the Rh-catalysed
enantioselective hydrogenation of related prochiral �-acet-
amido acrylates, only a few devoted to the hydrogenation of �-
analogues as substrates exist.[2] The reason for this is probably
different behaviour in the asymmetric hydrogenation, which
had for a long time been attributed to particular substrates
such as the isomeric methyl 3-acetamido butenoates (E)-1 and
(Z)-1.


Both isomers are produced simultaneously in most syn-
thetic procedures and their individual hydrogenation de-
mands prior separation.[3] Moreover, most reports suggest that
the hydrogenation of Z-enamides requires much higher H2
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pressures and longer reaction times than the reduction of their
E analogues and gives inferior enantioselectivities.[2, 4] Re-
cently, Zhang et al. showed for the first time that both
isomeric substrates can be hydrogenated separately with good
to excellent ee values, by use of the same Rh catalyst.[2c]


Unfortunately, the reaction was sluggish when carried out in
toluene as a solvent, in particular when Z-configured sub-
strates were employed. However, as we showed recently, this
feature is not necessarily associated with the hydrogenation of
this particular substrate, but with the formation of catalyti-
cally inactive Rh-�6-toluene complexes.[5] Obviously, the use
of aromatic solvents for such hydrogenation reactions is not to
be recommended.


In a preliminary communication we gave clear evidence
that the asymmetric hydrogenation of (E)-1 and (Z)-1 with a
RhI precatalyst and Et- or Me-DuPHOS[6] (see below) as
chiral ligand can–surprisingly–proceed very rapidly and
under mild conditions (1 bar H2 pressure, room temperature)
when the reaction is carried out in polar solvents such as
alcohols, THF or methylene chloride.[7] In contrast to the
hydrogenation of (Z)-1 at high pressure, which affords only a
moderate ee, a dramatic increase of the enantioselectivity
resulted with decreasing pressure, finally approaching at 1 bar
the high enantioselectivity commonly achieved with (E)-1 as
substrate. Interestingly, the excellent enantioselectivity in the
hydrogenation of the latter isomer was fairly independent of
the H2 pressure. Fortunately, the same configuration was
induced in the product independent of the substrate geometry.
From these observations, the efficient and highly enantiose-
lective hydrogenation of E/Z-substrate mixtures became
feasible.


In order to understand this important catalytic transforma-
tion in more detail from the viewpoint of a practical
application, we report here further systematic–especially
kinetic–studies focused on the enantioselective hydrogena-
tion of (E)-1 and (Z)-1 by chiral RhI complexes. As ligands,
Et-DuPHOS, Me4-BASPHOS,[8] DIPAMP,[9] DIOP,[10] HO-
DIOP[11] and Et-FerroTANE[12] were investigated.


Results and Discussion


Catalyst versus precatalyst : Cationic RhI catalysts for enan-
tioselective hydrogenation are frequently generated in situ by
mixing [Rh(diolefin)2]� with a stoichiometric amount of the
chiral ligand. The application of such precatalysts, formed in
situ, as well as of the precatalyst itself, intrinsically does not
allow a reliable estimation of the ™true∫ activity of the
catalyst. In the enantioselective hydrogenation of related �-
acetamido acrylates, recent reports provided evidence that
the formation of the catalytically active species (in MeOH:
[Rh(P-P-ligand)(MeOH)2]�) based on precatalysts containing


cod (cyclooctadiene) as the stabilizing diolefin may require
much more time than generally assumed.[13] Since the hydro-
genation of the diolefin, proceeding in parallel to the
enantioselective hydrogenation of the prochiral substrate,
may take more time than the reduction of the latter, precious
precatalyst is wasted. Moreover, because of the continually
increasing concentration of the catalytically active species
throughout the catalytic process, the rate of hydrogenation of
the prochiral substrate cannot be determined.


In order to verify whether such effects also influence the
hydrogenation of �-acetamido acrylates we tested different
methods for the addition of the catalyst to the reaction
mixture. The results for the hydrogenation of (Z)-1 with the
Rh(Et-DuPHOS) catalyst, prepared by different methods, are
depicted in Figure 1. As is clearly to be seen, hydrogenation


Figure 1. Hydrogenation of (Z)-1 in the presence of Et-DuPHOS under
standard conditions (1.0 mmol substrate, 0.01 mmol [Rh(cod)2]BF4


(�0.01 mmol Et-DuPHOS), [Rh(Et-DuPHOS)(cod)]BF4 or [Rh(Et-Du-
PHOS)(MeOH)2]BF4 in 15.0 mL MeOH, 1.0 bar total pressure, 25 �C) for
comparison of the solvent, the COD complex and the in situ technique.


by the in situ technique–[Rh(cod)2]BF4/ligand–takes the
longest time to complete. After completion of the enantiose-
lective hydrogenation a significant amount of COD could be
observed in the reaction mixture. This corresponds to uncon-
verted precatalyst.[13a] A reduction in the overall hydrogena-
tion time can be achieved by employment of [Rh(Et-
DuPHOS)(cod)]BF4 as a precatalyst. Even on application of
this method, however, unconverted precatalyst is left at the
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end; interestingly, the amount of remaining COD is higher
than that observed on application of the in situ technique. This
is obviously a result of the shorter reaction time. In contrast,
after prior individual hydrogenation of the precatalyst for
90 min at 1 bar hydrogen pressure in MeOH and subsequent
addition of the prochiral substrate, the reaction time is
reduced to approximately 10 minutes compared with the
application of the in situ precatalyst. Under these conditions,
the catalytic reaction profits from the whole amount of the
catalyst added at the beginning of the reaction. It should be
noted that the enantioselectivity was not affected by the
different methods used for the preparation of the catalyst.


Kinetics of the hydrogenation under normal pressure : In-
spection of the H2 consumption curves of the hydrogenation
of (Z)-1 or (E)-1 with [Rh(Et-DuPHOS)(MeOH)2]BF4 re-
vealed that the reaction follows first order kinetics.[14] For the
hydrogenation of (E)-1, a comparison showing the exper-
imentally obtained and the calculated values (curves are
superimposed), together with the parameters of the non-
linear regression for a first order reaction, is depicted in
Figure 2.


Figure 2. Kinetic analysis of the hydrogenation of (E)-1 in the presence of
[Rh(Et-DuPHOS)(MeOH)2]BF4 as a first order reaction (see Figure 1 for
conditions; calculated and observed curves are superimposed).


Similar kinetic features were also observed with other
chiral ligands (Table 1,[15]). It is remarkable that the enantio-
selectivities achieved varied over a huge range. Among the
catalysts tested, those based on cyclic dialkylphosphanes gave
excellent enantioselectivities in the hydrogenation of (E)-1.
Good enantioselectivity was also observed with a catalyst
derived from DIPAMP. Inferior enantioselectivities were in
all cases achieved in the hydrogenation of (Z)-1. As listed in
the table, [Rh(Et-DuPHOS)(MeOH)2]BF4 reduced (Z)-1
approximately three times more rapidly than the correspond-
ing isomer (E)-1 at room temperature. The same tendency
also holds for catalysts of DIOP. The incorporation of a
remote HO group in this last catalyst (HO-DIOP) affected
the hydrogenation of (Z)-1, whereas no effect on the ee was
observed with (E)-1.


Interestingly, the MeO-functionalization of Et-DuPHOS,
affording Me4-BASPHOS, changed this order. Moreover, the


rate of the hydrogenation was decreased, the E isomeric
substrate now converting into the product more rapidly than
the Z substrate.[15] The same also holds for the FerroTANE
catalyst.


Unexpectedly, while the hydrogenation of (E)-1 in the
presence of [Rh(DIPAMP)(MeOH)2]BF4 follows first-order
kinetics, the hydrogenation of (Z)-1 is of zero-order (compare
Figure 3). Within the experimentally investigated substrate:-


Figure 3. Reactions of zero- and first-order for the hydrogenations of (Z)-1
and (E)-1, respectively, in the presence of [Rh(DIPAMP)(MeOH)2]BF4


(see Figure 1 for conditions).


catalyst ratio, ranging from 100 to 700, the rate remained
constant.


For the discussion of these unrefined kinetic results a model
for the reaction sequence is desirable. Unfortunately, no such
model for the hydrogenation of �-dehydroacylamino acids is
yet available (compare, however, ref. [2d]). In the related case
of the enantioselective hydrogenation of �-dehydroacylamino
acids, several pieces of evidence that the formation of
diastereomeric catalyst-substrate complexes and the subse-
quent oxidative addition of hydrogen represent the rate-
determining step of the catalytic reaction (™unsaturated
route∫, Scheme 1) have been accumulated.[16] By this model,
in the first step, the catalyst (solvent complex) reacts with the


Table 1. First-order rate constants and enantioselectivities observed in the
hydrogenation of (Z)-1 and (E)-1 with (Rh(P-P-ligand)(MeOH)2]� in
MeOH.[a]


Ligand Substrate
Z-1 E-1


kfirst order [min�1] ee [%] kfirst order [min�1] ee [%]


Et-DuPHOS 0.3 87 0.1 98
Me4-BasPHOS 0.02 67 0.09 98
DIPAMP zero-order reaction:


0.1 mL min�1 68 0.02 90
DIOP 0.25 17 0.1 71
HO-DIOP 0.1 36 0.04 71
Et-FerroTANE 0.09 28 0.58[b] 99


[a] Rate constants indicated represent pseudo rate constants and also
include gas solubilities under isobaric conditions: 0.01 mmol precatalyst,
1.0 mmol prochiral olefin, 15.0 mL MeOH, 25 �C, 1.0 bar total pressure.
[b] 0.005 mmol precatalyst were used due to the high activity, in order to
avoid diffusion influence.
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Scheme 1. Unsaturated route and hydride route as alternative pathways in
the enantioselective hydrogenation of a prochiral olefin with C2-symmetric
Rh-catalysts (E� catalyst, S�prochiral substrate, P� product).


prochiral substrate to form diastereomeric catalyst ± substrate
complexes (E-SRe and E-SSi). Subsequently, hydrogen adds to
the metal centre and the chiral products PR and PS are
delivered after the saturation of the double bond.


For this model (Michaelis ± Menten kinetics), reactions of
zero-order and first-order represent borderline cases. The
reaction order is dependent upon the shift of the preequili-
brium consisting of the solvent complex [Rh(ligand)(-
MeOH)2]BF4 and diastereomeric substrate-catalyst com-
plexes. In the hydrogenation of �-amino acid precursors,
five-membered ring chelates, such as the DIPAMP-Rh
catalyst, form stable substrate-catalyst complexes (k1 � k�1,
reaction of zero order). With seven-membered chelate rings
these substrate ± catalyst complexes are significantly less
stable (k�1 � k1, reaction of first order).[14] In the latter case,
Rh employed under the experimental conditions is mainly
present in the solvent complex. Consequently, structure
elucidation of corresponding
substrate ± catalyst complexes
by analytical methods is not
possible.


Whether or not a pressure
dependency of the enantiose-
lectivity can be observed under
isobaric conditions is deter-
mined by the magnitude of the
pseudo rate constant k2[H2].
When the pseudo rate constant
is larger than k�1 the preequili-
bria are disturbed, and the
enantioselectivity decreases
with increasing H2 pressure.
An example has been given by Halpern et al., for the
DIPAMP/methyl (Z)-�-acetamidocinnamate catalytic sys-
tem, in which stable substrate ± catalyst complexes have been
found.[16a] Since all required rate constants are known for this
reaction, the relevant differential equation system can be
calculated numerically.[17] Thus, the full set of concentration/
time data for different pressures is available (this is illustra-
tively shown for 1 and 100 bar as graphics in the Supporting
Information).


In the case of unstable substrate ± catalyst complexes, a
similar dependency of the enantioselectivity on the H2


pressure can in principle be expected. In order to illustrate


this feature, the k1 values derived from Halpern×s work have
been multiplied by 1� 10�6. All other constants correspond to
the original data. This simulation shifts the equilibrium from
the substrate ± catalyst complexes towards the solvent com-
plex. The calculation of all concentration/time data at 1 and
100 bar, respectively, confirms the expected behaviour (rele-
vant graphics can be seen in the Supporting Information).
Thus, a pressure dependency of the enantioselectivity can also
be found for weakly binding substrates. Moreover, this
simulation provides evidence that high enantioselectivity is
not necessarily associated with high stability of substrate ±
catalyst complexes, as is frequently stated in the literature.


An alternative pathway involves the addition of hydrogen
to the catalyst prior to the coordination of the prochiral
substrate (™hydride route∫).[18, 19] With this last pathway, under
isobaric, stationary conditions a constant concentration of the
hydrido complex (H2-E) can be expected. The hydrido
complex subsequently reacts with the substrate to form the
products. An increase in the H2 pressure would cause an
increase in the stationary concentration of the hydrido
complex, indicated macroscopically by an enhancement of
the activity. However, since the prochiral substrate is not
engaged in this early stage of the reaction (which means that
the ratio of the subsequently formed diastereomeric substrate
complexes is not influenced by the H2 pressure), the
enantioselectivity should not be affected. Moreover, it is
important to remark that in the case of the hydride route
according to Scheme 1 in general, a first order reaction should
be observed. The formal kinetic derivation can be found in the
Supporting Information.


The principal conclusions based on the two mechanisms
depicted in Scheme 1 are summarised in Table 2.


Since, by the hydride route, neither a reaction of zero order
(DIPAMP/(Z)-1), nor a pressure dependency of the enantio-
selectivity[2c, 7, 8] can be expected, our obtained values corre-
late best with the assumption of the unsaturated route. The
generality of this assumption for other catalytic systems still
has to be proven.[20]


This hypothesis is lent additional support by the fact that, in
all systems that follow first-order kinetics, both for (Z)-1 and
for (E)-1, only the solvent complex could be found in solution
(31P NMR spectrum of Et-DuPHOS[15]). For the DIPAMP/
(Z)-1 system, on the other hand, only one substrate complex
(probably the major complex) was observed (compare


Table 2. Kinetics for the unsaturated and the hydride route according to Scheme 1.


Unsaturated route Hydride route


zero-order reaction possible, mainly impossible[a]


substrate complex in solution
during hydrogenation


first-order reaction possible, mainly possible, mainly
solvent complex in solution dihydride complex
during hydrogenation in solution during hydrogenation


pressure dependency of ee possible impossible


[a] Theoretically a reaction of zero-order should be possible if a dihydrido-substrate or hydrido-alkyl complex is
dominant during the hydrogenation. However, such complexes have yet to be observed under (room
temperature) hydrogenation conditions. Therefore, this case was not considered.
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ref. [5]). In this case, resonances of the relevant solvent
complex were not visible.[15]


It should additionally be noted that, for a reaction of first
order, there is an opportunity to improve the space/time yield
by increasing the initial concentration of the substrate.
Figure 4 gives the experimental confirmation for this hypo-


Figure 4. Variation of the concentration of (Z)-1 with [Rh(Et-DuPHOS)(-
MeOH)2]BF4 (variable amount of substrate, other conditions see Figure 1).


thesis. Thus, the time for the conversion of 1 and 5 mmol of
substrate, respectively, under the same conditions is approx-
imately the same (10 ± 15 min). A further increase in the
concentration of the substrate should give similar results.[21]


As shown in our recent paper,[7] the negligible differences in
the hydrogenation rates of (E)-1 and (Z)-1 in MeOH and the
formation of the product with the same configuration gave the
opportunity to reduce both substrates simultaneously in one
pot. Figure 5 shows the relevant curves in the presence of


Figure 5. Hydrogenation of a (Z)-1/(E)-1 1:1 mixture in the presence of
[Rh(Et-DuPHOS)(MeOH)2]BF4, in comparison to the individual hydro-
genation of (Z)-1 and (E)-1 (1.0 mmol) only; 0.5 mmol of each substrate
were applied; standard conditions.


[Rh(Et-DuPHOS)(MeOH)2]BF4. The enantioselectivities ob-
served in the hydrogenation of the 1:1 mixture of the isomeric
substrates correspond to the mean values of the individual


hydrogenations. Similar behaviour can also be found in the
presence of other catalysts (e.g. the Rh-catalyst derived from
Me4-BASPHOS).[15]


Temperature dependency of the hydrogenation of (Z)-1 and
(E)-1: According to the work of Halpern and others[16]


concerning the hydrogenation of �-dehydroamino acids,
reduction of the H2 pressure gives rise to an enhancement
of the enantioselectivity.[22] Obviously the same effect also
holds for the hydrogenation of (Z)-1.[7] Moreover, as Halpern
showed, an increase in the temperature improves the enan-
tioselectivity. Since the partial pressure of hydrogen also
decreases with increasing temperature under isobaric con-
ditions, there should be a further opportunity to improve the
enantioselectivity through enhancement of the temperature.


The hydrogenation of (Z)-1 and (E)-1 in the presence of the
Et-DuPHOS catalyst could easily be quantified as a first order
reaction, so we chose this system. The results are summarized
in Table 3 and a graphical overview is given in Figures 6 and 7.
At first, both the activity and the enantioselectivity increased


with increasing temperature. At higher temperatures, how-
ever, both the activity and the enantioselectivity dropped. A
comparison of the activities of the hydrogenations of (Z)-1
and (E)-1 reveals that both hydrogenation processes show
distinct maxima: at 40 ± 50 �C for (E)-1 and at 30 ± 40 �C for
(Z)-1. It is remarkable that the ratio of the rate constants for
(Z)-1/(E)-1 increases with decreasing temperature. At 25 �C
the Z isomer is hydrogenated approximately 3.5 times more
rapidly than the E isomer, while at �10 �C the E substrate is
hydrogenated 10 times more slowly. This observation indi-
cates stepwise hydrogenation of isomers when a mixture of E
and Z isomers is employed.


For (Z)-1, the enantioselectivity changed only from 85.0 %
ee to 87.5 % ee over the measured temperature region (70 �C
range: �10 to �60 �C), whereas for (E)-1 it changed from 90.0
to 99.0 % ee. The enantioselectivity maxima can also be shown
to be dependent on the temperature; however, they are less


Table 3. First-order rate constants and enantioselectivities for the hydro-
genation of (Z)-1 and (E)-1 in the presence of the Et-DuPHOS catalyst and
dependence on the temperature.


T Substrate (E)-1 Substrate (Z)-1
[�C] kfirst order [min�1] ee [%] kfirst order [min�1] ee [%]


� 10.0 0.0011 91.5 0.0914 86.7
� 5.0 0.0028 97.4 ± ±


0.0 0.012 99.2 0.175 87.3
7.5 ± ± 0.177 87.2


10.0 0.044 98.7 ± ±
15.0 ± ± 0.259 87.3
25.0 0.111 98.5 0.340 87.0
32.5 0.147 97.8 ± ±
35.0 ± ± 0.398 86.6
40.0 0.175 96.6 ± ±
42.5 ± ± 0.367 85.9
47.5 0.178 96.0 ± ±
50.0 ± ± 0.355 85.5
55.0 0.142 92.2 ± ±
60.0 0.112 89.5 0.144 85.2
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pronounced than the activity differences found. For (Z)-1 the
enantioselectivity maximum lies between 0 and 15 �C, and for
(E)-1 the maximum enantioselectivity can be achieved
between 0 �C and room temperature.


The interpretation of the nonlinear dependence of the
enantiomeric ratio as a function of the reciprocal temperature
has been discussed in detail in the literature. This phenom-
enon is known as the ™isoinversion principle∫.[23] Since the
temperature-dependent enantioselectivities for the hydroge-
nations of (E)-1 and (Z)-1 are characterized by typical
maxima (Figures 6 and 7), it also holds for the plot of the
logarithmic ratios of enantiomers as a function of the
reciprocal temperature.[15]


In general, a linear temperature dependency of the
modified Eyring plots can be expected for use of catalysts
based on C2-symmetric chiral ligands such as DuPHOS for the
selection processes considered here, under the condition that
pre-equilibria affording diastereomeric substrate complexes
are established.[24] One indication is derived from the depend-
ence of the enantioselectivity on pressure. In the case of
pressure independence, the pre-equilibrium is established and
the temperature dependence of the enantioselectivity as a
ratio of products according to Eyring is linear.[25] Obviously,
this does not hold for the hydrogenation of (E)-1 and (Z)-1.
The reason for this behaviour is not yet clear; however some
possible explanations can be found in ref. [26]


Under isobaric conditions, as mentioned above, an increase
in temperature lowers the partial pressure of hydrogen.[27]


This effect is caused by the temperature-dependent increase
of the vapour pressure of the solvent, here MeOH.[15] Since


the overall pressure remains constant, the partial pressure of
hydrogen must decrease. As a result, in accordance with
Henry×s law, the concentration of the hydrogen in the liquid
phase will also decrease.


Because of this correlation, an increasing temperature gives
rise to a lower hydrogen concentration in the solution. In
other words, less hydrogen is available for the hydrogenation
process. Since, with decreasing hydrogen pressure in the
hydrogenation of (Z)-1, an increase in the ee was found, as
shown above, we did not expect a disadvantageous effect on
the ee with an increase in the temperature. Indeed, as shown in
Figure 7 the enantioselectivity is not significantly affected
over a broad temperature range of 70 K, giving confirmation
of our hypothesis. Evidence can similarly be derived by
consideration of the analogous behaviour seen in the hydro-
genation of (E)-1 (Figure 6).


Thanks to the isobaric conditions applied, the formal
kinetic relationships became much simpler, but on the other
hand pseudo rate constants result, additionally containing a
concentration of hydrogen (gas solubilities) under the reac-
tion conditions. Since different solubilities of hydrogen in
MeOH are reported in the literature,[28] and rate constants
cannot be directly compared because of different hydrogen
partial pressures, we have standardised the pseudo first-order
rate constants to a partial pressure of 760 Torr (Table 4).


Now, by use of the Eyring plot of the temperature-
dependent pseudo rate constants, the apparent activation
values can be calculated. As shown in Figure 8 for the
hydrogenation of (Z)-1, a linear correlation is obtained. This
does not hold for the hydrogenation of (E)-1.


Figure 7. Rate constants (left) and enantioselectivities (right) for the hydrogenation of (Z)-1 in the presence of [Rh(Et-DuPHOS)(MeOH)2]BF4 and
dependence on the temperature; standard conditions.


Figure 6. Rate constants (left) and enantioselectivities (right) for the hydrogenation of (E)-1 in the presence of [Rh(Et-DuPHOS)(MeOH)2]BF4 and
dependence on the temperature; standard conditions.
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Figure 8. Eyring plot for standardised first order rate constants of the
temperature-dependent hydrogenation of (Z)-1 and (E)-1 in the presence
of the Et-DuPHOS catalyst in MeOH.


Conclusion


The enantioselective hydrogenation of the isomeric methyl
3-acetamidobutenoates (E)-1 and (Z)-1 in the presence of
[Rh(ligand)(MeOH)2]BF4 (ligand: Et-DuPHOS, Me4-BAS-
PHOS, DIPAMP, DIOP, HO-DIOP and Et-FerroTANE) as a
catalyst in MeOH has been investigated in detail. Our results
indicate that the hydrogenation proceeds by the ™unsaturated
route∫, as has also been found for the hydrogenation of
related unsaturated �-amino acid precursors. This hypothesis
receives additional support from NMR spectroscopic inves-
tigations. Thus, in solutions containing solvent complex and
prochiral olefin, either the solvent complex is present (and a
reaction of first-order results, due to the low stability of the
substrate complexes), or a relevant substrate complex (and a
reaction of zero order results, due to the high stability of the
substrate complexes). Moreover, it can be concluded that the
highest enantioselectivities can be achieved for the hydro-


genation of both isomeric sub-
strates at room temperature
and below, whereas the fastest
conversion takes place at 30 ±
50 �C.
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